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Abstract

Most authors have identified two rapid increases in relative brain size (encephalization quo-
tient, EQ) in cetacean evolution: first at the origin of the modern suborders (odontocetes and
mysticetes) around the Eocene-Oligocene transition, and a second at the origin of the del-
phinoid odontocetes during the middle Miocene. We explore how methods used to estimate
brain and body mass alter this perceived timing and rate of cetacean EQ evolution. We pro-
vide new data on modern mammals (mysticetes, odontocetes, and terrestrial artiodactyls)
and show that brain mass and endocranial volume scale allometrically, and that endocranial
volume is not a direct proxy for brain mass. We demonstrate that inconsistencies in the
methods used to estimate body size across the Eocene-Oligocene boundary have caused a
spurious pattern in earlier relative brain size studies. Instead, we employ a single method,
using occipital condyle width as a skeletal proxy for body mass using a new dataset of extant
cetaceans, to clarify this pattern. We suggest that cetacean relative brain size is most accu-
rately portrayed using EQs based on the scaling coefficients as observed in the closely
related terrestrial artiodactyls. Finally, we include additional data for an Eocene whale, rais-
ing the sample size of Eocene archaeocetes to seven. Our analysis of fossil cetacean EQ is
different from previous works which had shown that a sudden increase in EQ coincided with
the origin of odontocetes at the Eocene-Oligocene boundary. Instead, our data show that
brain size increased at the origin of basilosaurids, 5 million years before the Eocene-Oligo-
cene transition, and we do not observe a significant increase in relative brain size at the ori-
gin of odontocetes.

Introduction

Cetaceans such as the sperm and killer whales have brains exceeding nine kilograms [1, 2],
larger than any other species on the planet, living or extinct. Scaled for body size, the largest
cetacean brains are eclipsed only by those of the genus Homo [3, 4]. Most studies comparing
brain sizes use an index called the encephalization quotient (EQ) to accommodate the fact that
animals with larger bodies tend to have proportionally larger brains [2, 4-12]. The EQ value
indicates how much larger (EQ>1) or smaller (EQ<1) the brain of the animal being studied is
compared to a predicted brain mass for an animal of the same weight (EQ = 1).
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The fact that cetacean relative brain sizes approach those of humans has sparked both scien-
tific and public interest in understanding the cetacean brain, with much attention being given
to the selection pressures that lead to, and the implications of, the high EQ values observed in
the toothed whales (Odontoceti). The high EQs of cetaceans have been attributed to the need
of cetaceans for expanded cognitive abilities [10, 13-15]; their complex social structure [16,
17]; their sophisticated echolocation system [7, 18-21]; their diet [22], and even their thermo-
regulatory needs [23, 24]. Intriguingly, living cetaceans include not only species with high EQ
values, particularly the delphinoid odontocetes, but also include species with some of the low-
est mammalian EQs such as the balaenid mysticetes [11]. The small relative brain size observed
in mysticete cetaceans has been ascribed to the decoupling of brain and body size scaling in
conjunction with selection pressure for increased body size [12, 25, 26].

Interest in the high EQ of odontocetes has resulted in a substantial literature exploring both
the implications and evolutionary history of cetacean brain size [2, 4, 6-9, 12, 15, 21, 23, 27~
32]. Marino et al. [7] published the first large dataset of EQ estimates (including brain and
body masses) for fossil cetaceans. This important body of data, sometimes with slight modifi-
cations, has become the basis of numerous analyses [8, 9, 12, 21, 23, 31], again, it is clear that
Marino’s initial publications on the subject have inspired sustained scholarship on brain size
evolution in cetaceans.

In this paper, we re-evaluate the existing data on brain and body size in fossil cetaceans,
with a focus on the Eocene, and we present the cetacean data alongside their terrestrial artio-
dactyl relatives. We believe that some of the initial methods used to estimate brain and body
mass, which are needed to calculate EQ, suffer from flaws that have clouded the apparent pat-
tern of fossil cetacean brain size evolution. The purpose of this paper is to build a stronger
foundation for the continued study of cetacean brain size evolution. It is our position that the
existing data can be improved in three significant ways: 1) the methodology by which brain
size is estimated in fossil cetaceans and terrestrial artiodactyls; 2) the manner in which body
mass is estimated in fossil cetaceans; 3) and in the scaling factor used to calculate EQs, a point
made previously by Boddy et al. [10], and Smaers et al. [31]. In addition, we rectify some erro-
neous data that have continued to propagate in the literature.

Estimating brain mass

Fossil brain mass estimates are derived from the volume of the cranial cavity (Fig 1A) as mea-
sured from natural or artificial endocranial cast [5, 33] or, increasingly, from CT scans [14, 34,
35]. To estimate brain mass from endocranial volume, some scientists assume the brain occu-
pies the entire cranial cavity and has a density of 1 g/cm®, essentially equating endocranial vol-
ume with brain mass [5, 7, 12, 14, 30]. Others [9, 21, 23] have corrected for the specific density
of brain tissue: 1.036 g/ cm?, as measured in humans [36] or 1.04 g/ cm?, as measured in ceta-
ceans [2].

The volumetric discrepancy between brain and endocranial volume [2, 9, 37, 38] is quanti-
tatively more important than the relatively minor adjustment for brain tissue density. Bowhead
whales provide an extreme example as the bowhead brain only occupies approximately 40 per-
cent of the cranial cavity [39] while the remaining 60 percent is filled with adnexa and cerebro-
spinal fluid. Adnexa in this context refers collectively to the non-brain tissues present within
the cranial cavity; specifically, the meninges (which includes the dura mater, arachnoid, and
pia mater) (Fig 1B), cranial nerves, dural sinuses, and a collection of arteries and veins which
includes the rete mirabile. The rete is a specific structure consisting of a meshwork of blood
vessels, which is present in most terrestrial artiodactyls [40-44] and cetaceans [2, 45, 46].
Although a rete is present in all cetaceans, it appears to be disproportionately expanded in
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Fig 1. Cranial cavity and anatomy and beluga whale cranial CT scans. (A), line drawing of a bisected bowhead skull (modified Eschricht and Reinhardt
[74]); (B), Illustration of cranial cavity components including membranes surrounding the brain; C-D, coronal CT scan slices through the head of a beluga
whale (NSB-DWM 2019LDL10); (C) section through the root of the zygomatic arch. (D) more caudal section through the paroccipital process.

https://doi.org/10.1371/journal.pone.0257803.9001

extant mysticetes [39, 45]. Although discrepancies between brain and endocranial volume in
cetaceans have been observed, they have been generally disregarded, except within the Basilo-
sauridae, an extinct family of cetaceans which are thought to have possessed a significant endo-
cranial rete mirabile [27, 30, 47-50].

Uhen [47, 51] first estimated the rete in the basilosaurid Dorudon atrox to have occupied
approximately 20% of the cranial cavity volume based on a series of D. atrox endocasts in
which the volume of the rete was approximated using clay. Based on endocast morphology,
Gingerich [30] extended this 20% endocranial volumetric rete correction to the basilosaurids
Saghacetus and Basilosaurus, a practice which subsequent authors have followed [7-9, 14], and
Marino et al. [14] extended this correction to another basilosaurid: Zygorhiza kochii. Although
the rete is a component of the adnexa, it must be emphasized that the endocranial volume
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correction applied to the basilosaurids is not a universal correction for adnexa and cerebrospi-
nal fluid, but is rather specific to the rete, a single component of the adnexa.

Ridgway et al. [2] recognized that adnexa (including the rete) of some extant cetaceans was
both significant and variable in volume, and as a result questioned the validity of the existing
brain mass estimates for fossil cetaceans. In the same paper Ridgway et al. [2] proposed that a
regression of adnexa mass and body length in extant cetaceans could form the basis of an
adnexa correction in fossil taxa. Boessenecker et al. [9] was the first to implement such a cor-
rection, and did so by regressing adnexa volume over a calculated endocranial volume in
extant cetaceans using the brain and adnexa masses compiled by Ridgway et al. [2]. This
regression equation was used to estimate the adnexa volume that would need to be subtracted
from the endocranial volume of each fossil to approximate brain volume, and from this, a
brain mass was calculated using the specific density of brain tissue [9] a method later followed
by McCurry et al. [32].

Endocranial volumes have relevance to paleontologists as a proxy for brain size, but are
generally not considered by anatomists who can simply weigh the brains of extant animals; as
a result, endocranial volumes are rarely reported in anatomical studies. Using the limited data
available, Boessenecker et al. [9] thoughtfully reasoned that reported adnexa and brain mass
measurements reported in the literature could be by converted to volumes and used to recreate
endocranial volume in extant taxa. Unfortunately, this approach does not take into account
cerebrospinal fluid, another component to occupy the endocranial cavity in conjunction with
the brain and adnexa. As we later demonstrate in extant taxa, leaving cerebrospinal fluid out of
the reconstruction leads to underestimates of the true endocranial volume. In this study, we
compile data to examine the relationship between endocranial volume and brain mass in pla-
cental mammals using only data in which the endocranial volume was measured directly, and
to this we contribute new data on artiodactyls and cetaceans, and finally analyze this relation-
ship to improve brain size estimates in fossil cetaceans while correcting using a Phylogenetic
Generalized Least Squares (PGLS) regression.

Estimation of body mass

Estimation of body mass in fossil taxa can be challenging and invariably estimates have some
level of error [8, 52]. Despite some level of uncertainty in estimated body mass, body mass pro-
vides a useful measure with which many biological traits scale. Body masses of extinct mam-
mals have been estimated using various skeletal metrics such as tooth size, cranial dimensions,
length and diameter of long-bones, vertebral dimensions, and body length [8, 30, 53-60]. In
fossil cetaceans specifically, body masses have been estimated using the width between the
outer margins of the occipital condyles (OCW) [7, 9, 61, 62], serial regressions of vertebral
dimensions [8, 30], and body length [8, 9, 14, 32, 47, 51]. Alternatively, body length has been
estimated using multiple or linear regressions of cranial dimensions [52], or from postorbital
width [63]. Such body length estimates may serve as intermediate proxies for body mass, or
may be used in their own right as a measure of body size [52]. Most studies examining EQs in
fossil cetaceans have used a combination of these techniques to estimate body mass. In general,
body mass estimates for Eocene whales were derived from serial regressions of vertebral
dimensions based on the work of Gingerich [8, 30], along with a few mass estimates based on
body length [14, 32, 51]. In contrast, post-Eocene body mass estimates are derived almost
exclusively from the OCW based estimates published by Marino et al. [7].

Gingerich [8] was critical of OCW derived body mass estimates citing what he considered
the low R” of 0.79 reported by Marino et al. [7] for their regression relating body mass to
OCW. Boessenecker et al. [9] used the OCW body mass estimates of Marino et al. [7], but
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calculated alternative body masses for a few specimens using an equation of Pyenson and
Sponberg [52] relating bizygomatic width to body length, in conjunction with a second equa-
tion [8] relating body length to body mass, a method followed by McCurry et al. [32] for fossil
mysticetes. Boessenecker et al. [9] found that the body mass estimates generated using bizygo-
matic width were 136% larger compared to the OCW based mass estimates of Marino et al.
[7], and concluded that additional studies on the estimation of body mass in fossil cetaceans
were needed.

