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Dental ecomorphology and macroevolutionary patterns
of North American Late Cretaceous metatherians
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ABSTRACT

Metatherian mammals were taxonomically rich and abundant in Late Cretaceous
faunas of North America. Although much attention has been paid to metatherian taxon-
omy, a comprehensive, quantitative study on the ecomorphology of this clade is lack-
ing. Here, we predict the diets of a large sample of metatherians using three-
dimensional dental topographic analysis, with the aim to better understand macroevo-
lutionary patterns in dental morphology and dietary diversity. Contrary to their taxo-
nomic diversity patterns, our results show that dental disparity and dietary diversity did
not significantly change throughout the Late Cretaceous and that most metatherians
were invertivorous (diets of insects and soft-bodied invertebrates). Nevertheless, we
also found that metatherians occupied a wide range of dietary niches and were argu-
ably the most dietarily diverse of any mammalian clade of the Late Cretaceous.
Regarding the timing of metatherian ecomorphological diversification, our results indi-
cate that it began by the mid-Cretaceous in-step with the Cretaceous Terrestrial Revo-
lution and the taxonomic diversification of angiosperms, prior to the ecological
diversifications of multituberculates and eutherians that began in the latest Cretaceous
and Paleocene.
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INTRODUCTION

Metatherian mammals (the stem-based clade
of extant marsupials and their closest relatives;
e.g., Rougier et al., 1998) were evolutionarily suc-
cessful during the Late Cretaceous (ca. 100-66
million years ago [Ma]). They were geographically
widespread, occupying all northern landmasses
and possibly some southern ones (Rougier et al.,
1998; Krause, 2001; Kielan-Jaworowska et al.,
2004; Martin et al., 2005; Vullo et al., 2009; Averi-
anov et al., 2010; Williamson et al., 2014; Goin et
al., 2016). Late Cretaceous metatherians were also
numerically abundant, making up as much as 45%
of all mammalian fossil individuals within local fau-
nas (e.g., Cifelli, 2004; Wilson, 2014), and were
taxonomically rich (Bennett et al., 2018) — at least
68 species are known worldwide from the Late
Cretaceous (Williamson et al., 2014). It has been
hypothesized that during the early Late Cretaceous
(Albian-Cenomanian—late Santonian; 100-85 Ma),
metatherians underwent a taxonomic radiation that
led to at least five major lineages (Glasbiidae,
Pediomyidae, Alphadontidae, Stagodontidae, and
Marsupialia; Clemens, 1966; Davis, 2007; Johan-
son, 1996; Wilson et al., 2016; see Benson et al.,
2013; Newham et al.,, 2014; Grossnickle and
Newham, 2016; and Bennett et al., 2018 for dis-
cussion on the possible effect of fossil sampling on
mammalian taxonomic diversity patterns in the
Late Cretaceous). Despite theoretical models and
empirical data that indicate ecomorphological
diversification often accompanies taxonomic radia-
tion (e.g., Rabosky and Adams, 2012; Ramirez-
Barahona et al., 2016), this pattern has never been
explicitty demonstrated for Late Cretaceous
metatherians.

Several studies, mostly qualitative in nature
and focused on individual taxa, highlight ecomor-
phological diversity among Late Cretaceous
metatherians. The postcranial fossil record of these
taxa is sparse, and therefore few studies have
measured their locomotor diversity and substrate
use (Szalay, 1994; Szalay and Trofimov, 1996;
Szalay and Sargis, 2006; DeBey and Wilson,
2017); instead, most studies have used the abun-
dant craniodental fossil record to reconstruct feed-
ing ecology. For example, the highly distinctive,
broad-basined, bunodont molars of Glasbius have

prompted interpretations that it was frugivorous
(e.g., Clemens, 1966, 1979); the large, bulbous
premolars of Didelphodon and its broad-basined
molars with enhanced shearing facets and robust
skull morphology have led to inferences of car-
nivory, omnivory, and durophagy (Clemens, 1966,
1968, 1979; Fox and Naylor, 1986, 2006); and the
elongated, buccolingually compressed molars of
Nanocuris with their exaggerated postvallum-
prevallid shearing crest and a reduced talonid indi-
cate adaptation to carnivory (Fox et al., 2007; Wil-
son and Riedel, 2010).

Other studies have taken more quantitative
approaches to investigating metatherian dental
ecomorphology. Gordon (2003) used three-dimen-
sional (3D) geometric morphometrics and shear-
ing-crest measurements to examine the dietary
morphospace of 10 fossil mammal species (five
metatherian species) in relation to a sample of
extant mammals; she found that most metatheri-
ans and eutherians from the Lancian North Ameri-
can land mammal ‘age’ (NALMA; ca. 69-66 Ma;
Woodburne, 2004) largely overlapped in morpho-
space with extant insectivores (i.e., invertivores).
Using 2D geometric morphometrics, Wilson (2013)
mapped morphospace occupation and quantified
the morphological disparity of mammalian (includ-
ing metatherian) teeth immediately before and after
the Cretaceous-Paleogene (K-Pg) boundary. He
found that metatherians exploited a wide range of
body sizes and feeding ecologies in the Lancian
but that local extinction contributed to a loss in eco-
logical endmembers within the Hell Creek mamma-
lian fauna (Wilson, 2013). Grossnickle and
Newham (2016) took a more synoptic approach by
investigating dental morphological disparity
through time on a global scale and found that
metatherian disparity increased throughout the
Late Cretaceous. Nonetheless, studies utilizing 3D
morphological data in concert with broader taxo-
nomic sampling of Metatheria within a phylogenetic
context are lacking.

Here, we quantify the ecomorphological diver-
sity of metatherians through the Late Cretaceous,
using the densely sampled North American dental
fossil record (Cifelli et al., 2004; Williamson et al.,
2014). We (i) apply dental topographic analyses
(e.g., Boyer, 2008; Pampush et al., 2016; Lépez-
Torres et al., 2017) to upper molars of 42 species



of Late Cretaceous metatherians; (ii) map and
quantify the resulting dental morphological diver-
sity and disparity of these metatherians by time bin
and taxonomic family; (iii) infer diet in these fossil
taxa, by comparing their dental topographic values
to those of 30 extant mammalian species with
known diets; and (iv) evaluate the resulting pat-
terns of ecomorphological diversity and disparity
through time relative to corresponding patterns of
taxonomic richness and to possible evolutionary
drivers, such as the Cretaceous Terrestrial Revolu-
tion (KTR; Lloyd et al., 2008), the ecological rise of
angiosperms (e.g., Wing and Boucher, 1998), and
the Cretaceous-Paleogene mass extinction (e.g.,
Simpson, 1937).

BACKGROUND

Two hypotheses provide a framework to dis-
cuss the timing of metatherian taxonomic and eco-
morphological diversification (see Grossnickle et
al., 2019 for review). “The Early Rise Hypothesis,”
coined by Grossnickle et al. (2019), is related to
the ecological radiation of crown-group angio-
sperms (flowering plants), which began after the
KTR (ca. 85-80 Ma). Angiosperms experienced a
taxonomic radiation during the KTR (125-80 Ma;
Wing and Boucher, 1998; Anderson et al., 2005;
Magallén et al., 2013; Magallon et al., 2015), but
the Early Rise Hypothesis is more closely linked to
the post-KTR ecological (not taxonomic) rise of
angiosperms (beginning by ca. 85-80 Ma), which
may have been a more critical driver of increases
in mammalian diversity (Meredith et al., 2011;
Eriksson, 2016). The Early Rise Hypothesis is sup-
ported by macroevolutionary patterns of some
mammal groups (Wilson et al., 2012; Grossnickle
and Polly, 2013; Grossnickle and Newham, 2016;
Chen et al., 2019; Grossnickle et al., 2019); for
example, multituberculates increased both their
taxonomic and ecomorphological diversity during
the late Late Cretaceous (ca. 83—66 Ma; Wilson et
al. 2012 ). The angiosperm radiation likely spurred
co-evolution and diversification of insects
(Grimaldi, 1999) and provided novel food
sources—such as new fruits and pollinating
insects—for mammals. Angiosperms also evolved
to provide a complex canopy structure by the Late
Cretaceous or early Paleogene (Wing and
Boucher, 1998; Crifo et al., 2014), allowing for
more arboreal lifestyles among mammals (Chen et
al., 2019). Thus, under the Early Rise Hypothesis,
we predict that beginning in the late Late Creta-
ceous metatherians increased both the disparity of
their dental morphologies (magnitude of morpho-
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logical differences) and the diversity of their diets
(number of dietary categories).

Alternatively, the downstream effects of the
KTR might have manifested among non-therian
mammals only (e.g., multituberculates; Wilson et
al.,, 2012), and despite the increased diversity of
food resources and novel evolutionary adaptations
of tribosphenic molars (e.g., increased grinding
capabilities), therians were ecomorphologically
constrained until the extinction of non-avian dino-
saurs (e.g., Simpson, 1937; Van Valen and Sloan,
1977; Archibald, 1983, 2011; Stucky, 1990; Alroy,
1999; Grossnickle et al., 2019). This hypothesis,
called “the Suppression Hypothesis” (Grossnickle
and Newham, 2016), is supported by evidence of
sharp increases in origination rates (Alroy, 1999),
body size (Alroy, 1999; Smith et al. 2010), and
morphological disparity (Halliday and Goswami,
2016) in early Cenozoic mammalian faunas. For
this hypothesis, we predict that throughout the Late
Cretaceous the metatherian dental disparity and
dietary diversity remained low and stable, or only
increased very gradually with time.

METHODS
Previous Methodological Approaches

Diet is a critical component of an animal’s
ecology and informs trophic relationships within
ecosystems (e.g., Pineda-Munoz et al., 2016).
Tooth shape correlates with diet (e.g., Kay, 1975;
Boyer, 2008; Bunn and Ungar, 2009; Ungar, 2010;
Evans, 2013), and a variety of methods have been
developed to investigate this relationship. Here, we
use dental topographic analysis (DTA; Lépez-Tor-
res et al.,, 2017) to quantify the shape of three-
dimensional models of entire tooth crown surfaces.
Our application of DTA encompasses three met-
rics—relief index (RFI; Ungar and M’Kirera, 2003;
Boyer, 2008), Dirichlet normal energy (DNE; Bunn
et al.,, 2011; Winchester, 2016), and orientation
patch count rotated (OPCR; Evans et al., 2007;
Evans and Jernvall, 2009), all of which have been
shown to correlate with diet in extant mammals.
Much of the research that has applied these dental
topographic measures has focused on placental
mammals, mainly Primates (e.g., Boyer, 2008;
Boyer et al., 2010; Bunn et al., 2011; Winchester et
al., 2014; Pampush et al., 2016; Lopez- Torres et
al., 2017), but also carnivorans (Evans et al., 2007;
Evans and Jernvall, 2009), bats (Santana et al.,
2011), rodents (Evans et al.,, 2007; Evans and
Jernvall, 2009; Prufrock et al., 2016; Spradley,
2017), and other euarchontans (Boyer, 2008; Selig
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et al., 2019). Dietary interpretations of some fossil
taxa, including multituberculates (Wilson et al.,
2012) and meridiolestidans (Harper et al., 2018),
have also been proposed using DTA. Metatherians
(including marsupials) have been undersampled
and understudied in DTA studies (but see Smits
and Evans, 2012; Spradley, 2017; Smith, 2017);
nevertheless, studies have shown that dental topo-
graphic metrics also correlate with diet in metathe-
rians in a way that is consistent with the patterns
seen in primates and other placentals (e.g., frugiv-
ores have lower DNE values than both folivores
and invertivores do; Smith, 2017; Spradley, 2017).