In this paper, we use occipital condyle widths (OCW) to predict body mass, which we find
to have a high correlation with body mass in extant cetaceans using a phylogenetically cor-
rected regression. OCW provides an attractive proxy for body mass because it is commonly
preserved in fossils and can often be obtained in the same specimen from which the endocra-
nial volume is measured. We propose that utilization of a single body mass estimation tech-
nique across the Eocene-Oligocene boundary will minimize methodological bias that could
mimic temporal shifts in body mass and EQ through time.

Encephalization quotient

The correlation between brain and body mass has long been recognized [64]. It was assumed
that a given volume or mass of a mammal’s body requires a proportional volume or mass of
brain tissue to fulfill generalized physiological functions such as thermoregulation and cell
metabolism [5], and that deviations from this relationship represent increased or decreased
capacity for “information-processing” 5, 6]:167). The encephalization quotient (EQ) [5], seeks
to normalize the effects of brain and body mass scaling, producing a metric that is thought to
better approximate the actual brain functioning capacity in a more meaningful manner than
simple comparison of absolute brain masses between mammals. It should be noted that
recently neurobiologists have begun looking at absolute numbers of neurons in the brain,
rather than brain and body mass alone, as an increasingly important comparative tool in
understanding cognitive ability [65]. In fossils, neuron number and density cannot be mea-
sured, but it is likely these methods will provide useful insights into interpreting relative brain
size which can be obtained from fossils. EQ paints brain size evolution with a broad brush, and
is not without complication, body mass for instance varies over the life of an individual, and
thus its calculated EQ also changes. Although there are alternate methods that seek to observe
allometries through time (e.g. Smaers et al. [31] and McCurry et al. [32]), EQ provides a base-
line which is independent of the sample under study.

EQ is the ratio of the observed and predicted brain mass for a given body mass [5], as a
result EQ is influenced by the reference sample from which the predicted brain mass is based.
To determine the expected relationship between body and brain mass, a linear regression is
executed on a dataset that traditionally includes mammals as a taxonomic class [5]. The impli-
cations of this regression’s slope have been much debated [5, 8, 28, 66], specifically whether the
slope is closer to 0.66 or 0.75, which are thought to represent scaling factors inherent to mam-
malian physiological processes. Although the approach of using a reference population com-
prising all mammals is appropriate to study broad patterns of brain evolution, specific
questions regarding a single group are better answered using regressions based on more taxo-
nomically focused groups [11, 31, 67, 68], especially in cases where slopes of the regression for
the study group deviate significantly from the broader sample that includes all mammals [11,
28,31, 69]. Indeed McCurry et al. [32] proposed that constraints on maximum body size are
relaxed for fully aquatic taxa and that this biases EQs calculations for fully aquatic cetaceans;
although purely terrestrial artiodactyls are known to follow a different allometry than observed
for an all mammal dataset [10]. Terrestrial artiodactyls include the land relatives of cetaceans
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[70-73], and we consider a regression based on this group, to provide a more appropriate base-
line for examining the initial constraints on early cetacean brain evolution. In our view, this
basis for calculating EQ best describes the scaling relation between body and brain size that
shaped the origin of cetacean brain size evolution, although for comparison, we also present
EQ values using the traditional all mammal scaling of 0.75.

Materials and methods
Ethics statement

No animals were killed for this study. Cetacean samples were obtained from animals harvested
as part of the indigenous Ifiupiat subsistence harvest, collected by the authors under the aus-
pices of the Department of Wildlife Management, North Slope Borough. Terrestrial artiodactyl
samples were obtained from local Ohio butcheries. Samples were brought onto the NEOMED
campus with notification of IACUC consistent with NEOMED policy 3349-3-143. The authors
assert that all procedures contributing to this work complied with the ethical standards, and
that no study involved harming an endangered species.

Institutional abbreviations

AMNH, American Museum of Natural History, New York, New York, USA; BMNH, British
Museum of Natural History, London, UK; CCNHM, Mace Brown Museum of Natural His-
tory, Charleston, South Carolina, USA; ChM, Charleston Museum, Charleston, South Caro-
lina, USA; FMNH, Field Museum of Natural History, Chicago, Illinois, USA; GSP-UM,
Geological Survey of Pakistan—University of Michigan, Islamabad, Pakistan; IITR-SB, Indian
Institute of Technology, Roorkee (previously RUSB); NSB-DWM, North Slope Borough,
Department of Wildlife Management, Utqiagvik, Alaska, USA; SDSNH, San Diego Natural
History Museum, San Diego, California, USA; UM, University of Michigan, Ann Arbor, Mich-
igan, USA; USNM, U. S. National Museum of Natural History, Washington, D.C., USA; VPL,
Vertebrate Palacontology Laboratory, Panjab University, Chandigarh, India; YPM, Peabody
Museum of Natural History, Yale University, New Haven, Connecticut, USA.

Brain mass and endocranial volume

A beluga head (NSB-DWM 2019LDL10) was provided by Iiiupiat subsistence hunters in Point
Lay, Alaska, in cooperation with the North Slope Borough, Department of Wildlife Manage-
ment (NSB-DWM). Additional information on a bowhead whale (NSB-DWM 2008B11)
expands on data published in Thewissen et al. [39] and Ridgway et al. [2], specifically provid-
ing data on adnexa mass. Pig and goat heads were received in fresh states from domestic ani-
mals culled for reasons unrelated to this research.

Brain masses were measured directly in un-fixed states on a laboratory balance after
removal from the crania with the aid of hand tools and an oscillating bone saw. The pia and
arachnoid mater are included in the reported brain masses as they are typically included in
published brain masses. The pia and arachnoid, although nominally adnexa, are of negligible
mass and impractical to remove without damaging the brain. In addition to brain mass,
adnexa mass for one pig, beluga and bowhead were weighed (Table 1).

Endocranial volumes were measured by occluding large foramina with clay and filling the
cleaned cranial cavities with either 6 mm round plastic beads (or barley seeds) through the
foramen magnum to the level of the occipital condyles (with the skull in a vertical position).
Volumes were obtained by pouring the media from the cranial cavity into graduated cylinders.
The beluga head was received and CT-scanned in a frozen state in a GE BrightSpeed 16 CT
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Table 1. Brain mass, endocranial volume and adnexa mass in terrestrial artiodactyls and cetaceans.

Specimen Brainmass'  Endocranial volume®  Adnexa mass’  Calculated brain volume * | Calculated % volume not occupied by
(®) (cc) (g) (cc) brain® (cm?)
Goat (A) 113.3 145 — 1089.4 24.6
Goat (C) 121.5 149 = 117.3 21.3
Goat (D) 102.1 130 — 98.6 242
Goat (E) 99.3 132 = 95.8 27.4
Pig (PGL 417) 128.5 186 — 124 33.3
Pig (PGL 419) 140 176 13.4 135.1 23.2
Beluga (NSB-DWM 2,074 2,528 165 1,994.2 21.1
2019LDL10)
Bowhead (NSB-DWM 2,948 8,400 1,238 2,834.6 66.3
2008B11)
Bowhead (NSB-DWM 2,980 8,900 — 2,865.4 67.8
2009B9)

! Brain mass inclusive of pia and arachnoid.

? Endocranial volume measured using beads or from CT-scan for the beluga.

?Adnexa mass including dura mater and rete weighed directly.

* Brain volume calculated by dividing the brain mass by the density of neural tissue (1.036 g/cm® for terrestrial artiodactyls, or 1.04 g/cm” for cetaceans).

® Calculated percent endocranial volume not occupied by brain.

https://doi.org/10.1371/journal.pone.0257803.t001

scanner housed at the at Metropolitan Veterinary Hospital in Akron, Ohio USA. The scan (Fig
1C and 1D) was digitally segmented to delineate the brain and cranial cavity volumes using the
computer program Amira (Thermo Fisher). After scanning, the beluga head was thawed
allowing extraction of the brain and adnexa. Damage done by the projectile that killed the ani-
mal was minimal, and the bullet was physically removed before recording the brain mass and
was excluded from the segmented CT scan.

To estimate brain mass from endocranial volume in fossil taxa, we regressed brain mass
over endocranial volume from data on extant mammals compiled from the literature, with the
addition to new observations described here for beluga, pigs and goats (Table 1 and S1
Table in S2 File). We revisited the primary citations given in the compilations of Benoit [37]
and Ridgway et al. [2] to ascertain whether the original authors measured endocranial vol-
umes, or reported only brain and adnexa mass. From these we include only cases where endo-
cranial volume was measured directly, as our new data (see Results and Discussion sections)
indicate that brain and adnexa mass converted to volumes do not provide an adequate mea-
sure of endocranial volume. Following these criteria, we excluded the data for Elephas maxi-
mus and Balaenoptera acutorostrata in Benoit [37] because reported measurements in the
original publications [75, 76] consisted of estimates of adnexa mass in the former, and neither
included endocranial volumes. Of the data compiled in Ridgway et al. [2], we include only the
specimen of Tursiops truncatus in which the brain volume was determined from a MRI scan
[2], and presumably included an endocranial volume measurement from which Ridgway et al.
[2] calculated percent adnexa.

From these data we derive an equation to predict brain mass from endocranial volume in a
manner similar to Benoit [37], in which species averages for brain mass are regressed over
endocranial volumes using a Phylogenetic Generalized Least Squares (PGLS) regression in R
(version 3.5.1) [77] implemented using the R package Caper (version 1.0.1), with the phylog-
eny (S1 Data and S1 Fig in S1 File) from Upham et al. [78], and Caper set to estimate lambda
using maximum likelihood. This final dataset of placental mammals included 26 extant species
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Table 2. Eocene cetaceans included in this study.

Species

Basilosauridae
Dorudon atrox
Saghacetus osiris
Zygorhiza kochii
Zygorhiza kochii

Protocetidae

Rodhocetus kasrani

Remingtonocetidae

Dalanistes ahmedi

Remingtonocetus
harudiensis

Specimen number

in 18 genera (S1 Table in S2 File) including species averages for our new data which consist of
the pigs, goats and a beluga (Table 1).

Estimating body mass from occipital condyle width (OCW)

To examine the relationship between occipital condyle width (OCW) and body mass in living
cetaceans we compiled data from 112 extant cetacean individuals (pertaining to 35 species, of
which 74 were adults) for which OCW and either body mass, or body length, were published
(S2 Table in S2 File). Measuring body mass in large animals is logistically difficult. Some smaller
cetaceans included in our study were weighed by the original authors as a whole, and some of
the larger whales with published body masses were caught as part of commercial operations and
were either weighed whole or in some cases in smaller segments. In the absence of reported
body mass, body length was converted into an estimate of body mass using published equations
relating body length to mass that were either species specific or genus specific (52 Table in S2
File, notes). These equations are typically derived on actual measurements of body masses and
lengths. As no published equations relating body mass and length for Kogia, Mesoplodon,
Hyperoodon and Indopacetus were found, we compiled two separate datasets (one for Kogia and
another for the three ziphiids) containing specimens of known length and mass and using a lin-
ear regression of log transformed data in Microsoft Excel derived equations for each group (S2
Table in S2 File). The species averages calculated by us are based on published records for indi-
viduals of those species, and not aggregated data on the species from reference works.

For the regression of body mass over OCW we limit the analysis to adults (n = 74), and cal-
culate species averages for the 27 species in eight families, which are regressed using a Phyloge-
netic Generalized Least Squares (PGLS) analysis in R (version 3.5.1) [77] implemented using
the R package Caper (version 1.0.1), using the phylogeny (S2 Data and S2 Fig in S1 File) of
McGowen et al. [79], and Caper set to estimate lambda using maximum likelihood.

Included specimens

Data for the Eocene archaeocetes (Table 2) including OCW and endocranial volumes were col-
lected from the primary literature and are discussed individually in S1 Text. We concur with
Gingerich [8] that the unusual vertebral geometry of Basilosaurus creates issues in estimating
body mass. In addition, the published data available for the two species of Basilosaurus (B.

Age (Ma) Endocranial volume Endocranial volume OCW (mm) OCW reference

UM 101222°"d° ©<W
BMNH 10228°nd° OCW
USNM 16639°d° OCW

FMNH PM-459°74°
OoCwW

GSP-UM 3012°¢W

GSP-UM 3106°°W

IITR-SB 2770°d OCW

https://doi.org/10.1371/journal.pone.0257803.t002

(cm?) reference

39 1173 Uhen [51]:p.362 126 Uhen [51]:p.574

39 480 Dart [33]:p.634 91.8 Kellogg [80]:p.246-247

37 917" Marino et al. [14]:p.90, 1122 Kellogg [80] p.246-247

34 1189 Gingerich [81]:p.179 120 Gingerich [82]:p.168

47 290° Gingerich [30]:p.434 88.7 Uhen, pers. com.
(2020)

45 400° Gingerich [30]:p.434 104.8 Uhen, pers. com.
(2020)

42 253 Bajpai et al. [83]:p.716 87 Bajpai et al. [83]:p.709
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cetoides and B. isis), which have entered the literature, are not reliable in our opinion and are
excluded from our analysis (see S1 Text for further discussion).

Ages are those of Boessenecker et al. [9] with the exception of Remingtonocetus harudiensis
which comes from Bajpai et al. [83] and Zygorhiza kochii FMNH PM-459 which comes from
Gingerich [82]. endo ohurce of endocranial volume, ©“W, source of OCW, !, endocranial vol-
ume was given for USNM 16638, possibly in error, see S1 Text for additional discussion, 2,
OCW was reported for the Zygorhiza kochii “Millsaps College Museum (adult)” which we
believe is now USNM 16639, see S1 Text for additional discussion, °, indicates the value is not
tracible to a numbered or vouchered specimen (see S1 Text).

For the post-Eocene fossil cetaceans we use data compiled in Boessenecker et al. [9], which
is largely based on the dataset of Marino et al. [7], to this we add data for five fossil mysticetes
from McCurry et al. [32]. Boessenecker et al. [9] in most cases used the body mass estimates of
Marino et al. [7]. This dataset has reasonable temporal coverage of Neogene cetaceans,
although certain taxa are overrepresented (eurhinodelphinids). Such sampling biases can affect
conclusions about patterns of evolution. Both publications [7, 9] include body mass estimates,
although the OCW values from which the body masses are derived are not included in either
publication. We obtained OCW measurements from either published sources or from mea-
surements generously provided by Mark D. Uhen (personal communication, 2020), a co-
author of Marino et al. [7]. For specimens for which we could not obtain OCW values, we
used the regression equation of Marino et al. [7], solved for OCW to obtain the original OCW
values from the published body masses. To our knowledge, Marino et al. [7] did not publish
the equation, although Boessenecker et al. [9] later published it with an attribution to Marino
etal. [7]. Comparison of OCW values obtained from either Mark Uhen or the literature, with
those of the back-calculated values, show them to be nearly identical providing confirmation
that our back-calculated values are suitable to use in cases in which OCW measurements could
not be obtained. We include five fossil mysticetes recently published by McCurry et al. [32]
and for these we estimate brain mass from their published values and obtain the occipital con-
dyle widths to estimate body mass from the literature, and in one case from a CT scan and an
estimate from a published figure (See S3 Table in S2 File). Ridgway et al. [2] compiled brain
and body masses for extant cetaceans, and from this publication we calculated species means
for the brain and body masses of the adult specimens (n = 45).

Fossil and extant terrestrial artiodactyl data come from Orliac and Gilissen [35]. For the fos-
sil artiodactyls in that dataset (n = 35), we follow the reported body mass estimates, and use
our new equation (see Results section) to estimate brain mass from the endocranial volumes
published by Orliac and Gilissen [35]. The brain and body masses for the extant artiodactyls
(n =73) compiled in Orliac and Gilissen [35] are included as published.

Calculation of encephalization quotients

We calculate EQ as the ratio of observed brain mass over the expected brain mass for an ani-
mal of the same mass [5]. Based on published body and brain mass scaling coefficients in Bur-
ger et al. [11] we calculate two sets of EQ values, one, EQ 56 using the scaling coefficient
observed in extant terrestrial artiodactyls (Eq 1), and a second, EQq ;5 based on all mammals

(Eq 2).

B brain mass

EQU.56 - 10(0.56><10gm(b0dy mass)—0.44) Eq 1
brain mass

EQ,s = Eq2

10(0.75><10gwb0dy mass—01.26)

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 9/25


https://doi.org/10.1371/journal.pone.0257803

PLOS ONE

Brain-size change in the early evolution of cetaceans

To test the difference between the species means for the middle Eocene archaeocetes (n = 3,
remingtonocetids and protocetids), late Eocene basilosaurids (n = 3 species, 4 individuals),
and the Oligocene (n = 4) odontocetes, we performed an ANOVA, to test significance, fol-
lowed by Tukey’s Honest Significant Difference (HSD) post-hoc test using the base functions
in R (version 3.5.1) [77]. Data for this test is comprised of the species mean log;o EQq 56 scores
of all Eocene archaeocetes and Oligocene odontocetes.

Results
Brain mass and endocast volume

New data on cetaceans and terrestrial artiodactyls. Measurements of endocranial vol-
ume, adnexa mass, and brain mass of beluga, bowhead, goats, and pigs are presented in
Table 1. These data, in addition to previously published values (S1 Table in S2 File) are used to
examine the relationship between brain mass and endocranial volume in extant taxa, the quan-
tification of which forms the basis of our brain mass estimates in fossil cetaceans and terrestrial
artiodactyls. The specimens for which we record adnexa mass are used to illustrate that adnexa
and brain mass, converted to units of volume, do not closely approximate the actual endocra-
nial volume.

Thewissen et al. [39] and Ridgway et al. [2] published data on bowhead whale brain mass;
here we supplement those accounts with additional data on adnexa mass. Bowhead whale
NSB-DWM 2008B11 had a brain mass of 2,948 g [39], an adnexa mass (including the rete
mirabile, Fig 2) of 1,238 g, and an endocranial volume of approximately 8,400 cm’ [39]. Using
these data, we can estimate the percent endocranial cavity not occupied by the brain. To esti-
mate brain volume, the brain mass is divided by the specific density of cetacean brain tissue,
1.04 g/cm® [2], resulting in a volume of 2835 cm”. Subtracting the brain volume from the
endocranial volume indicates that 5565 cm?, or 66%, of the cranial cavity is filled with adnexa
and cerebrospinal fluid. The availability of an endocranial volume for this bowhead is unique
in that this information is not typically reported for extant taxa. The limited availability of
paired brain mass and endocranial volumes has led researchers wanting to estimate brain mass
in fossil taxa, or even in extant specimens, to use adnexa and brain masses to reconstruct endo-
cranial volume. The data we describe herein includes brain and adnexa mass, in addition to
endocranial volume which allow us to illustrate issues that arise when endocranial volumes are
not recorded.

As an example, if the measured endocranial volume of the bowhead was not recorded,
using the combined brain and adnexa mass (converted to volume assuming a neural-tissue
density of 1.04 g/cm’) would suggest a theoretical endocranial volume of 4,025 cm”. In this
case, only 30% of the cavity (as compared to 66% when calculated using the measured endocra-
nial volume) would be assumed to contain adnexa and cerebrospinal fluid. The difference
between these values is a result of the cerebrospinal fluid volume, which is not reflected in the
estimate for which endocranial volume was reconstructed. Observations made during extrac-
tion of a bowhead brain help illustrate the magnitude of lost cerebrospinal fluid volume which
can be visualized by the large gap between the braincase and dura (Fig 3).

Results for the beluga (NSB-DWM 2019LDL10) further illustrate that measurements of
endocranial volume cannot be accurately reconstructed from brain and adnexa mass. Segmen-
tation of the CT scan shows the brain fills 79% of the cranial cavity (Table 1) leaving 21% of
the cavity to contain adnexa and cerebrospinal fluid. In contrast, if the endocranial volume is
reconstructed from brain and adnexa mass, the brain would be assumed to fill 93% of the cra-
nial cavity.
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Fig 2. Bowhead rete. Excised section of a bowhead whale (NSB-DWM 2008B11) rete; this portion of the rete is located on
either side of the cerebellum; the smooth part of the dura touches the arachnoid (inside white dashed line); yellow arrows
indicate the reticulate network of blood vessels that compose the rete.

https://doi.org/10.1371/journal.pone.0257803.9002

For the one pig in which adnexa mass was measured, the brain filled nearly 77% of the cav-
ity leaving 23% filled with adnexa and cerebrospinal fluid. However, when the endocranial vol-
ume measurement is reconstructed, the adnexa and cerebrospinal fluid would be erroneously

Fig 3. In situ bowhead whale brain. Bowhead (NSB-DWM 2009B11) with the calvarium removed exposing the brain; yellow arrows indicate now empty space
between the brain and calvarium; oc, occipital condyle; (A) brain covered by intact dura which has collapsed onto the brain after the cerebrospinal fluid leaked
out; note the small size of the spinal cord (white dashed circle) which is surrounded by the cranial rete mirabile (white arrow). (B) brain with dura removed
exposing gyri of the cerebrum (upper) and cerebellum and brainstem (lower).

https://doi.org/10.1371/journal.pone.0257803.9g003
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Fig 4. Plot of log transformed brain mass and endocranial volumes. Scaling of brain mass and endocranial volume
in adult extant placental mammals (species averages); the bowhead (dark blue diamond, farthest upper-right) is the
only mysticete.

https://doi.org/10.1371/journal.pone.0257803.g004

assumed to represent only 9% of the volume. The difference is again attributable to cerebrospi-
nal fluid loss.

The four goat samples indicate that while brain masses vary by around 20% intraspecifi-
cally, endocranial volumes vary by more than 30% (Table 1). The brain fills on average 75% of
the cranial cavity (Table 1) leaving 25% for adnexa and cerebrospinal fluid.