We acknowledge that many abbreviations are
used throughout this text; please see Table 1 for a
complete list of abbreviations used.

Extant Mammal Sampling

To provide a modern analog, we collected
dental surface data for 56 upper molar specimens
(and two upper fourth premolars of Lynx rufus and
Crocuta crocuta) representing eight taxonomic
orders, 27 genera, and 30 species of extant marsu-
pials and placentals (Table 2; Figure 1). The spe-
cies in our dataset were selected to provide diverse
representation of dental morphology, diet, and phy-

TABLE 1. Abbreviations used in text in order of appear-
ance.

Abbreviation Definition

NALMA North American Land Mammal Age
K-Pg Cretaceous-Paleogene

KTR Cretaceous Terrestrial Revolution
DTA dental topographic analysis

RFI relief index

DNE Dirichlet normal energy

OPCR orientation patch count rotated
carn carnivory

ado animal-dominated omnivory

pdo plant-dominated omnivory

frug frugivory

inv invertivory

sis soft-insect specialist

NALK North American Late Cretaceous
uCT Micro-computed tomography
ANOVA analysis of variance

MANOVA multivariate analysis of variance
HSD Tukey’s honest significant difference
DFA discriminant function analysis

DF discriminant function

logeny. We sampled only adult specimens and,
whenever possible, both male and female speci-
mens from each species. Although we tried to
avoid sampling specimens of captive individuals,
three species in our sample are represented by
captive individuals because those were the only
available specimens (see Appendix 3). Any effects
of captive diets on tooth morphology should be
minimal because we selected teeth with little to no
wear (see below). Because we are interested in the
dental morphology and diet of Late Cretaceous
metatherians with tribosphenic molars, extant
mammals with derived dental morphology or dental
formulae were not considered for our extant sam-
ple (i.e., homodont dentitions, enamel-less teeth)
as we assumed these morphologies would be less
informative for our fossil sample. Because most
fossil metatherians in our sample were also rela-
tively small (£ 5 kg), we primarily sampled small-
bodied, extant mammals (all but six species are <5
kg) to minimize potential biases related to differ-
ences in body sizes. We did not include folivores in
our extant sample because small-bodied, folivo-
rous mammals typically have extremely derived
teeth (e.g., Phloeomys, the giant cloud rat); more-
over, body-mass estimates for almost all of the fos-
sil metatherian taxa in our sample are below what
is considered the physiologically derived minimum
body-size threshold for folivory (Kay, 1975, 1984).
We included placental mammals in our sample to
increase both the sample size and range of diets
(Smith, 2017) and to form an extant phylogenetic
bracket (Witmer, 1995) around our sample of fossil
metatherians. Although placentals and marsupials
possess dental morphological differences, the met-
rics used in our DTA are homology-free and based
on overall crown shape (e.g., Evans et al., 2007;
Boyer, 2008; Bunn et al., 2011; Evans, 2013; Ber-
thaume et al., 2019), so including placental mam-
mals in our extant sample should not negatively
impact our interpretations.

Tooth Position Sampled

Some DTA studies have assessed complete
post-canine tooth rows (e.g., Evans et al., 2007;
Wilson et al., 2012; Pineda-Munoz et al., 2016).
They treat the post-canine tooth row as a functional
unit and capture morphological differences along it
that may more accurately determine feeding ecol-
ogy (e.g., bone-cracking premolar morphology ver-
sus reduced upper molar morphology of hyenas;
Figueirido et al., 2013). Nevertheless, obtaining a
complete cheek tooth row for fossil taxa can be
challenging—the fossil record for many extinct spe-
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FIGURE 1. Phylogenetic tree of our extant comparative sample generated using TimeTree (www.timetree.org;

Kumar et al., 2017).

cies included in this study does not include teeth
from all post-canine tooth positions. To maximize
our taxonomic sample, we sampled only one tooth
position but acknowledge that this choice might
impact the resolution and potentially the accuracy
of our results; we note this issue for individual
cases where it might be relevant. Whereas most
DTAs have focused on lower molars, specifically
the lower second molar (m2) or penultimate lower
molar (e.g., Boyer, 2008; Selig et al., 2019), we
focused on the penultimate upper molar (most
commonly M3 in metatherians and M2 in eutheri-
ans; Tables 2-3). This tooth position is heavily
involved in mechanical food processing and tends
to be more representative of the general molar
morphology of a taxon than are the first or last
molars (Wilson, 2013). As the penultimate molar
position, the M2 of eutherians and the M3 of
metatherians occupy functionally analogous posi-
tions in the jaw (Janis, 1990; Wilson, 2013). More-
over, the M2 of eutherians (the stem-based clade
of living placentals and their closest relatives;
Wible et al., 2007) may be homologous to the M3
of metatherians (McKenna, 1975; Luckett, 1993;
O’Leary et al., 2013), despite the predominant den-
tal-formula convention. In two cases, we did not
sample the M2 of eutherians: those species with a

specialized carnassial pair and those species with
a reduced dental formula. For those with a special-
ized carnassial pair, the ultimate premolar (part of
the carnassial pair) was sampled because it is
heavily involved in food processing (Van Valken-
burgh, 2007); in both species with a sectorial car-
nassial pair (Crocuta crocuta and Lynx rufus), the
ultimate premolar is also the penultimate tooth. For
those species with a reduced dental formula, either
the penultimate tooth (e.g., Procyon lotor) or the
only molar (e.g., Spilogale putoris) was sampled—
in both cases the M1 was sampled (Table 2).

For both extant and fossil taxa, we selected
upper molars with as little wear as possible to
avoid artifacts or possible confounding signals in
dietary interpretations caused by dental wear
(Selig et al., 2019). Although some extant mammal
species have teeth in which dental wear is import-
ant for food processing function (e.g., ungulates;
Fortelius, 1985)—and it has been hypothesized
that some fossil species changed dietary habits as
excessive amounts of dental wear accumulated
(e.g., stagodontid metatherians; Fox and Naylor,
1995, 2006)—we assumed that in most cases
unworn teeth would most accurately reflect the
average lifetime dietary ecologies of both the
extant and fossil taxa sampled here. We did not

5
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TABLE 2. Extant mammalian comparative dataset. The online archives EltonTraits (Wilman et al., 2014) and Mammal
DIET (Kissling et al., 2014) and a natural history compendium (Nowak, 1999) were used as the main source for deter-
mining diets, but we supplemented this data with information from the primary literature. Abbreviations for diet catego-
ries: ado = animal-dominated omnivore; carn = carnivore; frug = frugivore; inv = invertivore; pdo = plant-dominated
omnivore; sis = soft-invertebrate specialist.

Species Order N pIZ::::n Diet Supplemental diet source(s)

Antechinus stuartii Dasyuromorphia 3 M3 inv. Fox and Archer 1984

Artibeus lituratus Chiroptera 3 M2 frug  Zortéa and Mendes, 1993; Parolin et al., 2016

Caluromys sp. Didelphimorphia 1 M3 pdo Robinson and Redford, 1986; Casella and
Céaceres, 2006

Caluromys derbianus Didelphimorphia 1 M3 pdo  Steiner, 1981; Robinson and Redford, 1986

Cheirogaleus medius Primates 3 M2 frug  Fietz and Ganzhorn, 1999

Chironectes minimus Didelphimorphia 1 M3 carn  Monodolfi and Padilla, 1958

Crocuta crocuta Carnivora 1 P4 carn  Kruuk, H. 1972; Cooper et al., 1999

Dasyurus maculatus Dasyuromorphia 1 M3 carn  Belcher et al., 2007; Andersen et al., 2017;
Linley et al., 2020

Didelphis albiventris Didelphimorphia 1 M3 ado Caceres, 2002; Cantor et al., 2010

Didelphis marsupialis Didelphimorphia 2 M3 pdo Robinson and Redford, 1986; Julien-Laferriere
and Atramentowicz, 1990; Medellin, 1994

Didelphis virginiana Didelphimorphia 3 M3 ado  Sandidge, 1953; Hopkins and Forbes, 1980

Eira barbara Carnivora 1 M1 carn  Bisbal 1986

Eptesicus fuscus Chiroptera 3 M2 inv. Whitaker 1995; Agosta and Morton 2003

Lynx rufus Carnivora 1 P4 carn  Fritts and Sealander 1978; Rose and Prange
2015; Sanchez-Gonzalez et al. 2018

Metachirus nudicaudatus Didelphimorphia 3 M3 ado  Santori et al., 1995; Lessa and Geise, 2014

Monodelphis domestica Didelphimorphia 1 M3 ado  Streilein, 1982; de Carvalho et al., 2019

Nasua narica Carnivora 2 M2 fruyg  Gompper, 1996

Nyctinomops macrotis Chiroptera 1 M2 sis Easterla and Whitaker, 1972; Debelica et al.,
2006

Paradoxurus Carnivora 1 M1 frug  Joshi et al., 1995; Nakashima et al., 2010

hermaphroditus

Pecari tajacu Cetartiodactyla 1 M2 frug Desbiez et al., 2009

Perameles nasuta Peramelemorphia 1 M3 inv  Scott et al., 1999; Thums et al., 2005

Philander opossum Didelphimorphia 3 M3 ado  Hall and Dalquest 1963; Charles-Dominique et
al. 1981 Atramentowicz 1988

Plecotus auritus Chiroptera 1 M2 sis Rostovskaya et al., 2000; Whitaker and Karatas,
2009

Procyon lotor Carnivora 3 M1 ado  Schoonover and Marshall, 1951; Bartoszewicz
et al. 2008; Rulison et al., 2012

Sarcophilus harrisii Dasyuromorphia 1 M3 carn Jones and Barmuta, 1998; Pemberton et al.,
2008; Andersen et al., 2017

Scapanus orarius Soricomorpha 3 M2 sis  Moore, 1933; Glendenning, 1959

Sorex vagrans Soricomorpha 3 M2 inv  Clothier 1955; McCracken, 1990

Spilogale putorius Carnivora 2 M1 ado Crabb, 1941; Baker and Baker, 1975

Neotamias townsendii Rodentia 3 M2 pdo  Trombulak, 1985; Carey et al., 2002

Thylamys elegans Didelphimorphia 2 M3 inv Meserve, 1981
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TABLE 3. Fossil metatherian dataset. Specimen type refers to whether the original fossil specimen or a cast of the fos-
sil specimen was uCT scanned and subsequent tooth model was used in our analyses.