Brain mass and endocranial volume allometry. To establish the allometric relationship
between endocranial volume and brain mass in extant mammals we examine published values
supplemented with new data for pigs, goats, and a beluga and bowhead whale (Fig 4, Table 1
and S1 Table in S2 File). Results of the PGLS regression of the log-transformed brain mass
(grams) and endocranial volume (cm?) give Eq 3

Log,,(brain mass) = 0.933 Log,,(endocranial volume) + 0.088 Eq3

This regression is based on species means of 611 specimens (which includes 26 species
within 18 genera) results in an adjusted R” of 0.991, and a standard error of + 0.018 for the
slope, and + 0.04 for the intercept, with a lambda of 1X10°°,

This equation (Eq 3) is used to estimate brain mass from endocranial volume in the fossil
artiodactyls compiled by Orliac and Gilissen [35], the post-Eocene fossil cetaceans described
by Marino et al. [7] and Boessenecker et al. [9], the Eocene archaeocetes (Table 2 and S3
Table in S2 File), and fossil mysticetes described by McCurry et al. [32]. Results for the Eocene
archaeocetes, including brain mass estimates from previous studies, are given in Table 3, and
data for the post-Eocene fossil cetaceans in S3 Table in S2 File.
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Table 3. Eocene archaeocete body and brain mass estimates.

Body mass estimates (kg) Brain mass estimates (g)

Taxon Gingerich | Marino Gingerich | Boessenecker This Gingerich | Marino Gingerich  Boessenecker This

1998 etal. 2004 2016 etal. 2017 study 1998 etal. 2004 2016 etal. 2017 study
Dorudon atrox 1,140Y 2,240" 1,126 2,240V 1023° 960 1185.4° 944 931.4 883
Saghacetus osiris 350" 350V 350 350" 379¢ 388 388 388 373 383
Zygorhiza kochii* — 2040™ — 998" 707 — 800.8 — 702.3 701
Zygorhiza kochii® — — 998 998" 877° — — 960 920.2 894
Rodhocetus kasrani 590" 290* 590" 290* 340° 290 291 291 272.7 240
Dalanistes ahmedi 750" 750" 750" 750" 574° 400 400 400 372.2 323
Remingtonocetus — — — — 320°¢ — — — — 211

harudiensis

€, body mass from OCW.

V, body mass based on vertebral dimensions
L, body mass from body length

*, uncertain origin

!, USNM 16639

*, FMNH PM-459

3,20% rete correction apparently not applied.

https://doi.org/10.1371/journal.pone.0257803.t003

See S1 Text for full explanations of previously published body and brain mass estimates.

Occipital condyle width and body mass

We establish the relationship between occipital condyle width (OCW) and body mass in extant
cetaceans to estimate body mass in fossil cetaceans. Initial examination of the data (Fig 5A),
show the delphinoid taxa (for which we have data) to diverge from the remaining taxa. The
regression of Marino et al. [7] (published in Boessenecker et al. [9]) is plotted in Fig 5A and
can be seen to pass through the delphinoids. Given the data available to us, it would appear the
regression of Marino et al. [7] was heavily influenced by delphinoids, although this cannot be
verified, as the calibration dataset on which Marino et al. [7] based their equation is not
available.

The fossil cetacean dataset compiled by Marino et al. [7] and Boessenecker et al. [9] includes
only five delphinoids, and for those we retain the body masses originally published in Marino
et al. [7] as our data would suggest their estimates are likely more appropriate (Fig 5A). The
final PGLS regression (Eq 4) that describes the relationship between OCW and body mass is
based on adult species means consisting of 74 specimens, representing 27 species within eight
families.

Log,,(body mass) = 3.135 X Log,,(OCW) — 3.575 Eq4

Where body mass is in kilograms, and occipital condyle width (OCW) in millimeters; the
equation produces an adjusted R* = 0.87, and a standard error of + 0.232 for the slope,
and * 0.52 for the intercept, with a lambda of 0.942.

Fossil cetacean and terrestrial artiodactyl EQs

EQq .56 EQo.75, and body and brain mass for terrestrial artiodactyls and cetaceans through time
are given in Fig 6.
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Fig 5. Scaling of occipital condyle width (OCW) and body mass in extant cetaceans. Red line shows our PGLS regression (Eq 3) for adults
(species averages) in both plots. (A) Plot including all data (S2 Table in S2 File); circles represent adult individuals, triangles represent sub-adults;
blue line represents the regression of Marino et al. [7] reported in Boessenecker et al. [9]. (B) Plot of adult species means which form the basis of our
regression (red line).

https://doi.org/10.1371/journal.pone.0257803.9005

Eocene cetacean EQs

In addition to the methodological improvements in estimating values needed to calculate EQs,
we make some preliminary observations in regarding the Eocene archaeocetes. In particular,
we examine whether there are differences between middle Eocene archaeocetes (remingtono-
cetids and protocetids), late Eocene basilosaurids, and Oligocene odontocetes. S4 Table in S2
File presents the results of a Tukey’s Honest Significant Difference test and shows significant
differences between middle Eocene and late Eocene archaeocetes (p < .001), but not between
late Eocene basilosaurids and Oligocene odontocetes (p>.1).

Discussion

In this paper we refine the brain and body mass estimates commonly incorporated in studies
of fossil cetacean brain size evolution [7, 9, 12, 15, 21, 23, 24, 30-32]. We reassess the methods
used to estimate brain mass in both fossil cetaceans and their terrestrial artiodactyl relatives
and reexamine and improve the methods used to estimate body size in fossil cetaceans. We
evaluate the choice of reference group used to calculate EQ, and correct errors that have con-
tinued to propagate in the literature. These improved brain and body mass estimates are then
incorporated into revised EQs (Fig 6).

Brain mass estimates

The allometry between brain mass and endocranial volume in modern taxa forms the basis for
estimation of brain mass in fossils. The cranial cavity, along with the brain, contains cerebro-
spinal fluid, and the remaining tissues, collectively termed adnexa. The adnexa and cerebrospi-
nal fluid are both a volumetrically significant and variable occupant of the cranial cavity. As
such, the endocranial volume of fossils should not be equated with brain volume (or mass)
without taking the adnexa and cerebrospinal fluid into account. We further demonstrate that
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https://doi.org/10.1371/journal.pone.0257803.g006
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in compiling data to establish the allometry between brain mass and endocranial volume in
extant taxa, adnexa and brain mass alone cannot be used to reconstruct endocranial volume
(in cases where it was not originally measured), as this ignores the contribution of cerebrospi-
nal fluid volume and results in an underestimate of the endocranial volume.

Jerison [5] recognized that cetacean brains do not fill the entire cranial cavity, although he
assumed the difference between brain and endocranial volume was small enough to not influ-
ence the observation of large-scale trends. In contrast, the variability of adnexa size exhibited
in modern cetaceans, which partially accounts for the difference between endocranial and
brain volume, led Ridgway et al. [2] to question the validity of existing fossil whale brain mass
estimates. Addressing this problem, Boessenecker et al. [9] used published brain and adnexa
masses in extant cetaceans as a basis for improving brain mass estimates by predicting the
adnexa volume that needed to be subtracted from the endocranial volume to approximate
brain volume (and mass) and this approach was followed by McCurry et al. [32].

The approach of Boessenecker et al. [9] was an improvement, especially considering an
adnexa volume correction had never been factored into the original brain mass estimates of
Marino et al. [7] (with the exception of the basilosaurids, discussed below). We refine the
approach of Boessenecker et al. [9] with additional data to better assess the allometry of brain
mass and endocranial volume in extant cetaceans and terrestrial artiodactyls (Fig 4 and
Table 1). Given the limited data, our regression includes individuals from many placental
orders (S1 Table in S2 File). New observations (Table 1) show that cerebrospinal fluid is a volu-
metrically significant component of the cranial cavity and demonstrates that brain masses of
fossil taxa will be overestimated if the combined brain and adnexa mass is converted to volume
and equated with endocranial volume. To remedy this, we include only specimens in our cali-
bration dataset of extant taxa for which both endocranial volume and brain mass are available
(Fig 4). The resultant correlation (Eq 3) between endocranial volume and brain mass is
remarkably robust within the taxa examined with an adjusted R* = 0.991, based on a PGLS
regression, and the lambda value close to zero indicates the absence of a strong phylogenetic
signal. Our results show the brain fills (by volume) approximately 33 to 98 percent (or 70-98
percent if the only mysticete for which there is data is excluded) of the cranial cavity in extant
placental mammals (including terrestrial artiodactyls and cetaceans), with the percentage
decreasing with increasing body size. Within the body size range of the fossil cetaceans exam-
ined (14-1336 kg) the brain is predicted to have occupied between 66-81 percent of the cranial
cavity.

Brain mass and endocranial volume are only available for two extant mysticete bowhead
whales (Table 1), the oldest individual is plotted in Fig 4. Although we include the bowhead in
the regression, the available data has limits and is based on a single individual. First, the data
are not from a fully-grown individual. Second, this mysticete is significantly larger than the
fossil taxa for which we estimate brain mass and its extreme size could unduly influence the
regression. Third, mysticete whales are commonly identified as having an enlarged cranial rete
in comparison with odontocetes and terrestrial artiodactyls [2, 45, 46, 83, 84].

The outlier status of the bowhead, in terms of scaling, suggests mysticetes could be excep-
tions to the general allometry between brain mass and endocranial volume (Eq 3 and Fig 4) to
which the smaller terrestrial artiodactyls appear to follow. However, it is also possible that
bowheads are simply following the expected allometry of terrestrial artiodactyls, as our cur-
rently limited data might not resolve that relationship as the larger artiodactyls remain
unsampled. Without additional data, we cannot determine if an additional or second correc-
tion is needed to estimate brain mass from endocranial volume in fossil mysticetes, and if that
correction would pertain to all artiodactyls that possess a rete. Without a clearer understanding
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of brain mass and endocranial volume allometry, brain mass and EQ estimates for fossil mysti-
cetes should be treated with caution.

Most authors have assumed that fossil basilosaurid cetaceans, like the extant mysticetes,
possessed a relatively enlarged cranial rete. Gingerich [30] subtracted 20% from the endocra-
nial volume of some basilosaurids to estimate brain mass, based on work of Uhen [51], and
Marino et al. [7, 14] extended this correction to the remaining basilosaurids. Our data indicate
that endocranial volumes of terrestrial artiodactyls and cetaceans would need a volumetric
reduction of approximately 24 percent (the average for the fossil whales in our dataset) to
approximate brain volume directly from endocranial volume, and this correction is without
the assumption that an enlarged rete is present.

In the case of the basilosaurids, even if they possess an enlarged rete, it remains possible
they follow the mysticete scaling pattern (if the mysticetes have a unique allometry). Without
the data needed to account for scaling of an expanded rete, if needed, to make a more sophisti-
cated correction, for rete scaling in basilosaurids and mysticetes, and with the acknowledge-
ment that it is likely that the correction is not a fixed percentage, we believe that the
evolutionary simpler explanation is that basilosaurids follow the same rete scaling rules as ter-
restrial artiodactyls and other mammals withing the body size range examined (Table 3).

Body mass estimates

In studies of brain evolution, Eocene cetacean bodyweights have been estimated using verte-
bral dimensions and body length, whereas weights for post-Eocene cetaceans have been almost
exclusively based on occipital condyle width [7, 9, 30]. As a result, these studies have found the
Eocene-Oligocene boundary coincided with an apparently rapid shift in EQ. Our data suggest
that this apparent shift is an artifact caused by the abrupt change in the method used to esti-
mate body mass, and that it does not represent an actual shift in EQ (Fig 6 and S3 Table in S2
File). Using a single bodyweight estimation method across the Eocene-Oligocene boundary
provides the methodological consistency needed to reduce the appearance of artifacts.

Selection pressures for increased or decreased body sizes can have a significant effect on EQ
trends (e.g. Smaers et al. [31] and Montgomery et al. [12]) and, on a more basic level, body size
estimates have a profound effect on the calculation of EQ values. It is therefore critical to carefully
evaluate body size estimates of fossil taxa as they are important in assessing relative brain size.
With the great diversities of body shapes expressed across terrestrial artiodactyls, Eocene cetaceans,
and post-Eocene cetaceans, a skeletal proxy with a single calibration dataset cannot be expected to
provide reasonable body mass estimates in all groups and time periods. Our study shows that in
living adult cetaceans, body weights correlate well with OCW (adjusted R” of 0.89). Although the
few delphinoid taxa for which we have data appear to follow alternate scaling coefficients and if
they are excluded from the regression, the adjusted R* increases to 0.98. Estimating body size
based on several skeletal proxies using a multiple regression approach has clear advantages [52],
although variability in the preservation of fossils limits the number of specimens for which suffi-
cient data can be obtained as fossils are rarely preserved or collected as complete skeletons.

Our bodyweight estimates for Eocene archaeocete cetaceans (Table 3) broadly agree with
those of Gingerich [8, 30] whose estimates are based on vertebral dimensions. In contrast, our
estimates differ from those of Marino et al. [7] for the Eocene and post-Eocene cetaceans
(Table 3 and especially S3 Table in S2 File). For the post-Eocene cetaceans, our estimates, and
those of Marino et al. [7], share the use of OCW as a skeletal proxy, but are based on different
calibration datasets. The divergence between our estimates and those of Marino et al. [7] is
therefore not driven by the choice of skeletal proxy, but rather by the data used to establish the
relationship between OCW and body mass in extant cetaceans.
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In scrutinizing the relationship between OCW and body mass in modern cetaceans it
becomes obvious that delphinoids (Fig 5A) follow a divergent allometry from other cetaceans.
Gingerich [8] rejected the use of OCW to estimate bodyweight based on what he considered a
weak correlation by Marino et al. [7] who reported a R? 0f 0.79. Our work shows that this con-
cern is now alleviated (R* of 0.89 for our PGLS regression). A plot of our raw data illustrates
why the alternate OCW and body mass scaling of the delphinoids may not have been immedi-
ately apparent if the immature individuals (Fig 5A, triangles) are included as they partially
mask the distinct delphinoid scaling. When the OCW to body mass regression of Marino et al.
[7] as given in Boessenecker et al. [9] is plotted with our data (Fig 5), it would appear to have
been driven by delphinoid taxa (especially at the lower end of the observed body masses) sug-
gesting the calibration dataset of Marino et al. [7] contained a significant delphinoid compo-
nent. Conversely, this indicates that, for the delphinoids, Marino’s regression likely provides
more accurate body size estimates, and we retain the body masses of Marino et al. [7] for this
group in our analysis. As we have a rather limited sampling of delphinoid species as this time,
we do not generate a separate regression in this study, and would note that it remains unclear
if all delphinoids follow this pattern.

The high correlation between OCW and body mass in our sample instills confidence in this
method of bodyweight estimation. Using OCW to estimate bodyweight has the additional
advantage that a single skull can be used to estimate both brain and body mass. Rarely do fos-
sils consist of complete skeletons, as a result bodyweight estimates made using vertebral col-
umns or body length are often based on composites of multiple incomplete specimens. Thus,
endocranial volume and skull measurements may be derived from different individuals and
such use of multiple individuals has the potential to introduce artifacts arising from intraspe-
cific variation. Standard deviations of bodyweight in cetaceans within the same population are
around 10% of the mean (e.g., Phocoena [85]), implying the introduction of noise when com-
bining measurements of several individuals. In the case of fossils, time-averaging introduces a
temporal component, such that the specimens are unlikely to have come from even a single
population. However, limiting a study to include only data based on a single specimen lowers
the overall sample size, and for the middle Eocene whales, this restriction would reduce the
already small sample size (Table 3 and S1 Text). We chose to include these few composite spec-
imens in spite of the drawbacks, but remain mindful that some weaknesses may exist.

While the use of OCW to estimate body size has advantages, we do not argue for its indis-
criminate use. We utilize OCW to estimate bodyweights in fossil cetaceans, but for the fossil
terrestrial artiodactyls we use the published body masses of Orliac and Gilissen [35] which are
based on dental dimensions rooted on regressions of taxonomically specific artiodactyl sub-
clades. Although OCW has been used to estimate body mass in fossil terrestrial artiodactyls
[54, 56, 86], the paired OCW and body mass data we have compiled to date is based on fully
aquatic forms and would likely be unsuitable for more terrestrial forms. The needed introduc-
tion of older, more transitional, fossil cetaceans (such as pakicetids and ambulocetids) into
future analyses will provide additional challenges in balancing the use of more taxon specific
body mass estimation methods, with the dangers of introducing potential artifacts as we
described at the Eocene-Oligocene boundary.

Conclusions

The rete mirabile, one component of the adnexa, is present in most Cetartiodactyla, and is
extensively developed in mysticetes. This may be illustrated by the observation of Duffield

et al. [87] that the bowhead whale brain can be extracted without damage through the foramen
magnum if the rete which surrounds the spinal cord and occludes this opening is removed.
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Data specifically on rete size in mysticetes is sparce, and paired brain mass and endocranial
volumes for physically mature mysticete specimens are unavailable. Terrestrial artiodactyls
and odontocetes also possess an endocranial rete mirabile, and although the interspecific scal-
ing between brain mass and endocranial volume remains relatively understudied, there is sig-
nificantly less data pertaining to specific to scaling of the rete. Thus, it remains possible, but
untested, that the rete, as a component of the adnexa in mysticetes, does in fact scale with
endocranial volume or brain mass, in a manner similar to terrestrial artiodactyls and odonto-
cetes. In this case the apparent disproportionally large rete observed in mysticetes is simply the
expected product of the enormous body sizes they attain compared to odontocetes and terres-
trial artiodactyls.

The unusual morphology of basilosaurid endocasts [33, 48] has been interpreted by most
authors as evidence they possessed an unusually large rete mirabile, and most modern
researchers have followed Uhen [51], Gingerich [30] and Marino et al. [14] in assuming that a
rete filled a fixed 20 percent of the basilosaurid cranial cavity. Our data, which does not specifi-
cally address the rete in isolation from the adnexa, shows that the percentage of the cranial cav-
ity filled by adnexa and cerebrospinal fluid is not fixed, but rather scales with endocranial
volume. This implies that a correction in the form of a single fixed percentage may not fully
capture adnexa volume.

It remains unclear if mysticetes share the same scaling with all artiodactyls. If mysticetes do
follow an alternate scaling relationship, the possibility exists that basilosaurids would scale in a
similar manner, conversely, they may follow the general scaling which we demonstrate and
includes the terrestrial artiodactyls we have examined. Further study of mysticetes and large
bodied terrestrial artiodactyls may lead to a better understanding of the relationship between
brain mass and endocranial size in taxa that appear to possess a disproportionately large rete.
A more complete understanding of this relationship will help improve brain mass predictions
in both fossil mysticetes and basilosaurids.

We take the coincidence of our body mass estimates using OCW with those of Gingerich
[8], which are based on vertebral column measurements, as general validation of both method-
ologies. As more complete fossil specimens become available, a method that uses multiple skel-
etal proxies, such as that of Pyenson and Sponberg [52] may provide further fidelity to the
estimates, but would potentially limit the number of included specimens.

We suggest the reference sample used as the basis to calculate EQ should be taxonomically
constrained when the focus is on the evolution of a specific group. There is a rich literature dis-
cussing the reasons that empirical scaling coefficients gravitate toward specific values (see
summaries by Martin et al. [69], Armstrong [88], Boddy et al. [10] Smaers et al. [31]). A slope
closer to 0.67 is thought to reflect the relation between brain mass and body surface area [64,
89, 90]. A slope closer to 0.75 [10, 69] is commonly assumed to reflect a link with metabolic
rates [66, 69]. However, neurobiologists have pointed out that constraints on brain size in
mammals across the seven orders of magnitude in body weight is more likely related to con-
straints within the brain [91]. That would imply that a single, generalized mammalian scaling
coefficient does not clarify our understanding of the evolution of specific taxonomically lim-
ited groups.

Fig 6 presents data that bear on multiple aspects of brain and body size evolution in terres-
trial artiodactyls and cetaceans. Our focus relates to relative brain size in Eocene archaeocete,
and its possible relation to the large brains in odontocetes. Our observations are currently
based on just three species of middle Eocene fossil cetaceans (two remingtonocetids, one pro-
tocetid) and three basilosaurids (four specimens). We investigated mean EQ values in middle
Eocene archaeocetes (protocetids and remingtonocetids), late Eocene basilosaurids, and Oligo-
cene odontocetes (54 Table in S2 File). Middle Eocene cetaceans have statistically different
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EQs from late Eocene cetaceans. This finding is at odds with most studies [3, 9], but consistent
with the findings of Gingerich [8] and Montgomery et al. [12].

Most authors have identified the Eocene-Oligocene boundary as a time in which cetaceans
show a sudden increase in EQ [7-9, 92]. However, our analysis does not support this. The
increase observed in previous studies is, at least in part, an artifact caused by differences in
body mass estimation methods employed across that interval. Our post-Eocene body mass
estimates are significantly greater than those of Marino et al. [7] and Boessenecker et al. [9] (S3
Table in S2 File), while our Eocene body mass estimates are similar to those of Gingerich [8].
This presumed rapid EQ increase was interpreted as evidence that large relative brain sizes in
odontocetes evolved around the same time as echolocation [18, 19], or as adaptations to cool-
ing climates [23, 24]. Our results suggest that the evolutionary pattern cannot support these
hypotheses in its present form.

Recently Smaers et al. [31] presented an analysis that shows multiple periods of changes in
brain and body allometry across mammalian evolution, and McCurry et al. [32] added data on
mysticetes to study brain scaling evolution in cetaceans (especially during the Eocene and Oli-
gocene), would likely be refined with our improved dataset.

It is beyond the scope of this paper to investigate how the pattern of brain size evolution in
cetaceans correlates with predictions of the causal hypotheses listed in the introduction. We
believe that it is too early to do so. Most authors have based the trajectory of Eocene brain size
evolution on five to six specimens most of which are basilosaurids. Of the four families lower
on the phylogenetic tree than basilosaurids, only two are represented. Gingerich [8] noted EQ
increases in the cetaceans during the Eocene, and we concur. We here add a second remingto-
nocetid to the sample, but there are still no data for pakicetids and ambulocetids. CT-scanning
of additional specimens will continue to refine the pattern that we documented, and combined
with deeper morphological study, should allow the building of a stronger foundation to test
the evolutionary hypotheses.