Specimen Tooth Specimen

Species number position Clade NALMA type
Aenigmadelphys archeri OMNH 20160 M2 Alphadontidae Judithian cast
Aenigmadelphys archeri OMNH 23328 M3 Alphadontidae Judithian cast
Albertatherium primum UALVP 29611 M3 Alphadontidae Aquilan fossil
Albertatherium primum UALVP 29612 M3 Alphadontidae Aquilan fossil
Albertatherium secundum UALVP 29534 M3 Alphadontidae Aquilan fossil
Alphadon halleyi UCMP 130501 M3 Alphadontidae Judithian fossil
Alphadon marshi UCMP 52450 M3 Alphadontidae Lancian fossil
Alphadon marshi UCMP 53097 M3 Alphadontidae Lancian fossil
Alphadon sahnii OMNH 20114 M2 or M3 Alphadontidae Judithian cast
Alphadon wilsoni UALVP 3532 M3 Alphadontidae Lancian fossil
Eoalphadon clemensi MNA.V.5387 M2 Alphadontidae pre-Aquilan fossil
Eoalphadon lillegraveni MNA.V.5835 M2 Alphadontidae pre-Aquilan cast
Eoalphadon woodburnei UMNH VP 12842 M3 Alphadontidae pre-Aquilan fossil
Protalphadon foxi UCMP 109031 M3 Alphadontidae Lancian fossil
Protalphadon lulli UCMP 47446 M3 Alphadontidae Lancian fossil
Protalphadon lulli UCMP 47475 M3 Alphadontidae Lancian fossil
Turgidodon lillegraveni OMNH 20117 M2(?) Alphadontidae Judithian cast
Turgidodon madseni OMNH 20538 M3 Alphadontidae Judithian cast
Turgidodon praesagus UALVP 55849 M3 Alphadontidae Judithian fossil
Turgidodon praesagus UCMP 122168 M3 Alphadontidae Judithian fossil
Turgidodon praesagus UCMP 131345 M2 Alphadontidae Judithian fossil
Turgidodon rhaister UCMP 47366 M2 Alphadontidae Lancian fossil
Turgidodon russelli UALVP 55852 M3 Alphadontidae Judithian fossil
Turgidodon russelli UALVP 6983 M3 Alphadontidae Judithian fossil
Varalphadon creber UALVP 29525 M3 Alphadontidae Aquilan fossil
Varalphadon creber UALVP 29527 M3 Alphadontidae Aquilan fossil
Varalphadon creber UALVP 5529 M3 Alphadontidae Aquilan fossil
Varalphadon UALVP 5544 M3 Alphadontidae Aquilan fossil
wahweapensis
Atokatheridium boreni OMNH 61623 M2 Deltatheridiidae pre-Aquilan cast
Glasbius intricatus UCMP 102111 M3 Glasbiidae Lancian fossil
Glasbius twitchelli UCMP 153679 M3 Glasbiidae Lancian fossil
Glasbius twitchelli UCMP 156143 M3 Glasbiidae Lancian fossil
Glasbius twitchelli UCMP 224090 M3 Glasbiidae Lancian fossil
Nortedelphys intermedius UCMP 134776 M3 Herpetotheriidae Lancian fossil
Nortedelphys jasoni UCMP 174506 M3 Herpetotheriidae Lancian fossil
Nortedelphys jasoni UCMP 177838 M3 Herpetotheriidae Lancian fossil
Nortedelphys magnus UA 2846 M3 Herpetotheriidae Lancian cast
Nortedelphys minimus UCMP 52715 M2 Herpetotheriidae Lancian fossil
Nortedelphys minimus UCMP 72211 M3 Herpetotheriidae Lancian fossil
Anchistodelphys archibaldi OMNH 21033 M3 incertae sedis Aquilan cast
Apistodon exiguus UALVP 29693 M3 incertae sedis Aquilan fossil
Dakotadens morrowi OMNH 49450 Mx incertae sedis pre-Aquilan cast



TABLE 3 (continued).
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Specimen Tooth Specimen

Species number position Clade NALMA type
Hatcheritherium alpha YPM.VP.014911 M3 incertae sedis Lancian fossil
Hatcheritherium alpha YPM.VP.014912 M1(?) incertae sedis Lancian fossil
lugomortiferum thoringtoni OMNH 20936 M1(?) incertae sedis Aquilan cast
Kokopellia juddi OMMH 33248 M3 incertae sedis pre-Aquilan cast
Iqualadelphis lactea UALVP 22827 M3 Pediomyidae Aquilan fossil
Iqualadelphis lactea UALVP 29676 M3 Pediomyidae Aquilan fossil
Leptalestes cooki UCMP 46306 M3 Pediomyidae Lancian fossil
Leptalestes cooki UCMP 48351 M3 Pediomyidae Lancian fossil
Leptalestes cooki UCMP 51344 M3 Pediomyidae Lancian fossil
Leptalestes krejcii UCMP 47061 M3 Pediomyidae Lancian fossil
Leptalestes krejcii UCMP 47552 M3 Pediomyidae Lancian fossil
Leptalestes krejcii UCMP 52761 M3 Pediomyidae Lancian fossil
Leptalestes prokrejcii UCMP 131341 M1 Pediomyidae Judithian fossil
Pediomys elegans UCMP 168701 M3 Pediomyidae Lancian cast
Pediomys elegans UCMP 47558 M3 Pediomyidae Lancian fossil
Pediomys elegans UCMP 51335 M3 Pediomyidae Lancian fossil
Protolambda clemensi UALVP 55855 M3 Pediomyidae Judithian fossil
Protolambda clemensi UCMP 122179 M3 Pediomyidae Judithian fossil
Protolambda clemensi UCMP 131340 M3 Pediomyidae Judithian cast
Protolambda florencae UCMP 186770 M3 Pediomyidae Lancian fossil
Protolambda florencae UCMP 48331 M3 Pediomyidae Lancian fossil
Protolambda florencae UCMP 51389 M2 Pediomyidae Lancian fossil
Protolambda florencae UCMP 52323 M3 Pediomyidae Lancian fossil
Protolambda hatcheri UCMP 46232 M3 Pediomyidae Lancian fossil
Protolambda hatcheri UCMP 47262 M3 Pediomyidae Lancian fossil
Protolambda hatcheri UCMP 52404 M3 Pediomyidae Lancian fossil
Didelphodon vorax UCMP 187607 M3 Stagodontidae Lancian fossil
Didelphodon vorax UCMP 47304 M3(?) Stagodontidae Lancian cast
Pariadens kirklandi MNA.V.5843 M3(?) Stagodontidae pre-Aquilan fossil

include in our sample any extant mammal species
with teeth that have, to our knowledge, secondary
wear-induced functionality. Specimens with cusps
missing due to breakage were also excluded.

Dietary Categories

We classified each extant species in our
dataset into one of six dietary categories: carnivory
(carn), animal-dominated omnivory (ado), plant-
dominated omnivory (pdo), frugivory (frug), inver-
tivory (inv; i.e., ‘insectivory’), or soft-invertebrate
specialist (sis) (Table 2). We used six specific
dietary categories rather than the classic three-diet
classification scheme (herbivory-omnivory-car-
nivory) to provide more detailed dietary information
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and to avoid oversimplification (Pineda-Munoz and
Alroy, 2014). Our choice of diet categories follows
Smith (2017), who used these six categories
(along with folivory and hard-object invertivory) in
DTA analyses of lower molars. Our ‘soft-inverte-
brate specialist’ group includes taxa that primarily
consume soft invertebrates such as earthworms
and slugs, whereas our ‘invertivory’ (i.e., ‘insec-
tivory’) group includes taxa that primarily eat rela-
tively harder-bodied insects, such as beetles and
moths. Following Pineda-Munoz and Alroy (2014),
we classified diets of each species, with emphasis
on its primary food resource. A species was classi-
fied as a specialist (i.e., non-omnivore) if one food
resource makes up 50% or more of its total diet.



For dietary information, we used online archives
(EltonTraits [Wilman et al., 2014] and Mammal
DIET [Kissling et al., 2014]) and a natural history
compendia (Nowak, 1999). We supplemented
each classification with primary literature sources
(see Table 2 for sources), which were especially
important when species-level information was
extrapolated from genus-level information in the
online archives (see Kissling et al., 2014; Table 2).

We acknowledge that our decision to use six
dietary categories rather than the classic ‘carni-
vore-omnivore-herbivore’  trophic  classification
could lead to greater overlap of categories in the
morphospace and less power to predict diet. We
classified the diet of some extant taxa in our sam-
ple differently than previous studies have. For
example, Nasua narica (white-nosed coati) is
known to eat insects, but it is strictly frugivorous
when fruit is available (e.g., Nowak, 1999).
Although some studies classified its diet as plant-
dominated omnivory (Smith, 2017), we followed
EltonTraits, which records its diet as 70% fruit and
considered this taxon a frugivore. We recognize
that in this and any large-scale study of mamma-
lian feeding behaviors, decisions that reduce the
complexity of dietary data into discrete categories
could have an impact on the results.

Fossil Metatherian Sampling

We sampled 71 isolated upper molars of 42
species (22 genera; six major clades) of North
American Late Cretaceous (NALK) metatherians
from the Western Interior region (Table 3). Our
sample includes two stagodontids, one deltatheriid,
two glasbiids, eight pediomyids, six taxa classified
as incertae sedis, four herpetotheriids, and 19
alphadontids. To increase our taxonomic sampling
of Cretaceous metatherians, we substituted the M2
(which tends to be morphologically very similar to
the M3) for some species that did not have an
available M3, and we used upper molar specimens
of uncertain position (i.e., “Mx”) for some species
that did not have definitive M2 or M3 specimens
available (see Table 3 for details). Our sample
includes 62% of the known species of NALK
metatherians (42 of 68 known species; Case et al.,
2005; Williamson et al., 2014; Cohen, 2018; Cohen
et al., 2020). Some species were omitted from our
sample because of either a lack of a well-pre-
served upper molar in the fossil record or an appro-
priate specimen was not available for loan. Our
sampling of deltatheriids and stagodontids is lim-
ited, and this likely artificially reduced both morpho-
logical disparity values and morphospace
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occupation (e.g., Nanocuris has been interpreted
as a specialized carnivore), especially in the pre-
Aquilan and Lancian time bins (see below). The
absence of other taxa may have had a negligible
effect on the results because their morphologies
are approximated by other sampled taxa (e.g., the
absence of the pediomyoid genus Aquiladelphis
may be accounted for by the presence of other
pediomyoid genera in our sample to some degree).

We assigned each fossil species in our sam-
ple to one (or more) of four time bins depending on
the known temporal range of each species (Wil-
liamson et al., 2014), using a range-through
approach. Three bins are Cretaceous NALMAs
(Woodburne, 2004): Aquilan (ca. 86-79 Ma),
Judithian (79-69 Ma), and Lancian (69-66 Ma).
We binned the eight specimens from geologic units
that pre-date the Aquilan NALMA into a “pre-Aqui-
lan” time bin (ca.126—86 Ma). Most taxa that we
assigned to the pre-Aquilan time bin are from 100—
86 Ma, but we also include Atokatheridium, which
has a range of ca. 126-100 Ma. Because the
“Edmontonian” NALMA is poorly characterized and
not well sampled (Cifelli et al., 2004), we lumped
the “Edmontonian” taxa into the Judithian bin. We
recognize that these time bins are uneven in dura-
tion and that the longer duration bins could artifi-
cially inflate measures of disparity and diversity;
however, we were unable to more finely and pre-
cisely bin our data due to uneven sample sizes
across time bins and the lack of high-precision
ages for certain geologic units.

Collection of 3D Tooth Surface Data

Three-dimensional digital models of the sam-
pled teeth were created using micro-computed
tomography (UCT) scan data. We scanned original
specimens of teeth, molds of teeth, and epoxy
casts of teeth (Tables 2-3). Lépez-Torres et al.
(2017) found that OPCR values of epoxy casts
tend to be higher than those from their original
specimens due to potential for artificially rougher
surfaces on the casts (both DNE and RFI are more
robust to this effect). Thus, we interpret OPCR
results for the relatively few casts in our sample (15
of 71 specimens) with caution. Specimens were
scanned using either a Bruker Skyscan 1172, Sky-
scan 1173, or NSI X5000 scanner, all of which are
housed on the University of Washington cam-
puses. We also downloaded image stacks (TIFF
format) of scan data for eight extant specimens
(Table 2) from the MorphoSource online repository
(morphosource.org) to bolster our modern compar-
ative dataset (Appendix 1). For detailed information
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regarding scanner types and scan settings, see
Appendix 2. Molds of extant teeth were made using
Coltene President Plus polyvinylsiloxane (type 2,
medium consistency), and epoxy casts were col-
lected from the UWBM, University of California
Museum of Paleontology, and Sam Noble Okla-
homa Museum of Natural History collections. For
specimens scanned with Bruker Skyscan scan-
ners, scan data were reconstructed using NRecon
(Bruker microCT, Belgium); scans completed using
the NSI X5000 were reconstructed using efX
Reconstruction (North Star Imaging, Inc.). We seg-
mented raw scan data using Avizo Lite 9.2.0
(Thermo Fisher Scientific). We then removed arti-
facts (“cleaning”), cropped, and oriented tooth
models using GeoMagic Studio (3DS Systems).
Specimen models were cropped to include the
entire enamel cap (EEC cropping method; see Ber-
thaume et al., 2019 for details) and were oriented
such that the occlusal plane is perpendicular to the
Z-axis. We exported the cleaned and oriented 3D
tooth models from GeoMagic Studio as PLY files.
These PLY files were imported back into Avizo Lite
9.2.0, and the 3D tooth models were simplified to
20,000 faces using the Simplification Editor tool.
We then used the “Remesh Surface” function to
downsample the tooth models to ~10,000 faces.
The remesh function was used because it reduces
the chance that surfaces with extremely disparate
polygon mesh face-sizes are produced during sim-
plification (Spradley, personal comm., 2018). We
then used the “Smooth Surface” function with 25
iterations and lambda = 0.6 (Spradley et al., 2017;
Spradley, personal comm., 2018). Because the
consistency of model creation and processing is
extremely important for producing comparable DTA
results (Spradley et al., 2017; Berthaume et al,,
2019), we used the same workflow for the creation
of all models in this study. The resulting smoothed
tooth models were saved as PLY files and used in
our DTA analyses.

Dental Topographic Analyses (DTA)

We computed RFI, DNE, and OPCR for all 3D
tooth models using the molaR_Batch function from
the package molaR, version 4.2 (Pampush et al.,
2016), in R version 3.3.3 (R Core Team, 2017). RFI
is the ratio between the 3D surface area of a tooth
crown and the 2D “footprint” area of a tooth (Ungar
and M’Kirera, 2003). We use a modified version of
this ratio in which the entire tooth crown is more
accurately considered (Boyer, 2008). The modified
RFI calculation is:

RFI = In (22

VA2D
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(A3D = 3D embedded surface area of the tooth
crown, A2D = 2D tooth crown footprint area in
occlusal view; Boyer, 2008; Lopez-Torres et al.,
2017). DNE represents the curvature of the tooth
crown by calculating the sum energy values across
the entire occlusal surface (Bunn et al., 2011; Win-
chester et al., 2014; Winchester, 2016). OPCR
measures tooth crown complexity by calculating
the total number of patches, or “tools,” on the
crown of a tooth. A patch is a contiguous group of
pixels that face the same cardinal direction on the
tooth model (Evans et al., 2007; Evans and Jern-
vall, 2009; Wilson et al., 2012). Parameters for
each metric were set as follows: RFl—alpha =
0.15; DNE—boundary discard = “Vertex”; and
OPCR—step size = 8 and minimum patch size = 3
pixels (Evans et al., 2007; Pampush et al., 2016;
Smith, 2017; Spradley, 2017). We ran a second
DTA with the OPCR minimum patch size = 5 pixels
to minimize any “noise” that might artificially inflate
values for our extant and fossil samples, which
include molds and casts, respectively (Winchester,
2016; Lépez-Torres et al., 2017).

We log-transformed our DTA data to reduce
skew. We generated scatter biplots of all possible
combinations of the dental metrics to visualize
morphospace occupation of extant dietary groups.
We then plotted our fossil metatherian DTA values
within the same morphospace of the extant dataset
to examine both how fossil morphospace occupa-
tion compared to extant mammal morphospace
occupation and how fossil morphospace occupa-
tion changed through time. We also tested for cor-
relation between our DTA metrics by calculating
Spearman’s rho and using least-squares linear
regressions.

To test for differences between DTA values of
the six dietary groups, we used one-way analysis
of variance (ANOVA) and Tukey’s honest signifi-
cant difference (HSD) post hoc test. We also per-
formed a MANOVA using all three DTA metrics as
independent variables.

Dietary Inference of Fossil Metatherians

To quantitatively infer diet in our sample of
fossil metatherians, we conducted a discriminant
function analysis (DFA) using the function Ida()
from the package MASS (Venables and Ripley,
2002). We first used the extant comparative data-
set and a leave-one-out cross validation to assess
the accuracy of discriminant functions in predicting
diet (see MASS package documentation for more
information). We then applied this DFA to the fossil
metatherian DTA data (with fossils treated as hav-



ing unknown diets), and we used posterior proba-
bilities of dietary groupings to infer fossil diets. In a
second permutation, we conducted a DFA on the
extant comparative dataset using both the DTA
data and mean body mass (compiled from the pri-
mary literature) to test whether this would signifi-
cantly improve the discriminatory power of our
model (Winchester et al., 2014). Because the
resulting accuracy did not significantly improve dis-
crimination, we only report the results from the first
permutation. For fossil species in which different
specimens were classified differently by the DFA
(e.g., Didelphodon vorax), we based our dietary
inferences on additional evidence, such as which
diet was most commonly reconstructed by the
specimens and evidence from previous studies, or
we simply report two possible diet classifications
for the species.

Dental Disparity of Fossil Metatherians

We calculated morphological disparity in our
sample of fossil metatherians as: i) intra-family dis-
parity and ii) total disparity per time bin. We did not
calculate the intra-family disparity per time bin
because sample sizes were too small. All disparity
calculations used mean species values of each
standardized, log-transformed DTA metric. We
measured disparity as both the variance of each
DTA metric and the sum of variances (Ciampaglio
et al., 2001) using the morphol.disparity function in
the geomorph package in R (Adams et al., 2020),
which calculates a simulation-based P-value for
statistical comparison between groups (i.e.,
between families or between time bins). We gener-
ated 95% confidence intervals using a custom
bootstrapping function in R with 1,000 replicates.
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Testing for Phylogenetic Signal

We tested for phylogenetic signal in the DTA
results of our extant comparative dataset using a
phylogenetic tree that we generated suing Time-
Tree (www.timetree.org; Kumar et al., 2017). We
calculated Blomberg’s K (Blomberg et al., 2003)
and Pagel’'s lambda (Pagel, 1992) using the phylo-
sig function in the package phytools in R (Revell,
2012). We did not test for phylogenetic signal in the
DTA results of our fossil taxa because the most
recent species-level phylogeny that includes all of
the fossil taxa in our sample (Williamson et al.,
2014) is highly unresolved with a large polytomy.

RESULTS
Phylogenetic Signal

Only OPCR shows a significant phylogenetic
signal (Table 4); both DNE and RFI have a moder-
ate but insignificant phylogenetic signal (p > 0.05
for both Blomberg’s K and Pagel’'s lambda). The
detected phylogenetic signal is likely due to the
inclusion in our extant dataset of many species of
Didelphimorphia, which have molars of similar
gross morphology despite differing in dietary ecolo-
gies. Spradley (2017) also noted this gross mor-
phological similarity among didelphimorph molars
but still found them to be informative extant ana-
logs for inferring dietary habits of fossil taxa.

Dental Topographic Analyses

In our extant dataset, DNE values are posi-
tively correlated with both RFI and OPCR values
(Table 5), which is consistent with the results of
Spradley (2017). The dietary patterns for raw DNE

TABLE 4. Phylogenetic correlation in our log-transformed DTA data for our extant comparative dataset. We report
Blomberg’s K and Pagel’s lambda. P-values associated with each measurement are also reported here.

Blomberg’s K K, P-value Pagel’s A A, P-value
InDNE 0.36 0.068 0.57 1
INRFI 0.35 0.071 0.02 0.900
INnOPCR 0.48 0.02 0.91 0.060

TABLE 5. Correlations among DTA metrics in our extant comparative dataset. DTA metric data are log-transformed.
Linear regression R2 values are reported in the upper right cells of this table, with associated P-values in parentheses.
Spearman’s rho values are reported in the lower left cells of the table, with associated P-values in parentheses. Signif-

icant P-values (p < 0.05) are in bold.

INDNE InRFI INOPCR
INDNE - 0.22 (2.51e-04) 0.29 (1.49¢-05)
INRFI 0.47 (2.27-04) - 0.04 (0.15)
INOPCR 0.51 (5.75€-05) 0.09 (0.48) -

1
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data and raw RFI data are more similar to each
other than they are for the raw OPCR data (Figure
2; Appendix 3). In both DNE and RFI, mean values
are highest for invertivores and soft-invertebrate
specialists, a pattern which seems to be driving the
correlation between these dental metrics. The
range of DNE values for other dietary categories
overlap with each other, except carnivory, which
has the lowest mean DNE values (Figure 2).

The RFI values are correlated with the DNE
values. Mean RFI is lowest in frugivores and high-
est in soft-invertebrate specialists. Mean RFI gen-
erally increases with the percentage of animal
material in the diet; however, we did not include
folivores in our sample which are known to also
have high RFI values (e.g., Boyer, 2008; Win-
chester, 2014). Invertivores and soft-invertebrate
specialists have the highest mean RFI values,
which is consistent with the tall, pointed cusps on
their crowns (Figure 2).

The pattern of OPCR values is not as clear as
those of the two other DTA metrics, and the range
of values for most dietary categories overlap with
each other. Mean OPCR is lowest in carnivores, as
in other studies (Figure 2; Evans et al., 2007;
Spradley, 2017), and highest in invertivores (Bunn
et al., 2011), which contrasts with most studies in
which frugivores typically have the highest OPCR
(e.g., Santana et al., 2010; Pineda-Munoz et al.,
2017). OPCR is most useful in distinguishing car-
nivory from other dietary categories in our sample.

In our fossil dataset, the most densely sam-
pled clades (alphadontids, pediomyids, and herpe-
totheriids) have similar mean values and ranges for
all three metrics. Mean DNE values of the fossil
clades are similar to soft-invertebrate specialists,
but their DNE ranges overlap with invertivores as
well (Figure 2; Appendix 4). The RFI ranges of the
fossil clades are not as large as for DNE or OPCR
and overlap mostly with invertivore and soft-inver-
tebrate specialists but also slightly with extant car-
nivores. The OPCR ranges of the fossil clades
overlap with ranges of almost all the dietary cate-
gories, except carnivory.

The MANOVA, which incorporates all three
DTA metrics, indicates significant differences
among the six dietary groups (Wilks’ A = 0.141, F =
9.165, p < 0.001; Table 6). The results of our
ANOVA and post hoc pairwise comparisons
recover DNE as the strongest performing metric,
with a significant difference of means for 8 of 15
(53%) of the pairwise comparisons of DTA values
for each dietary category (Table 6). This is followed
by RFI with 6 of 15 (40%) and OPCR with 4 of 15
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(27%). Among these comparisons, the means of
four pairs of dietary categories (frug-ado, pdo-ado,
pdo-frug, and sis-inv) were statistically indistin-
guishable by any metric. These results are consis-
tent with the misidentification of specimens to
these dietary categories as recovered by our DFA
(see below).

Dental Morphospace Occupation

In the bivariate scatterplots and the 3D scat-
terplot of the log-transformed DTA values of our
extant sample, there is moderate separation
between some dietary categories (Figure 3). Carni-
vores, with a combination of low DNE and OPCR
values and wide range of RFI values, form a loose
cluster that is mostly segregated from other
groups, although some specimens overlap with
plant-dominated omnivores and frugivores. Plant-
dominated omnivores and animal-dominated omni-
vores largely overlap with each other, with interme-
diate values of all three dental topography
metrics—we explore the effects of this overlap
among the omnivore categories on our DFA (see
below). Invertivores and soft-invertebrate special-
ists, with high DNE and RFI values and mid-range
OPCR values, occupy similar regions of the mor-
phospace. Frugivores largely overlap with the two
omnivore categories but segregate on the basis of
generally lower RFI values and some higher OPCR
values. Consistent with other DTA studies (e.g.,
Smith, 2017), some areas of the morphospace are
unoccupied, including the region with low DNE,
high OPCR, and high RFI values and the region
with high DNE, low OPCR, and low RFI values.