Supporting information

S1 Text. Detailed discussion of Eocene cetacean brain and body size data and specimens.
(DOCX)

S1 File. S1, S2 Datas and S1, S2 Figs. S1 Data, Phylogeny used in brain mass and endocranial
volume PGLS regression; S2 Data, Phylogeny used in OCW and body mass PGLS regression;
S1 Fig, Phylogeny of Upham et al. (2019) used in our brain mass and endocranial volume
PGLS regression; S2 Fig, Phylogeny of McGowen et al. (2020) used in OCW and body mass
PGLS regression.

(DOCX)

S2 File. S1 Table, extant brain mass and endocranial volumes used in analysis; S2 Table,
extant cetacean Occipital Condyle Width (OCW) and body masses used in analysis; S3
Table, fossil cetacean brain and body mass and EQ estimates; S4 Table, results of ANOVA
and HSD.

(DOCX)

Acknowledgments

We thank the whale hunters of Utgiagvik and Point Lay, Alaska, the Alaska Eskimo Whaling
Commission, and the Alaska Beluga Whaling Committee for allowing us to sample their speci-
mens. We thank the personnel of the North Slope Borough, Department of Wildlife Manage-
ment, for logistic support and advice regarding these samples with special thanks to J. Craig

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 20/25


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257803.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257803.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0257803.s003
https://doi.org/10.1371/journal.pone.0257803

PLOS ONE

Brain-size change in the early evolution of cetaceans

George, Robert Suydam, and Raphaela Stimmelmayr. Samples were collected under permit
NOAA-NMFS 17350-02 to Taqulik Hepa. The lab of Rebecca Z. German (through NIH
HDO088561) and Ian Farnkopf provided samples of modern artiodactyls. We thank Mark Uhen
for giving us access to data on Eocene whale specimens that he collected. Kat Mars assisted in
the measurement of endocranial volumes. B. P. Waugh, M.A.K. and A.R.K. provided useful
comments on an early version of the manuscript. Special thanks to Inter-library loan staff at
NEOMED for finding many difficult to locate papers; our work would not be possible without
your assistance. In addition, we thank the editor and three reviewers who helped improve the
manuscript.

Author Contributions

Conceptualization: David A. Waugh, J. G. M. Thewissen.
Formal analysis: David A. Waugh, J. G. M. Thewissen.
Funding acquisition: J. G. M. Thewissen.

Investigation: David A. Waugh, J. G. M. Thewissen.
Methodology: David A. Waugh.

Project administration: J. G. M. Thewissen.

Resources: J. G. M. Thewissen.

Validation: David A. Waugh, J. G. M. Thewissen.
Visualization: David A. Waugh.

Writing - original draft: David A. Waugh, J. G. M. Thewissen.
Writing - review & editing: David A. Waugh, J. G. M. Thewissen.

References

1. Hanson A, Grisham W, Sheh C, Annese J, Ridgway SH. Quantitative examination of the bottlenose dol-
phin cerebellum. Anat Rec. 2013; 296: 1215-1228. https://doi.org/10.1002/ar.22726 PMID: 23775830

2. Ridgway SH, Carlin KP, Van Alstyne KR, Hanson AC, Tarpley RJ. Comparison of dolphins’ body and
brain measurements with four other groups of cetaceans reveals great diversity. Brain Behav Evol.
2016; 88: 235-257. https://doi.org/10.1159/000454797 PMID: 28122370

3. Marino L. Cetacean brain evolution: multiplication generates complexity. Int J Comp Psychol. 2004; 17:
1-16. Available: https://escholarship.org/content/qt0272t0dd/qt0272t0dd. pdf

4. Marino L. A comparison of encephalization between Odontocete cetaceans and anthropoid primates.
Brain Behav Evol. 1998; 51: 230—238. https://doi.org/10.1159/000006540 PMID: 9553695

5. Jerison HJ. Evolution of the brain and intelligence. New York: Elsevier; 1973. https://doi.org/10.1016/
0013-4694(73)90094-1 PMID: 4120317

6. Jerison HJ. Brain and intelligence in whales. Whales Whal. 1978; 2: 159-197.

Marino L, Mcshea DW, Uhen MD. Origin and evolution of large brains in toothed whales. Anat Rec—
Part A Discov Mol Cell Evol Biol. 2004; 281: 1247—1255. https://doi.org/10.1002/ar.a.20128 PMID:
15497142

8. Gingerich PD. Body weight and relative brain size (encephalization) in Eocene Archaeoceti (Cetacea).
J Mamm Evol. 2016; 23: 17-31. https://doi.org/10.1007/s10914-015-9304-y

9. Boessenecker RW, Ahmed E, Geisler JH. New records of the dolphin Albertocetus meffordorum (Odon-
toceti: Xenorophidae) from the lower Oligocene of South Carolina: Encephalization, sensory anatomy,
postcranial morphology, and ontogeny of early odontocetes. Cray JJ, editor. PLoS One. 2017; 12:
e0186476. https://doi.org/10.1371/journal.pone.0186476 PMID: 29117197

10. Boddy AM, McGowen MR, Sherwood CC, Grossman LI, Goodman M, Wildman DE. Comparative anal-
ysis of encephalization in mammals reveals relaxed constraints on anthropoid primate and cetacean

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 21/25


https://doi.org/10.1002/ar.22726
http://www.ncbi.nlm.nih.gov/pubmed/23775830
https://doi.org/10.1159/000454797
http://www.ncbi.nlm.nih.gov/pubmed/28122370
https://escholarship.org/content/qt0272t0dd/qt0272t0dd.pdf
https://doi.org/10.1159/000006540
http://www.ncbi.nlm.nih.gov/pubmed/9553695
https://doi.org/10.1016/0013-4694%2873%2990094-1
https://doi.org/10.1016/0013-4694%2873%2990094-1
http://www.ncbi.nlm.nih.gov/pubmed/4120317
https://doi.org/10.1002/ar.a.20128
http://www.ncbi.nlm.nih.gov/pubmed/15497142
https://doi.org/10.1007/s10914-015-9304-y
https://doi.org/10.1371/journal.pone.0186476
http://www.ncbi.nlm.nih.gov/pubmed/29117197
https://doi.org/10.1371/journal.pone.0257803

PLOS ONE

Brain-size change in the early evolution of cetaceans

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

brain scaling. J Evol Biol. 2012; 25: 981-994. https://doi.org/10.1111/].1420-9101.2012.02491.x PMID:
22435703

Burger JR, George MA, Leadbetter C, Shaikh F. The allometry of brain size in mammals. J Mammal.
2019; 100: 276-283. https://doi.org/10.1093/jmammal/gyz043

Montgomery SH, Geisler JH, McGowen MR, Fox C, Marino L, Gatesy J. The evolutionary history of
cetacean brain and body size. Evolution (N Y). 2013; 67: 3339-3353. https://doi.org/10.1111/evo.
12197 PMID: 24152011

Delfour F, Marten K. Mirror image processing in three marine mammal species: Killer whales (Orcinus
orca), false killer whales (Pseudorca crassidens) and California sea lions (Zalophus californianus).
Behav Processes. 2001; 53: 181-190. https://doi.org/10.1016/s0376-6357(01)00134-6 PMID:
11334706

Marino L, Uhen MD, Frohlich B, Aldag JM, Blane C, Bohaska D, et al. Endocranial volume of mid-late
Eocene archaeocetes (order: Cetacea) revealed by computed tomography: Implications for cetacean
brain evolution. J Mamm Evol. 2000; 7: 81-94. https://doi.org/10.1023/A:1009417831601

Marino L, Connor RC, Fordyce RE, Herman LM, Hof PR, Lefebvre L, et al. Cetaceans have complex
brains for complex cognition. PLoS Biol. 2007; 5: 0966—0972. https://doi.org/10.1371/journal.pbio.
0050139 PMID: 17503965

Fox KCR, Muthukrishna M, Shultz S. The social and cultural roots of whale and dolphin brains. Nat Ecol
Evol. 2017; 1: 1699—-1705. https://doi.org/10.1038/s41559-017-0336-y PMID: 29038481

Marino L. Cetacean brains: How aquatic are they? Anat Rec. 2007; 290: 694—700. https://doi.org/10.
1002/ar.20530 PMID: 17516433

Ridgway SH. Physiological observations on dolphin brains. In: Schusterman RJ, Thomas JA, Wood
FG, editors. Dolphin cognition and behavior: a comparative approach. Hillsdale, New Jersey: Law-
rence Erlbaum Associates; 1986. pp. 31-59.

Worthy GAJ, Hickie JP. Relative brain size in marine mammals. Am Nat. 1986; 128: 445-459. https://
doi.org/10.1086/284579

Ridgway SH, Au WWL. Hearing and echolocation in dolphins. Encycl Neurosci. 2009; 4: 1031—1039.
https://doi.org/10.1016/B978-008045046-9.00263—1

Serio C, Castiglione S, Tesone G, Piccolo M, Melchionna M, Mondanaro A, et al. Macroevolution of
toothed whales exceptional relative brain size. Evol Biol. 2019; 46: 332—-342. https://doi.org/10.1007/
s511692-019-09485-7

Muller AS, Montgomery SH. Co-evolution of cerebral and cerebellar expansion in cetaceans. J Evol
Biol. 2019; 1-14. https://doi.org/10.1111/jeb.13539 PMID: 31507000

Manger PR. An examination of cetacean brain structure with a novel hypothesis correlating thermogen-
esis to the evolution of a big brain. Biol Rev Camb Philos Soc. 2006; 81: 293—-338. https://doi.org/10.
1017/S1464793106007019 PMID: 16573845

Manger PR, Patzke N, Spocter MA, Bhagwandin A, Bertelsen MF, Alagaili AN, et al. Amplification of
potential thermogenetic mechanisms in cetacean brains compared to artiodactyl brains. Sci Rep. 2021;
11: 1-15. https://doi.org/10.1038/s41598-020-79139-8 PMID: 33414495

Marino L. Encyclopedia of Marine Mammals. In: Perrin WF, Wursig B, Thewissen JGM, editors. Ency-
clopedia of Marine Mammals. New York: Academic Press; 2002. pp. 158—162.