The NALK metatherians occupy a more
restricted region of the morphospace than the
extant sample does (Figure 4). Most NALK
metatherian taxa have mid to high OPCR values,
mid to high RFI values, and high DNE values and
accordingly overlap with extant invertivores and
soft-invertebrate specialists in the morphospace. In
contrast, fewer fossils plot in the morphospace
region that is occupied by extant plant-dominated
and animal-dominated omnivores. The specimens
of Glasbius have mid-range DNE, OPCR, and RFI
values and thus fall among plant-dominated omni-
vores and frugivores. The two specimens of Didel-
phodon vorax plot in regions occupied by the
extant animal-dominated omnivores and inverti-
vores. lugomortiferum thoringtoni and Dakotadens
morrowi plot away from the main cluster of NALK
metatherians; D. morrowi is near the edge of the
omnivore-carnivore region of the morphospace,
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FIGURE 2. Boxplots of Dirichlet normal energy (DNE), relief index (RFI), and orientation patch count rotated (OPCR)
across extant mammals classified by diet and a subset of fossil groups. Abbreviations for diet categories: ado = ani-
mal-dominated omnivore; carn = carnivore; frug = frugivore; inv = invertivore; pdo = plant-dominated omnivore; sis =
soft-invertebrate specialist. Abbreviations for fossil groups: Alph. = Alphadontidae; Herpet. = Herpetotheriidae; Ped. =

Pediomyidae.
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TABLE 6. Statistical results for the one-way analysis of variance (ANOVAs), Tukey’s honest significant difference
(HSD) post hoc tests for the ANOVAs, and the multivariate ANOVA (MANOVA) using all three DTA metrics as indepen-
dent variables. For the MANOVA, Wilks’ A = 0.141. Significant P-values (p < 0.05) are in bold.

ANOVA
OPCR RFI DNE MANOVA
ALL groups F-statistic 5.303 10.95 24.16 9.165
P-values 0.001 <0.001 <0.001 <0.001
Tukey HSD pairwise post hoc (P-values)

carn-ado 0.001 0.364 0.157

frug-ado 1.000 0.579 0.988

inv-ado 0.984 <0.001 <0.001

pdo-ado 0.976 0.785 0.992

sis-ado 0.444 <0.001 0.016
frug-carn 0.003 0.034 0.488

inv-carn <0.001 0.567 <0.001
pdo-carn 0.039 0.986 0.572

sis-carn 0.473 0.191 <0.001

inv-frug 0.995 <0.001 <0.001

pdo-frug 0.976 0.135 1.000

sis-frug 0.483 <0.001 0.008

pdo-inv 0.815 0.142 <0.001

sis-inv 0.229 0.867 0.112

sis-pdo 0.899 0.039 0.015

and |[. thoringtoni is within the carnivore region of
morphospace (Figure 4).

Dietary Inference

The first and second discriminant functions
(DFs) account for most of the between-group vari-
ance, with DF1 most strongly linked to DNE and
DF2 most strongly associated with RFl and OPCR
(Table 7). The DFA correctly classified the diets of
58.9% (33 of 56) of the extant specimens (Table 8).
The soft-invertebrate specialists and invertivores
have the highest percentages of correctly classified
taxa (80% and 75%, respectively), indicating that
together the DTA metrics can differentiate between
these similar dietary groups. Animal-dominated
omnivores were most frequently misclassified (11
of 23 misclassifications; 48%) as either frugivores,
invertivores, or plant-dominated omnivores (Table
8). Frugivores and carnivores were misclassified at
the next highest rates (40% and 33.3%, respec-
tively). For many of the incorrectly classified speci-
mens (14 of 23), their DFA-predicted diet had a low
posterior probability (< 0.50) that was often only
slightly higher than the posterior probability for their
assigned diet (Table 9).

Our DFA predicted the diets of the fossil taxa
with about the same certainty as extant taxa, with
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35.2% of fossil specimens classified with posterior
probabilities > 0.60 for their predicted diet (Table
10; 33.9% of extant specimens had posterior prob-
abilities of > 0.60, of which three specimens were
misclassified). Almost all of the fossil specimens
classified with posterior probabilities > 0.60 were
classified as invertivores. Of the 41 fossil species
sampled here, 20 species had more than one
specimen sampled; nine species with more than
one specimen sampled were classified with two dif-
ferent diets by the DFA. Classifications for these
species were most often spread across inverti-
vores, soft-invertebrate specialists, and plant-domi-
nated omnivores (Table 10). Of the 71 fossil
specimens sampled, 46.5% were classified as
invertivores, 28.2% were classified as soft-inverte-
brate specialists, and 22.5% were classified as
plant-dominated omnivores. One specimen of
Didelphodon vorax was classified as an animal-
dominated omnivore. lugomortiferum thoringtoni
was identified as the sole carnivore in the sample
(although we urge caution about this assignment;
see discussion below), and no frugivores were
identified. The only deltatheriid, a specimen of Ato-
katheridium boreni, was identified as a soft-inverte-
brate specialist, and all four glasbiid specimens
sampled were identified as plant-dominated omni-
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FIGURE 3. Bivariate scatter plots of log-transformed Dirichlet normal energy (InDNE), relief index (InRFl), and orien-
tation patch count rotated (INOPCR) values, and a 3D scatterplot of all three DTA metrics (bottom right) for our extant
comparative sample. Shapes correspond to our assigned diet categorizations. See Table 2 for taxonomic names.
Abbreviations for diet categories: ado = animal-dominated omnivore; carn = carnivore; frug = frugivore; inv = inverti-
vore; pdo = plant-dominated omnivore; sis = soft-invertebrate specialist.

vores. The DFA that used the OPCR data with a
minimum patch count = 5 (rather than 3) (Appendix
5; Winchester, 2016; Lépez- Torres et al., 2017)
was slightly less accurate than our original DFA
(OPCR minimum patch count = 3). The second
DFA correctly classified 57.1% of the extant speci-
mens, whereas the original DFA correctly classified
58.9% of the extant specimens. We compared the
diet predictions between the two DFAs for both
extant and fossil taxa and found minimal differ-
ences (Tables 9-10; Appendix 5). Hereafter, we
focus only on the results of the analyses of the first
DFA (OPCR minimum patch count = 3).

Dental Disparity and Diet Diversity through
Time of NALK Metatherians

Metatherian dental disparity, as calculated by
the variance of each DTA metric and the sum of
variances, does not significantly change through-

out the Late Cretaceous (Figure 5; Table 11). The
INDNE, InOPCR, and sum of variance values
decrease from the Aquilan to Lancian bins, but in
most cases these changes were not significant
(Table 11). The dental disparity values of alphadon-
tids are greater than the corresponding values of
pediomyids, but again the differences are not sta-
tistically significant, except for INRDNE.

Our DFA results suggest that the diversity of
diets among NALK metatherians differed through
the Late Cretaceous. Invertivores, soft-invertebrate
specialists, and plant-dominated omnivores occur
in all four Cretaceous time bins but in variable pro-
portions (Table 12). The raw number of plant-domi-
nated omnivore species does not vary much
across time bins (from one to three), but the rela-
tive abundance of species of plant-dominated
omnivores is high in the pre-Aquilan and low from
the Aquilan through Lancian. The number of inver-
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FIGURE 4. Bivariate scatter plots of log-transformed Dirichlet normal energy (INDNE), relief index (InRFI), and orienta-
tion patch count rotated (INOPCR) values, and a 3D scatterplot of all three DTA metrics (bottom right) for our fossil
sample. Colored polygons are regions of the morphospace occupied by extant mammals in our dietary categories.
Shapes correspond to fossil groups. See Table 3 for taxonomic names. Abbreviations for diet categories: ado = ani-
mal-dominated omnivore; carn = carnivore; frug = frugivore; inv = invertivore; pdo = plant-dominated omnivore; sis =

soft-invertebrate specialist.

tivore species is high in the Aquilan and younger
Late Cretaceous time bins; likewise, their relative
abundance (75%) is very high in the Aquilan but
slightly lower thereafter. The number of soft-inver-
tebrate specialists is low until the Judithian time
bin, and their relative abundance follows a similar
pattern. The only animal-dominated omnivore,
Didelphodon vorax (see discussion below), occurs
in the Lancian time bin and has the lowest relative

abundance of all diet categories. The only taxon
reconstructed as a carnivore by our DFA, lugomor-
tiferum thoringtoni (see discussion below), occurs
in the Aquilan time bin. The DFA-reconstructed
diets of several fossil species conflict with previous
assessments, and we discuss other possible
dietary classifications in the Discussion. However,
using alternative diet reconstructions for these taxa

TABLE 7. Coefficients of linear discriminants from the DFA and variance explained by each discriminant.

LD1 LD2 LD3
Coefficients INDNE -5.278 -0.384 -3.448
INRFI -1.493 2.433 6.100

INOPCR 2.433 -4.007 4.599

Variance (%) 74.01 25.71 0.28
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TABLE 8. Contingency table visualization of extant mammal dietary classifications by our DFA. Rows represent the
assigned diet classification, whereas the columns represent the classifications made by our DFA. Correct classifica-
tions are highlighted in dark gray along the diagonal. Incorrect classifications are highlighted in light gray. Note the
number of incorrect classifications of animal-dominated omnivores and other diets as plant-dominated omnivores.
Abbreviations for diet categories: ado = animal-dominated omnivore; carn = carnivore; frug = frugivore; inv = inverti-

vore; pdo = plant-dominated omnivore; sis = soft-invertebrate specialist.

ado carn frug

inv pdo sis

% correctly
classified

31.3
66.7
60.0
75.0
71.4
80.0

does not significantly alter the overall dietary diver-
sity patterns through time.

DISCUSSION

North American metatherians reached sub-
stantial taxonomic diversity during the Late Creta-
ceous (Williamson et al., 2014; Bennett et al.,
2018). However, there is uncertainty surrounding
the dietary diversity and ecomorphological patterns
of NALK metatherians. It has been hypothesized
that the novel food sources and habitats that arose
with the angiosperm ecological diversification in
the late Late Cretaceous (starting ca. 85-80 Ma)
catalyzed an ecomorphological diversification (e.g.,
Grossnickle et al., 2019) and possibly a taxonomic
diversification (Williamson et al., 2014; Wilson et
al., 2016) of metatherians and additional mammal
groups (e.g., Wilson et al., 2012; Grossnickle and
Newham, 2016). Others contend that most mam-
malian clades, including metatherians, remained
ecomorphologically constrained until the extinction
of non-avian dinosaurs at the K-Pg boundary (e.g.,
Alroy, 1999). Below, we discuss the results of our
dental topographic analyses (DTA) and how they
and associated disparity measures, ecomorpho-
space plots, and dietary inferences shed light on
those differing viewpoints of the evolutionary ecol-
ogy of NALK metatherians.

Extant Mammal DTA Metrics and DFA
Performance

Dental topographic analyses are still relatively
new, having only been applied for the last 15 years
and mostly on lower molars (but see Santana et
al., 2011; Smits and Evans, 2012; Pineda-Munoz et
al., 2017). Our study tests the validity and utility of
applying those DTA methods to isolated upper

molars and on a predominantly marsupial sample;
the results are mostly congruent with previous
studies on lower molars. Both types of invertivores
in our extant sample (i.e., ‘invertivores’ and ‘soft-
invertebrate specialists’) show characteristically
high RFI and high DNE values (Figure 2; Boyer,
2008; Bunn et al., 2011; Winchester et al., 2014;
Lopez-Torres et al., 2017; Smith, 2017; Spradley,
2017), reflecting the ftall, sharp cusps and high
shearing-crest lengths used to puncture insect car-
apaces and shear soft-bodied invertebrates (Strait,
1993, 1997). Omnivores plot in the middle of the
morphospace with low to mid-range values for
DNE and mid-range values for RFlI and OPCR,
which is consistent with lower DTAs of lower
molars in Boyer (2008), Bunn et al. (2011), Win-
chester et al. (2014), Lopez-Torres et al. (2017),
and Smith (2017). The intermediate values of
omnivores reflect a morphology that is adapted to
process a wide variety of food materials through a
balance of shearing, crushing, and grinding (Ungar,
2010). The broad congruence of our upper-molar
results with previous lower-molar results and the
discrimination of diets via DTA lend support to the
use of upper molars to infer diets of extinct mam-
mals.

Differences between our DTA results and
those of previous studies likely stem from differ-
ences in taxon sampling. Although the low OPCR
values and low to mid-range RFI values of our
extant carnivore sample are consistent with other
studies (Figure 2; Evans et al., 2007; Evans and
Jernvall, 2009; Pineda-Munoz et al., 2016; Smith,
2017), the relatively low DNE values of our carni-
vores are more similar to the values of hard-object
feeders in other studies (Bunn et al., 2011; Win-
chester et al., 2014; Smith, 2017). Although this
discrepancy could reflect different DTA patterns in
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TABLE 9. Posterior probabilities of dietary categories resulting from discriminant function analysis (DFA) of our extant
mammal dataset. The highest posterior probability representing the diet identified by DFA is in bold. Posterior probabil-
ities < 0.001 are not reported. Other posterior probabilities that are within 0.10 to the highest posterior probability are
marked with an asterisk. Abbreviations for diet categories: ado = animal-dominated omnivore; carn = carnivore; frug =
frugivore; inv = invertivore; pdo = plant-dominated omnivore; sis = soft-invertebrate specialist.

Species Specimen diet frug pdo ado carn inv sis
Antechinus stuartii UWBM 68899 inv 0.009 0.049 0.060 - 0.642 0.240
Antechinus stuartii UWBM 68915 inv 0.001 0.006 0.009 - 0.727 0.256
Antechinus stuartii UWBM 68916 inv - - - - 0.455 0.545
Artibeus lituratus UWBM 62023 frug 0.470 0.098 0.428* - 0.003 0.001
Artibeus lituratus UWBM 62030 frug 0.440* 0.096 0.463 - 0.001 -
Artibeus lituratus UWBM 62034 frug 0.673 0.059 0.254 0.011 0.001 0.001
Caluromys derbianus UWBM 32255 pdo 0.047 0.344 0.251* 0.008 0.156 0.194
Caluromys sp. EA 181 pdo 0.111 0.576 0.298 0.015 - -
Cheirogaleus medius DLC 1607 frug 0.443 0.216 0.321 0.020 - -
Cheirogaleus medius DLC 1636 frug 0.512 0.182 0.305 0.001 - -
Cheirogaleus medius DLC 3640 frug 0.173 0.174 0.138 0.514 - 0.001
Chironectes minimus MVZ 173550 carn 0.032 0.671 0.147 0.148 - 0.002
Crocuta crocuta UWBM 33257 carn 0.001 0.010 0.002 0.985 - 0.002
Dasyurus maculatus UWBM 68901 carn 0.074 0.266 0.199 0.140 0.056 0.265*
Didelphis albiventris UWBM 38710 ado 0.081 0.469 0.293 0.051 0.027 0.079
Didelphis marsupialis UWBM 39942 pdo 0.443 0.169 0.382* 0.004 0.001 0.001
Didelphis marsupialis UWBM 44459 pdo 0.320* 0.320* 0.346 0.014 - -
Didelphis virginiana UWBM 39628 ado 0.129 0.427* 0.434 0.001 0.006 0.003
Didelphis virginiana UWBM 76104 ado 0.159 0.386* 0.420 0.007 0.014 0.014
Didelphis virginiana UWBM 76135 ado 0.156 0.444 0.390* 0.007 0.002 0.002
Eira barbara UWBM 39436  carn 0.383* 0.076 0.096 0.444 - -
Eptesicus fuscus UWBM 66977 inv - - - - 0.723 0.276
Eptesicus fuscus UWBM 66980 inv - - - - 0.827 0.173
Eptesicus fuscus UWBM 79331 inv - - - - 0.730 0.269
Lynx rufus OUVC 9576 carn - - - 1.000 - -
Metachirus nudicaudatus UWBM 35439 ado 0.541 0.152 0.294 0.013 - -
Metachirus nudicaudatus UWBM 35440 ado 0.347* 0.210 0.439 0.001 0.001 0.001
Metachirus nudicaudatus UWBM 35438 ado 0.372 0.335 0.279* 0.014 - -
Monodelphis domestica AMNH 261241 ado 0.007 0.149 0.078 0.002 0.384 0.380*
Nasua narica UWBM 41687 frug 0.215 0.363 0.243 0.179 - -
Nasua narica UWBM 41688 frug 0.462 0.127 0.195 0.216 - -
Nyctinomops macrotis UMMZ 113271 sis 0.005 0.008 0.018 - 0.682 0.287
Paradoxurus UWBM 14711 frug 0.770 0.017 0.176 0.007 0.017 0.014
hermaphroditus
Pecari tajacu UWBM 20670 frug 0.137 0.484 0.366 0.009 0.001 0.002
Perameles nasuta UWBM 82259 inv 0.007 0.081 0.030 0.317 0.033 0.532
Philander opossum UWBM 44451 ado 0.331* 0.258 0.390 0.017 0.002 0.003
Philander opossum UWBM 44452 ado 0.133 0.497 0.315 0.050 0.001 0.004
Philander opossum UWBM 44469 ado 0.218 0.295 0.417 0.014 0.025 0.031
Plecotus auritus UMMZ 111012 sis 0.049 0.071 0.097 0.041 0.189 0.554
Procyon lotor UWBM 32812 ado 0.450 0.125 0.398* 0.005 0.013 0.009



TABLE 9 (continued).
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Species Specimen diet frug pdo ado carn inv sis
Procyon lotor UWBM 32814 ado 0.437 0.156 0.389* 0.009 0.004 0.004
Procyon lotor UWBM 32819 ado 0.505 0.133 0.278 0.081 0.001 0.002
Sarcophilus harrisii UWBM 20671 carn 0.070 0.107 0.056 0.767 - -
Scapanus orarius UWBM 64808 sis 0.002 0.057 0.021 0.012 0.176 0.732
Scapanus orarius UWBM 64811 sis - - - - 0.278 0.722
Scapanus orarius UWBM 64820 sis - 0.001 - - 0.200 0.798
Sorex vagrans UWBM 58640 inv - - - - 0.915 0.085
Sorex vagrans UWBM 58646 inv - - - - 0.874 0.126
Sorex vagrans UWBM 60640 inv 0.069 0.009 0.080 - 0.779 0.063
Spilogale putorius UWBM 20192 ado 0.654 0.079 0.245 0.021 - -
Spilogale putorius UWBM 76080 ado 0.552 0.153 0.284 0.011 - -
Tamias townsendii UWBM 20077 pdo 0.095 0.476 0.255 0.149 0.004 0.021
Tamias townsendii UWBM 43787 pdo 0.085 0.502 0.231 0.171 0.001 0.010
Tamias townsendii UWBM 44335 pdo 0.105 0.412 0.209 0.269 0.001 0.005
Thylamys elegans UWBM 49007 inv 0.002 0.022 0.016 - 0.555 0.405
Thylamys elegans UWBM 49057 inv 0.004 0.068 0.041 0.002 0.400* 0.485

upper and lower molars, it is likely due to the idio-
syncrasies of our carnivore sample. Two of the six
carnivore taxa (Crocuta crocuta, the spotted hyena
and Sarcophilus harrisii, the Tasmanian devil) are
known for their bone-cracking/durophagous habits
(e.g., Werdelin, 1989; Wroe et al., 2005), and
another taxon (Eira barbara, the tayra) supple-
ments its carnivorous diet with fruit and honey (Bis-
bal, 1986). Increasing the sampling of
hypercarnivorous taxa may add clarity to DTA pat-
terns for carnivores and subsequent DFA carnivore
classifications. Additionally, the DNE and OPCR
values of our frugivore sample differ from those of
previous studies: they are slightly higher and more
variable (Bunn et al., 2011; Winchester et al.,,
2014). This discrepancy also likely reflects differ-
ences in taxon sampling. Whereas previous stud-
ies heavily sample primate frugivores, our sample
includes one primate and four other taxa from Chi-
roptera, Carnivora, and Cetartiodactyla. Most of
these other taxa incorporate small amounts of
foods besides fruit into their diet (e.g., Pecari
tajacu, the collared peccary, incorporates roots,
insects, and small vertebrates in addition to fruit
[Nowak, 1999; Desbiez et al., 2009]). The higher
DNE and OPCR values in our frugivore sample
may reflect dental adaptations, such as rugosities,
for processing these other food materials (Santana
et al., 2011; Smith, 2017), or other specialized fea-
tures for processing poorly documented fallback

foods (food consumed less often but are critical for
survival during times of environmental stress)—an
example of Liem’s paradox (e.g., Ungar, 2010).

The DFA correctly classified extant inverti-
vores and soft-invertebrate specialists at the high-
est rate among the diet categories (Table 8). The
few misclassified invertivore specimens were clas-
sified as soft-invertebrate specialists and vice
versa. The DFA did not predict animal-dominated
omnivores as reliably; some specimens were mis-
classified as frugivores, plant-dominated omni-
vores, and one as an invertivore. Among the
frugivore sample, two specimens were misclassi-
fied as plant-dominated omnivores, one as a carni-
vore, and one as an animal-dominated omnivore.
Among the plant-dominated omnivore sample, one
specimen was misclassified as an animal-domi-
nated omnivore and one as a frugivore. Often the
assigned diet had the second highest posterior
probability. These misclassifications likely stem in
part from the overlapping range of DTA values
among these dietary categories (Figures 2-3),
which perhaps reflects some combination of dental
morphological convergence among some animals
in our extant sample, the incomplete and variable
quality of the dietary data available, and the imper-
fect nature of the diet categorizations.

There were nine instances in which multiple
specimens of the same extant species were classi-
fied into different dietary categories by the DFA and
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TABLE 10. Posterior probabilities of dietary categories resulting from the discriminant function analysis (DFA) of our
fossil metatherian sample. The highest posterior probability representing the diet identified by DFA is in bold. Posterior
probabilities < 0.001 are not reported. Other posterior probabilities that are within 0.10 to the highest posterior probabil-
ity are marked with an asterisk. Abbreviations: ado = animal-dominated omnivore; carn = carnivore; frug = frugivore; inv
= invertivore; pdo = plant-dominated omnivore; pred. diet = predicted diet; sis = soft-invertebrate specialist.