Hof PR, Chanis R, Marino L. Cortical complexity in cetacean brains. Anat Rec—Part A Discov Mol Cell
Evol Biol. 2005; 287: 1142—1152. https://doi.org/10.1002/ar.a.20258 PMID: 16200644

Geisler JH, Boessenecker RW, Brown M, Beatty BL. The origin of filter feeding in whales. Curr Biol.
2017; 27: 2036—-2042.e2. https://doi.org/10.1016/j.cub.2017.06.003 PMID: 28669761

Montgomery SH. Evolution of Large Brain and Body Size in Mammals. 2nd ed. In: Kass J, editor. Evolu-
tion of Nervous Systems. 2nd ed. Academic Press; 2017. pp. 103—136. https://doi.org/10.1016/B978-
0-12-804042-3.00034-8

Ridgway SH, Carlin KP, Van Alstyne KR. Delphinid brain development from neonate to adulthood with
comparisons to other cetaceans and artiodactyls. Mar Mammal Sci. 2017; 34: 420—439. https://doi.org/
10.1111/mms.12464

Gingerich PD. Paleobiological perspectives on Mesonychia, Archaeoceti, and the origin of whales. In:
Thewissen JGM, editor. The emergence of whales. Boston, MA: Springer US; 1998. pp. 423-449.
https://doi.org/10.1007/978-1-4899-0159-0_15

Smaers JB, Rothman RS, Hudson DR, Balanoff AM, Beatty B, Dechmann DKN, et al. The evolution of
mammalian brain size. Sci Adv. 2021; 7: eabe2101. https://doi.org/10.1126/sciadv.abe2101 PMID:
33910907

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 22/25


https://doi.org/10.1111/j.1420-9101.2012.02491.x
http://www.ncbi.nlm.nih.gov/pubmed/22435703
https://doi.org/10.1093/jmammal/gyz043
https://doi.org/10.1111/evo.12197
https://doi.org/10.1111/evo.12197
http://www.ncbi.nlm.nih.gov/pubmed/24152011
https://doi.org/10.1016/s0376-6357%2801%2900134-6
http://www.ncbi.nlm.nih.gov/pubmed/11334706
https://doi.org/10.1023/A%3A1009417831601
https://doi.org/10.1371/journal.pbio.0050139
https://doi.org/10.1371/journal.pbio.0050139
http://www.ncbi.nlm.nih.gov/pubmed/17503965
https://doi.org/10.1038/s41559-017-0336-y
http://www.ncbi.nlm.nih.gov/pubmed/29038481
https://doi.org/10.1002/ar.20530
https://doi.org/10.1002/ar.20530
http://www.ncbi.nlm.nih.gov/pubmed/17516433
https://doi.org/10.1086/284579
https://doi.org/10.1086/284579
https://doi.org/10.1016/B978-008045046-9.00263%26%23x2013%3B1
https://doi.org/10.1007/s11692-019-09485-7
https://doi.org/10.1007/s11692-019-09485-7
https://doi.org/10.1111/jeb.13539
http://www.ncbi.nlm.nih.gov/pubmed/31507000
https://doi.org/10.1017/S1464793106007019
https://doi.org/10.1017/S1464793106007019
http://www.ncbi.nlm.nih.gov/pubmed/16573845
https://doi.org/10.1038/s41598-020-79139-8
http://www.ncbi.nlm.nih.gov/pubmed/33414495
https://doi.org/10.1002/ar.a.20258
http://www.ncbi.nlm.nih.gov/pubmed/16200644
https://doi.org/10.1016/j.cub.2017.06.003
http://www.ncbi.nlm.nih.gov/pubmed/28669761
https://doi.org/10.1016/B978-0-12-804042-3.00034%26%23x2013%3B8
https://doi.org/10.1016/B978-0-12-804042-3.00034%26%23x2013%3B8
https://doi.org/10.1111/mms.12464
https://doi.org/10.1111/mms.12464
https://doi.org/10.1007/978-1-4899-0159-0%5F15
https://doi.org/10.1126/sciadv.abe2101
http://www.ncbi.nlm.nih.gov/pubmed/33910907
https://doi.org/10.1371/journal.pone.0257803

PLOS ONE

Brain-size change in the early evolution of cetaceans

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

McCurry MR, Marx FG, Evans AR, Park T, Pyenson ND, Kohno N, et al. Brain size evolution in whales
and dolphins: new data from fossil mysticetes. Biol J Linn Soc. 2021. https://doi.org/110.1093/
biolinnean/blab054/6263583

Dart RA, Andrews CW. The brain of the Zeuglodonlidee (Cetacea). Proc Zool Soc London. 1923; 93:
615-654. https://doi.org/10.1111/j.1096-3642.1923.tb02201.x

Marino L, Uhen MD, Pyenson ND, Frohlich B. Reconstructing cetacean brain evolution using computed
tomography. Anat Rec—Part B New Anat. 2003; 272: 107—117. https://doi.org/10.1002/ar.b.10018
PMID: 12731077

Orliac MJ, Gilissen E. Virtual endocranial cast of earliest Eocene Diacodexis (Artiodactyla, Mammalia)
and morphological diversity of early artiodactyl brains. Proc R Soc B Biol Sci. 2012; 279: 3670-3677.
https://doi.org/10.1098/rspb.2012.1156 PMID: 22764165

Gompertz RHC. Specific gravity of the brain. J Physiol. 1902; 27: 459-462. https://doi.org/10.1113/
jphysiol.1902.sp000884 PMID: 16992590

Benoit J. A new method of estimating brain mass through cranial capacity in extinct proboscideans to
account for the non-neural tissues surrounding their brain. J Vertebr Paleontol. 2015; 35: €991021.
https://doi.org/10.1080/02724634.2014.991021

Réhrs M, Ebinger P. Welche quantitativen Beziehungen bestehen bei Sdugetieren zwischen Schadelk-
apazitat und Hirnvolumen. Mamm Biol. 2001; 66: 102—110.

Thewissen JGM, George JC, Rosa C, Kishida T. Olfaction and brain size in the bowhead whale
(Balaena mysticetus). Mar Mammal Sci. 2011; 27: 282—-294. https://doi.org/10.1111/j.1748-7692.2010.
00406.x

O’Brien HD. From anomalous arteries to selective brain cooling: parallel evolution of the artiodactyl
carotid rete. Anat Rec. 2020; 303: 308-317. https://doi.org/10.1002/ar.23987 PMID: 30421534

Daniel PM, Dawes JDK, Prichard MML. Studies of the carotid rete and its associated arteries. Philos
Trans R Soc Lond B Biol Sci. 1953; 237: 173—208.

Nickel R, Schwarz R. Vergleichende Betrachtung der Kopfarterien der Haus-saugetiere (Katze, Hund,
Schwein, Rind, Schaf, Ziege, Pferd). Zentralblatt fiir Veterinarmedizin R A. 1963; 10: 89—120.

Uehara M, Kudo N, Sugimura M. Morphological studies on the rete mirabile epidurale in the calf. Jpn J
Vet Res. 1978; 26: 11-18. PMID: 691918

Flechsig G, Zintzsch |. Die Arterien der Schadelbasis des Schweines. Anat Anz. 1969; 125: 206-219.
PMID: 4903872

Slijper EJ. Die Cetacean: Vergleichend-anatomisch und Systematisch. Reprinted by Asher & Co.,
Amsterdam; 1936.

Geisler JH, Luo Z. Relationships of Cetacea to terrestrial ungulates and the evolution of cranial vascula-
ture in Cete. In: Thewissen JGM, editor. The Emergence of Whales. Boston, MA: Springer US;
1998. pp. 163-212. https://doi.org/10.1007/978-1-4899-0159-0_6

Uhen MD. Form, function, and anatomy of Dorudon atrox (Mammalia, Cetacea): an Archaeocete from
the middle to late Eocene of Egypt. The University of Michigan Museum of Paleontology Papers on
Paleontology. Museum of Paleontology, The University of Michigan; 2004. p. 222. https://doi.org/10.
1002/ar.a.20128 PMID: 15497142

Marples BJ. Two endocranial casts of cetaceans from the Oligocence of New Zealand. Am J Sci. 1949;
247: 462—471. https://doi.org/10.2475/ajs.247.7.462

Pilleri G. Betrachtungen uber das Gehirn der Archaeoceti (Mammalia, Cetacea) aus dem Fayum Agyp-
tens. Investig Cetacea. 1991; 23: 193-211.

Breathnach AS. Observations on endocranial casts of recent and fossil cetaceans. J Anat. 1955; 89:
532-546. PMID: 13278303

Uhen MD. Dorudon atrox (Mammalia, Cetacea): form, function, and phylogenetic relationships of an
Archaeocete from the late middle Eocene of Egypt. University of Michigan, Ann Arbor. 1996.

Pyenson ND, Sponberg S. Reconstructing body size in extinct crown Cetacea (Neoceti) using allome-
try, phylogenetic methods and tests from the fossil record. J Mamm Evol. 2011; 18: 269-288. https://
doi.org/10.1007/s10914-011-9170-1

Gingerich PD. Prediction of body mass in mammalian species from long bone lengths and diameters.
Contrib From Museum Paleontol Univ Michigan. 1990; 28: 79-92. https://doi.org/10.1197/jamia.M2985
PMID: 19717803

Koéhler M, Moya-Sola S. Reduction of brain and sense organs in the fossil insular bovid Myotragus.
Brain Behav Evol. 2004; 63: 125-140. https://doi.org/10.1159/000076239 PMID: 14726622

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 23/25


https://doi.org/110.1093/biolinnean/blab054/6263583
https://doi.org/110.1093/biolinnean/blab054/6263583
https://doi.org/10.1111/j.1096-3642.1923.tb02201.x
https://doi.org/10.1002/ar.b.10018
http://www.ncbi.nlm.nih.gov/pubmed/12731077
https://doi.org/10.1098/rspb.2012.1156
http://www.ncbi.nlm.nih.gov/pubmed/22764165
https://doi.org/10.1113/jphysiol.1902.sp000884
https://doi.org/10.1113/jphysiol.1902.sp000884
http://www.ncbi.nlm.nih.gov/pubmed/16992590
https://doi.org/10.1080/02724634.2014.991021
https://doi.org/10.1111/j.1748-7692.2010.00406.x
https://doi.org/10.1111/j.1748-7692.2010.00406.x
https://doi.org/10.1002/ar.23987
http://www.ncbi.nlm.nih.gov/pubmed/30421534
http://www.ncbi.nlm.nih.gov/pubmed/691918
http://www.ncbi.nlm.nih.gov/pubmed/4903872
https://doi.org/10.1007/978-1-4899-0159-0%5F6
https://doi.org/10.1002/ar.a.20128
https://doi.org/10.1002/ar.a.20128
http://www.ncbi.nlm.nih.gov/pubmed/15497142
https://doi.org/10.2475/ajs.247.7.462
http://www.ncbi.nlm.nih.gov/pubmed/13278303
https://doi.org/10.1007/s10914-011-9170-1
https://doi.org/10.1007/s10914-011-9170-1
https://doi.org/10.1197/jamia.M2985
http://www.ncbi.nlm.nih.gov/pubmed/19717803
https://doi.org/10.1159/000076239
http://www.ncbi.nlm.nih.gov/pubmed/14726622
https://doi.org/10.1371/journal.pone.0257803

PLOS ONE

Brain-size change in the early evolution of cetaceans

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Koéhler M, Moya-Sola S, Esteban-Trivigno S. Morphological variables and associated individual body
weight for bovids. New equations for body mass predictions. Mitteilungen aus dem Hambg Zool
Museum und Inst. 2008; 105: 103—136. https://doi.org/10.1159/000076239 PMID: 14726622

Martin RA. Body mass and basal metabolism of extinct mammals. Comp Biochem Physiol. 1980; 66A:
307-314. https://doi.org/doi.org/10.1016/0300-9629(80)90167-X

Legendre S, Roth C. Correlation of carnassial tooth size and body weight in recent carnivores (mamma-
lia). Hist Biol. 1988; 1: 85-98. https://doi.org/10.1080/08912968809386468

Legendre S. Analysis of mammalian communities from the late Eocene and Oligocene of southern
France. Palaeovertebrata. 1986; 16: 191-212. Available: http://palaeovertebrata.com/issues/view/72

Scott KM. Prediction of body weight in fossil Artiodactyla. Zool J Linn Soc. 1983; 77: 199-215.