Species Specimen pred. diet frug pdo ado carn inv sis
Aenigmadelphys archeri  OMNH 20160 inv - 0.004 0.002 - 0.529 0.466*
Aenigmadelphys archeri ~ OMNH 23328 inv - 0.005 0.004 - 0.725 0.266
Albertatherium primum UALVP 29611 inv - 0.006 0.004 - 0.799 0.191
Albertatherium primum UALVP 29612 inv - 0.012 0.008 - 0.692 0.288
Albertatherium UALVP 29534 inv 0.002 0.026 0.021 - 0.671 0.280
secundum
Alphadon halleyi UCMP 130501 pdo 0.027 0.435 0.185 0.029 0.086 0.239
Alphadon marshi UCMP 52450 inv 0.001 0.010 0.008 - 0.770 0.211
Alphadon marshi UCMP 53097 inv 0.004 0.060 0.042 - 0.564 0.330
Alphadon sahnii OMNH 20114 inv - 0.001 0.001 - 0.846 0.153
Alphadon wilsoni UALVP 3532 pdo 0.028 0.375 0.195 0.013 0.137 0.251
Eoalphadon clemensi MNA.V.5387 sis 0.019 0.192 0.115 0.014 0.211 0.450
Eoalphadon lillegraveni MNA.V.5835 pdo 0.093 0.442 0.394* 0.003 0.038 0.029
Eoalphadon woodburnei UMNH VP 12842 inv 0.002 0.044 0.029 - 0.611 0.314
Protalphadon foxi UCMP 109031 pdo 0.015 0.403 0.141 0.020 0.113 0.307*
Protalphadon lulli UCMP 47446 sis 0.011 0.292* 0.121 0.005 0.225 0.346
Protalphadon lulli UCMP 47475 pdo 0.027 0.349 0.156 0.055 0.086 0.328*
Turgidodon lillegraveni OMNH 20117 pdo 0.073 0.444 0.291 0.033 0.048 0.112
Turgidodon madseni OMNH 20538 inv - 0.003 0.002 - 0.815 0.180
Turgidodon praesagus UALVP 55849 sis 0.020 0.171 0.120 0.006 0.282 0.401
Turgidodon praesagus UCMP 122168 inv 0.002 0.037 0.031 - 0.724 0.205
Turgidodon praesagus UCMP 131345 sis 0.003 0.159 0.049 0.004 0.259 0.526
Turgidodon rhaister UCMP 47366 sis 0.021 0.236 0.145 0.006 0.249* 0.343
Turgidodon russelli UALVP 55852 inv 0.026 0.227* 0.169 0.003 0.298 0.277*
Turgidodon russelli UALVP 6983 pdo 0.026 0.312 0.181 0.008 0.196 0.278*
Varalphadon creber UALVP 29525 inv 0.001 0.011 0.009 - 0.669 0.311
Varalphadon creber UALVP 29527 inv 0.002 0.022 0.016 - 0.530 0.430*
Varalphadon creber UALVP 5529 inv 0.004 0.070 0.044 0.001 0.515 0.367
Varalphadon UALVP 5544 sis 0.006 0.068 0.044 0.002 0.370 0.510
wahweapensis
Atokatheridium boreni OMNH 61623 sis 0.013 0.128 0.061 0.118 0.082 0.597
Glasbius intricatus UCMP 102111 pdo 0.203 0.388 0.375* 0.027 0.002 0.005
Glasbius twitchelli UCMP 153679 pdo 0.156 0.397 0.251 0.193 - 0.003
Glasbius twitchelli UCMP 156143 pdo 0.103 0.436 0.383* 0.007 0.034 0.037
Glasbius twitchelli UCMP 224090 pdo 0.131 0.435 0.331* 0.060 0.011 0.032
Nortedelphys UCMP 134776 sis 0.005 0.073 0.044 0.003 0.358 0.518
intermedius
Nortedelphys jasoni UCMP 174506 pdo 0.030 0.312 0.189 0.010 0.180 0.279*
Nortedelphys jasoni UCMP 177838 sis 0.004 0.073 0.039 0.001 0.423* 0.460
Nortedelphys magnus UA 2846 inv 0.002 0.021 0.017 - 0.567 0.393
Nortedelphys minimus UCMP 52715 inv 0.017 0.170 0.141 0.001 0.446 0.226
Nortedelphys minimus UCMP 72211 inv 0.001 0.013 0.013 - 0.706 0.267
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Species Specimen pred. diet frug pdo ado carn inv sis
Anchistodelphys OMNH 21033 inv - 0.003 0.003 - 0.820 0.174
archibaldi
Apistodon exiguus UALVP 29693 pdo 0.019 0.331 0.177 0.003 0.242* 0.228
Dakotadens morrowi OMNH 49450 pdo 0.082 0.374 0.183 0.346* 0.001 0.014
Hatcheritherium alpha YPM.VP.014911 pdo 0.054 0.414 0.366* 0.001 0.122 0.044
Hatcheritherium alpha YPM.VP.014912 inv 0.002 0.009 0.014 - 0.783 0.192
lugomortiferum OMNH 20936 carn 0.033 0.247 0.080 0.632 - 0.007
thoringtoni
Kokopellia juddi OMMH 33248 inv 0.008 0.109 0.070 0.002 0.407 0.405*
Iqualadelphis lactea UALVP 22827 inv - 0.002 0.001 - 0.651 0.345
Iqualadelphis lactea UALVP 29676 sis 0.027 0.253* 0.171 0.006 0.245* 0.299
Leptalestes cooki UCMP 46306 inv 0.001 0.006 0.007 - 0.801 0.185
Leptalestes cooki UCMP 48351 sis 0.015 0.117 0.090 0.004 0.343* 0.432
Leptalestes cooki UCMP 51344 inv 0.010 0.107 0.076 0.002 0.408 0.398*
Leptalestes krejcii UCMP 47061 sis 0.006 0.064 0.038 0.007 0.259 0.626
Leptalestes krejcii UCMP 47552 sis - 0.010 0.005 - 0.451* 0.533
Leptalestes krejcii UCMP 52761 sis 0.006 0.037 0.030 0.008 0.267 0.651
Leptalestes prokrejcii UCMP 131341 sis 0.012 0.069 0.055 0.010 0.261 0.592
Pediomys elegans UCMP 168701 inv 0.008 0.038 0.058 - 0.749 0.147
Pediomys elegans UCMP 47558 inv 0.007 0.071 0.060 0.001 0.538 0.323
Pediomys elegans UCMP 51335 inv 0.012 0.059 0.063 0.001 0.489 0.376*
Protolambda clemensi UALVP 55855 inv - 0.002 0.003 - 0.824 0.171
Protolambda clemensi UCMP 122179 inv 0.001 0.017 0.011 - 0.602 0.369
Protolambda clemensi UCMP 131340 inv - 0.002 0.002 - 0.659 0.336
Protolambda florencae UCMP 48331 inv 0.003 0.019 0.021 - 0.590 0.367
Protolambda florencae UCMP 51389 sis 0.001 0.014 0.010 0.001 0.422 0.553
Protolambda florencae UCMP 186770 inv 0.002 0.013 0.014 - 0.700 0.271
Protolambda florencae UCMP 52323 sis 0.022 0.103 0.104 0.003 0.380* 0.388
Protolambda hatcheri UCMP 46232 sis 0.012 0.066 0.064 0.002 0.427* 0.430
Protolambda hatcheri UCMP 47262 sis 0.003 0.040 0.024 0.001 0.386 0.546
Protolambda hatcheri UCMP 52404 sis 0.010 0.085 0.051 0.026 0.173 0.655
Didelphodon vorax UCMP 187607 ado 0.214 0.323 0.429 0.009 0.012 0.013
Didelphodon vorax UCMP 47304 inv 0.024 0.040 0.085 - 0.644 0.207
Pariadens kirklandi MNA.V.5843 pdo 0.027 0.493 0.243 0.003 0.118 0.116

nine instances in which specimens of the same
extinct species were classified differently from one
another (Tables 9—10). In seven out of nine cases
of the extant species, slight differences in wear
among the specimens may have led to the different
dietary assignments. In the other two cases, we did
not detect differences in the amount of wear
between the specimens of the same species. In
both those cases, one specimen was classified as
an invertivore and the other as a soft-invertebrate

specialist, highlighting the substantial overlap in
morphospace of these two invertebrate-eating
diets (Figure 3). Thus, we highlight the need for fur-
ther standardization and ground truthing of DTA
methods. We recommend that whenever possible,
studies should attempt to account for intraspecific
variation by sampling more than one specimen per
species and by controlling for wear across and
within taxa.
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FIGURE 5. Morphological disparity of NALK metatherians during different time bins (top) and in two major subclasses
(bottom). We calculated disparity as the variance of each DTA metric and the sum of variances. The 95% confidence
intervals were generated using a custom bootstrapping function with 1,000 replicates. Top row: all-metatherian dispar-
ity for each time bin. Sample size for each time bin is shown in parentheses at the bottom of the far-left plot: pre-Aqui-
lan (preA) = 7; Aquilan = 8; Judithian = 18; Lancian = 18. Bottom row: disparity of alphadontids vs. disparity of
pediomyids. Sample size for each taxon is shown in parentheses at the bottom of the far-left plot: Alphadontidae = 19

and Pediomyidae = 8. See Table 11 for P-values.

Dietary Inferences and Dietary Diversity of
NALK Metatherians

Although most Mesozoic mammals have con-
ventionally been portrayed as small-bodied, terres-
trial invertivores (e.g., Van Valen and Sloan, 1977;
Kielan-Jaworowska et al., 2004), recent fossil dis-
coveries and ecomorphological analyses have pro-
vided counterexamples, both among non-therians
and therians, implying a much broader range of
ecologies (e.g., Luo, 2007; Wilson et al., 2012;
Grossnickle and Polly, 2013; Chen et al., 2019;
Grossnickle et al., 2019). Our quantitative study of
dental ecomorphology in part reinforces the con-
ventional view by reconstructing most NALK
metatherians (81%, 34 of 42 species) as either
invertivores or soft-invertebrate specialists (Tables
10, 12; Figure 6). These results are consistent with
previous inferences from other studies using other
methods (Gordon, 2003; Wilson, 2013; Williamson
et al., 2014; Grossnickle and Newham, 2016) and
with the observation that the most taxonomically
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rich families of Cretaceous metatherians (e.g.,
alphadontids and pediomyids) have conservative
tribosphenic molar morphologies. Nevertheless,
our DFA diet reconstructions predicted that a few
NALK metatherians had diets beyond invertivory,
indicating that NALK metatherians as a whole
achieved greater dietary diversity than is conven-
tionally portrayed. For example, our DFA recon-
structed Glasbius as a plant-dominated omnivore,
a prediction that is in line with previous interpreta-
tions that this taxon was either herbivorous or fru-
givorous (Clemens, 1966, 1979; Gordon, 2003;
Kielan-Jaworowska et al., 2004; Wilson, 2013; Wil-
liamson et al., 2014). Overall, we see evidence of
the following diets in NALK metatherians: inver-
tivory, carnivory, animal- and plant-dominated
omnivory (including durophagy), and likely frugiv-
ory.

Dietary predictions for several taxa in our
study conflicted with diet inferences from previous
studies. In each case, however, the diet classifica-
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TABLE 11. Simulation-based P-values using the morphol.disparity function in the geomorph package in R (Adams et
al., 2020) for calculations of dental disparity for each DTA metric and the sum of variances. Significant P-values (p <

0.05) are in bold.