Janis CM. Correlation of cranial and dental variables with dietary preferences in mammals: a compari-
son of macropodoids and ungulates. Mem Queens| Museum. 1990; 28: 349-366.

Bianucci G, Lambert O, Post K. High concentration of long-snouted beaked whales (genus Messapice-
tus) from the Miocene of Peru. Palaeontology. 2010; 53: 1077—1098. https://doi.org/10.1111/j.1475-
4983.2010.00995.x

Pyenson ND, Lindberg DR. Phylogenetic analyses of body size in Neoceti: preliminary proxies for
studying cetacean ecology in the fossil record. 15th Biennial Conf on Biology of Marine Mammals,
Greensboro, NC, USA. 2003. pp. 133-134.

Bianucci G, Post K, Lambert O. Beaked whale mysteries revealed by seafloor fossils trawled off South
Africa. S AfrJ Sci. 2008; 104: 140-142.

Dubois E. Sur le rapport du poids de encéphale avec la grandeur du corps chez les mammiféres. Bull
Mem Soc Anthropol Paris. 1897; 8: 337-376.

Herculano-Houzel S. Numbers of neurons as biological correlates of cognitive capability. Curr Opin
Behav Sci. 2017; 16: 1-7. https://doi.org/10.1016/j.cobeha.2017.02.004

Martin RD. Relative brain size and basal metabolic rate in terrestrial vertebrates. Nature. 1981; 293:
57-60. https://doi.org/10.1038/293057a0 PMID: 7266659

Deacon TW. Fallacies of progression in theories of brain-size evolution. Int J Primatol. 1990; 11: 193—
236. https://doi.org/10.1007/BF02192869

Shultz S, Dunbar R. Encephalization is not a universal macroevolutionary phenomenon in mammals
but is associated with sociality. Proc Natl Acad Sci U S A. 2010; 107: 21582—21586. https://doi.org/10.
1073/pnas.1005246107 PMID: 21098277

Martin RD. Problems of allometric scaling analysis: examples from mammalian reproductive biology. J
Exp Biol. 2005; 208: 1731-1747. https://doi.org/10.1242/jeb.01566 PMID: 15855404

Gatesy J, Geisler JH, Chang J, Buell C, Berta A, Meredith RW, et al. A phylogenetic blueprint for a mod-
ern whale. Mol Phylogenet Evol. 2013; 66: 479-506. https://doi.org/10.1016/j.ympev.2012.10.012
PMID: 23103570

Nikaido M, Rooney AP, Okada N. Phylogenetic relationships among cetartiodactyls based on insertions
of short and long interpersed elements: Hippopotamuses are the closest extant relatives of whales.
Proc Natl Acad Sci U S A. 1999; 96: 10261-10266. https://doi.org/10.1073/pnas.96.18.10261 PMID:
10468596

Gingerich PD, Ul Hag H, Zalmout IS, Khan IH, Malkani MS. Origin of whales from early artiodactyls:
hands and feet of Eocene Protocetidae from Pakistan. Science (80-). 2001; 293: 2239-2242. https://
doi.org/10.1126/science.1063902 PMID: 11567134

Thewissen JGM, Williams EM, Roe LJ, Hussain ST. Skeletons of terrestrial cetaceans and the relation-
ship of whales to artiodactyls. Nature. 2001; 413: 277-281. https://doi.org/10.1038/35095005 PMID:
11565023

Eschricht DF, Reinhardt J. Recent memoirs on the cetacea. Flower WH, editor. London: London: Pub-
lished for the Ray Society by R. Hardwicke; 1866. https://doi.org/doi.org/10.5962/bhl.title.46885

Shoshani J, Kupsky WJ, Marchant GH. Elephant brain. Part I: Gross morphology, functions, compara-
tive anatomy, and evolution. Brain Res Bull. 2006; 70: 124—157. https://doi.org/10.1016/j.brainresbull.
2006.03.016 PMID: 16782503

Knudsen SK, Mark S, @en EO. A novel method for in situ fixation of whale brains. J Neurosci Methods.
2002; 120: 35—44. https://doi.org/10.1016/s0165-0270(02)00182-6 PMID: 12351205

R Development Core Team. R: A language and environment for statistical computing. Vienna: R Foun-
dation for Statistical Computing; 2018.

Upham NS, Esselstyn JA, Jetz W. Inferring the mammal tree: Species-level sets of phylogenies for
questions in ecology, evolution, and conservation. PLoS Biology. 2019. https://doi.org/10.1371/journal.
pbio.3000494 PMID: 31800571

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 24/25


https://doi.org/10.1159/000076239
http://www.ncbi.nlm.nih.gov/pubmed/14726622
https://doi.org/doi.org/10.1016/0300-9629%2880%2990167-X
https://doi.org/10.1080/08912968809386468
http://palaeovertebrata.com/issues/view/72
https://doi.org/10.1111/j.1475-4983.2010.00995.x
https://doi.org/10.1111/j.1475-4983.2010.00995.x
https://doi.org/10.1016/j.cobeha.2017.02.004
https://doi.org/10.1038/293057a0
http://www.ncbi.nlm.nih.gov/pubmed/7266659
https://doi.org/10.1007/BF02192869
https://doi.org/10.1073/pnas.1005246107
https://doi.org/10.1073/pnas.1005246107
http://www.ncbi.nlm.nih.gov/pubmed/21098277
https://doi.org/10.1242/jeb.01566
http://www.ncbi.nlm.nih.gov/pubmed/15855404
https://doi.org/10.1016/j.ympev.2012.10.012
http://www.ncbi.nlm.nih.gov/pubmed/23103570
https://doi.org/10.1073/pnas.96.18.10261
http://www.ncbi.nlm.nih.gov/pubmed/10468596
https://doi.org/10.1126/science.1063902
https://doi.org/10.1126/science.1063902
http://www.ncbi.nlm.nih.gov/pubmed/11567134
https://doi.org/10.1038/35095005
http://www.ncbi.nlm.nih.gov/pubmed/11565023
https://doi.org/doi.org/10.5962/bhl.title.46885
https://doi.org/10.1016/j.brainresbull.2006.03.016
https://doi.org/10.1016/j.brainresbull.2006.03.016
http://www.ncbi.nlm.nih.gov/pubmed/16782503
https://doi.org/10.1016/s0165-0270%2802%2900182-6
http://www.ncbi.nlm.nih.gov/pubmed/12351205
https://doi.org/10.1371/journal.pbio.3000494
https://doi.org/10.1371/journal.pbio.3000494
http://www.ncbi.nlm.nih.gov/pubmed/31800571
https://doi.org/10.1371/journal.pone.0257803

PLOS ONE

Brain-size change in the early evolution of cetaceans

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

McGowen MR, Tsagkogeorga G, Alvarez-Carretero S, Dos Reis M, Struebig M, Deaville R, et al. Phylo-
genomic Resolution of the Cetacean Tree of Life Using Target Sequence Capture. Syst Biol. 2020; 69:
479-501. https://doi.org/10.1093/sysbio/syz068 PMID: 31633766

Kellogg R. A review of the Archaeoceti. Carnegie Inst Washingt Publ. 1936; 482: 1-366.

Gingerich PD, Arif M, Clyde WC. New Archaeocetes (Mammalia, Cetacea) from the Middle Eocene
Domanda Formation of Sulaiman Range, Punjab (Pakistan). Contrib from Museum Paleontol Univ
Michigan. 1995; 29: 291-330.

Gingerich PD. New partial skeleton and relative brain size in the late Eocene Archaeocete Zygorhiza
kochii (Mammalia, Cetacea) from the Pachuta Marl of Alabama, with a note on contemporaneous Pon-
togeneus brachyspondylus. Contrib from Museum Paleontol Univ Michigan. 2015; 32: 161—-188.

Bajpai S, Thewissen JGM, Conley RW. Cranial anatomy of middle Eocene Remingtonocetus (Cetacea,
Mammalia) from Kutch, India. J Paleontol. 2011; 85: 703-718. https://doi.org/10.1666/10-128.1

Morgane PJ, Jacobs MS. Comparative anatomy of the cetacean nervous system. In: Harrison RJ, edi-
tor. Functional anatomy of marine mammals. Academic Press London; 1972. pp. 117-244.

McLellan WA, Koopman HN, Rommel SA, Read AJ, Potter CW, Nicolas JR, et al. Ontogenetic allometry
and body composition of harbour porpoises (Phocoena phocoena, L.) from the western North Atlantic. J
Zool. 2002; 257: 457-471.

Palombo MR, Kohler M, Moya Sola S, Giovinazzo C. Brain versus body mass in endemic ruminant
artiodactyls: A case studied of Myotragus balearicus and smallest Candiacervus species from Mediter-
ranean Islands. Quat Int. 2008; 182: 160—183. https://doi.org/10.1016/j.quaint.2007.08.037

Duffield DW, Haldiman JT, Henk WG. Surface morphology of the forebrain of the bowhead whale,
Balaena mysticetus. Mar Mammal Sci. 1992; 8: 354-378. https://doi.org/10.1111/j.1748-7692.1992.
tb00051.x

Armstrong E. Brains, bodies and metabolism. Brain Behav Evol. 1990; 36: 166—176. https://doi.org/10.
1159/000115305 PMID: 2271919

Snell O. Das Gewicht des Gehirnes und des Hirnmantels der Saugerthiere in Beziehung zu deren geisti-
gen Fahigkeiten. Sitzungsberichte der Gesellschaft fir Morphol und Psychol Minchen (Society Morphol
Physiol 1891). 1891; 7: 90-94.

Brody S. Bioenergetics and growth. American Journal of Physical Anthropology. New York: Reinhold
Publishing Corp.; 1945. https://doi.org/10.1001/archpedi.1945.02020210049008 PMID: 21004406

Striedter GF. Principles of Brain Evolution. Sunderland, MA: Sinauer; 2005. https://doi.org/10.1038/
nrn1606 PMID: 15685220

Manger PR, Spocter MA, Patzke N. The evolutions of large brain size in mammals: The “Over-700-
gram club quartet.” Brain Behav Evol. 2013; 82: 68—78. https://doi.org/10.1159/000352056 PMID:
23979457

PLOS ONE | https://doi.org/10.1371/journal.pone.0257803 September 28, 2021 25/25


https://doi.org/10.1093/sysbio/syz068
http://www.ncbi.nlm.nih.gov/pubmed/31633766
https://doi.org/10.1666/10-128.1
https://doi.org/10.1016/j.quaint.2007.08.037
https://doi.org/10.1111/j.1748-7692.1992.tb00051.x
https://doi.org/10.1111/j.1748-7692.1992.tb00051.x
https://doi.org/10.1159/000115305
https://doi.org/10.1159/000115305
http://www.ncbi.nlm.nih.gov/pubmed/2271919
https://doi.org/10.1001/archpedi.1945.02020210049008
http://www.ncbi.nlm.nih.gov/pubmed/21004406
https://doi.org/10.1038/nrn1606
https://doi.org/10.1038/nrn1606
http://www.ncbi.nlm.nih.gov/pubmed/15685220
https://doi.org/10.1159/000352056
http://www.ncbi.nlm.nih.gov/pubmed/23979457
https://doi.org/10.1371/journal.pone.0257803