Sum of
Intraclade disparity InDNE InRFI InOPCR variances

Alphadontidae v. Pediomyidae 0.043 0.318 0.664 0.097
Disparity through time

pre-Aquilan v. Aquilan 0.410 0.525 0.911 0.920
pre-Aquian v. Judithian 0.578 0.556 0.469 0.822
pre-Aquilan v. Lancian 0.735 0.502 0.105 0.553
Aquilan v. Judithian 0.702 0.923 0.523 0.669
Aquilan v. Lancian 0.137 0.112 0.114 0.436
Judithian v. Lancian 0.241 0.056 0.31 0.676

TABLE 12. Dietary categories present in each time bin as determined by the DFA. At the top of each column, the num-
ber of species sampled in each time bin is in parentheses. Table cells include the number of taxa assigned to each diet
category and the corresponding percentage rounded to the nearest tenth (in parentheses) for that time bin. ‘Secondary’
columns include the number of taxa assigned to each diet category and corresponding percentage after considering
alternative dietary interpretations from the primary literature and the second highest posterior probability from the DFA
(see Discussion). Abbreviations: ad = animal-dominated; pd = plant-dominated; soft-inv. spec. = soft-invertebrate spe-

cialist.
pre-Aquilan Aquilan Aquilan Judithian Judithian Lancian Lancian
Diet (7) (8) (secondary) (18) (secondary) (18) (secondary)

frugivore - - - - - - -
pd-omnivore 3(42.8) 1(12.5) 1(12.5) 3(16.7) 2 (11.1) 4(22.2) 2(11.1)
ad-omnivore - - - - - - 1(5.6)

carnivore - 1(12.5) - 1(5.6) - - -
invertivore 2 (28.6) 5 (62.5) 6 (75.0) 9 (50.0) 9 (50.0) 8 (44.4) 7 (38.9)
soft-inv. spec. 2 (28.6) 1(12.5) 1(12.5) 5(27.8) 7 (38.9) 6 (33.3) 8 (44.4)

tion with the second highest posterior probability in
our DFA matched with previous diet inferences.
These taxa and their alternative diet classifications
include (i) lugomortiferum thoringtoni as a plant-
dominated omnivore, (ii) Apistodon exiguus as an
invertivore, and (iii) Alphadon halleyi, Alphadon wil-
soni, and Protalphadon foxi as soft-invertebrate
specialists. Below we discuss the diet reconstruc-
tions of these taxa in more detail.

Seven taxa (Pariadens kirklandi, Eoalphadon
lillegraveni, Apistodon exiguus, Alphadon halleyi,
Alphadon wilsoni, Turgidodon lillegraveni, Protal-
phadon foxi) were reconstructed in our DFA as
plant-dominated omnivores. Most of these taxa
lack most of the gross morphological features (e.g.,
large talonid basin, large protocone, bunodont
cusps) characteristic of the crushing and grinding
function necessary for most plant-based diets.
Instead, most of these taxa have the conservative
tribosphenic molar morphology (e.g., sharp shear-
ing crests and unexpanded protocones) that is typ-

ically found among invertivores (e.g., Cifelli, 1990;
Johanson, 1996; Davis, 2007; Williamson et al.,
2014; Cohen, 2018). Such discrepancies between
our diet reconstruction and those from previous
studies are expected, considering the difficulty that
the DFA model had in correctly predicting animal-
dominated omnivory, and to a lesser extent, plant-
dominated omnivory, frugivory, and carnivory. For
Pariadens kirklandi, Eoalphadon lillegraveni, and
Turgidodon lillegraveni, the second highest poste-
rior probabilities were for the animal-dominated
omnivore category, and posterior probabilities of
other dietary categories were much lower (Table
10); this provides additional evidence for omnivory
despite the dearth of supportive qualitative evi-
dence. We consider there to be less overall evi-
dence of omnivory for Apistodon exiguus,
Alphadon halleyi, Alphadon wilsoni, and Protalpha-
don foxi; instead invertivore or soft-invertebrate
specialist may be a more plausible diet reconstruc-
tions for these taxa. Evidence for Apistodon
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FIGURE 6. Patterns of taxonomic diversity and dietary diversity of NALK metatherians. Top: Known taxonomic diver-
sity (gray squares and line) of NALK metatherians and the metatherian diversity sampled in this study (black circles
and line). Middle: Dietary diversity of NALK metatherians through time (out of six dietary categories). Judithian diver-
sity count is based on our DFA classification of lugomortiferum thoringtoni as a carnivore. Bottom: Hypothesized phy-
logenetic relationships of NALK metatherians sampled in this study (the deltatheriid Afokatheridium boreni was
removed). The phylogeny is modified from Williamson et al. (2014), Wilson et al. (2016), and Cohen et al. (2020).
Thick horizontal bars represent the known temporal range of each species. Bar colors represent the dietary categories
assigned to each taxon in this study. For cases in which specimens of the same species were classified differently, we
include both classifications in this figure, with the exception of lugomortiferum thoringtoni and Didelphodon vorax. Our
DFA classification for lugomortiferum thoringtoni (carn) contradicts additional lines of evidence that suggests it is a
plant-dominated omnivore (see Discussion), and thus we classify it here as ‘carn/pdo.” Our DFA classifies the two
Didelphodon vorax specimens as an animal-dominated omnivore and an invertivore, but additional lines of evidence
suggest that it is an animal-dominated omnivore (see Discussion). Abbreviations for diet categories: ado = animal-
dominated omnivore; carn = carnivore; frug = frugivore; inv = invertivore; pdo = plant-dominated omnivore; sis = soft-
invertebrate specialist. Abbreviations for NALMAs: Aquil = Aquilan; La = Lancian.
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exiguus being an invertivore includes its very small
body size, previous interpretations of its gross den-
tal morphology (Williamson et al., 2014), and inver-
tivory having the second highest posterior
probability for this taxon in our DFA. The interpreta-
tions of Alphadon halleyi and Alphadon wilsoni as
soft-invertebrate specialists are in line with analy-
ses of the jaw morphology (Grossnickle and Polly,
2013; Brannick and Wilson, 2020; Morales-Garcia
et al., 2021), gross dental morphology (Gordon,
2003; Wilson, 2013; Grossnickle and Newham,
2016), and the DFA results, in which the soft-inver-
tebrate specialist category has the second highest
posterior probability for both of these species. Evi-
dence for P. foxi as a soft-invertebrate specialist
includes its dietary classification in a similar DTA
study on lower molars (Smith, 2017) and our DFA
results, in which the soft-invertebrate specialist cat-
egory has the second highest posterior probability
(within 0.10 of the highest posterior probability) for
this taxon. Thus, we consider Apistodon exiguus,
Alphadon halleyi, Alphadon wilsoni, and Protalpha-
don foxi to likely have had insect-dominated diets,
but the DTA and DFA results indicate that their
diets also had a plant component; this is consistent
with the view of the ancestral tribosphenic molar
morphology being adapted for consuming both ani-
mal and plant materials (Butler, 1972).

Our DFA reconstructed different diets for the
two specimens of the relatively large-bodied Didel-
phodon vorax; one specimen as an invertivore and
one as an animal-dominated omnivore. We favor
the animal-dominated omnivore classification
because it is in line with previous interpretations
that D. vorax was a predator-scavenger with
durophagous capabilities (Clemens, 1966, 1968,
1979; Fox and Naylor, 1986, 2006; Wilson et al.,
2016; Brannick and Wilson, 2020) or an omnivore
as indicated by dental microwear (Wilson et al.,
2016). The bulbous premolars of Didelphodon are
well suited for crushing hard objects, like bone and
shells (Clemens, 1966; Fox and Naylor, 1995,
2006; Wilson et al., 2016; Cohen, 2018). One pos-
sible explanation for the invertivore reconstruction
of one specimen is that we used relatively unworn
molars (earlier ontogenetic wear stage) of Didel-
phodon in our analysis. That is, Didelphodon and
other stagodontids may have experienced an onto-
genetic shift in diet that tracks body size (Fox and
Naylor, 1995, 2006; Peng et al.,, 2017) with
younger individuals having been more faunivorous
(e.g., molars with enhanced postvallum/prevallid
shear and dentary shapes more capable of with-
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standing dorsoventral bending forces) and older
individuals having been omnivorous/durophagous
(e.g., horizontally worn grinding platforms and den-
tary shapes more capable of withstanding medio-
lateral forces; Fox and Naylor, 1995, 2006; Peng et
al., 2017; Brannick and Wilson, 2020). Moreover,
having analyzed only molar morphology, we did not
account for critical dietary data from other tooth
positions, such as premolars (Wilson, 2013; Smith,
2017). We suggest that future studies more deeply
explore potential biases by comparing dietary infer-
ences from DTA on a single tooth position to those
from larger functional units like cheek tooth rows
(Evans et al., 2007; Wilson et al., 2012). In a simi-
lar manner, further study of tooth wear as it relates
to ontogenetic stage, functional efficiency, and
dietary preference could lend important nuance to
the dietary characterization of extinct taxa in stud-
ies using DTA (Ungar, 2010). Another productive
line of inquiry for other taxa would be to compare
dietary inferences from DTA to those from other
quantitative methods that are independent of gross
morphology of teeth (e.g., microwear, isotopic anal-
yses, mandibular bending strength), as has been
done for Didelphodon (Wilson et al., 2016; Bran-
nick and Wilson, 2020).

Although our DFA classified lugomortiferum
thoringtoni as a carnivore, this taxon has low-
crowned molar morphology with inflated cusps and
weakly developed conules (Cifelli, 1990), all of
which is inconsistent with interpretation of car-
nivory (de Muizon and Lange-Badré, 1997). The
DNE value of I. thoringtoni is within the range of
extant carnivores, plant-dominated omnivores, and
frugivores, whereas its RFI value is within the
range of extant carnivores, plant-dominated omni-
vores, and invertivores. Further, its low OPCR
value is within the range of extant carnivores and
invertivores. The OPCR value of I. thoringtoni may
be underestimated because we used an epoxy
cast of the specimen (OMNH 20936) and the small
size of the specimen might have amplified any infi-
delities of the cast (although see discussion of cast
fidelity and OPCR values in Lépez-Torres et al.,
2017). In addition, we analyzed only one specimen
of I. thoringtoni, which has some wear and an
uncertain identification of its position in the molar
series (“M17?” in Cifelli, 1990). Taking these consid-
erations into account, we consider it very likely that
I. thoringtoni was a plant-dominated omnivore
rather than a carnivore, and further studies are
needed to resolve this issue.
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Metatherian Ecomorphology through the Late
Cretaceous

By the beginning of the Late Cretaceous (ca.
100 Ma) metatherians in North America had diver-
sified into at least four clades (Deltatheriidae, Sta-
godontidae, Aquiladelphidae, Alphadontidae, and
possibly Glasbiidae, Pediomyidae, and Marsupialia
were also present, see Wilson et al., 2016). This
higher-level taxonomic diversification was associ-
ated with moderate dietary diversity—three of the
six dietary categories that we recognize here
(plant-dominated omnivory, invertivory, and soft-
invertebrate specialists; Figure 6; Tables 10, 12).
Raw species richness peaked in the Judithian (32
recognized species) and stayed relatively high in
the Lancian leading up to the K-Pg mass extinction
(22 species), although this peak might shift earlier
in time or flatten if we account for differential sam-
pling intensity through the Late Cretaceous (e.g.,
Grossnickle and Newham, 2016; Cohen, 2018;
Bennett et al., 2018; Cohen et al., 2020). Neverthe-
less, according to our results, dental ecomorpho-
logical disparity did not significantly change
throughout the Late Cretaceous and only in the
Lancian did ecomorphological diversity (number of
diet categories) increase slightly to include animal-
dominated omnivory (Figures 5-6). Indeed, over
80% of the taxa sampled (34 of 42) were inter-
preted as either invertivores or soft-invertebrate
specialists (Table 12; Figure 6). A literal reading of
our results would thus suggest that ecomorphologi-
cal diversity and disparity did not track increases in
taxonomic richness of NALK metatherians. This
decoupled pattern has also been found in other
taxonomic groups, such as anomodont therapsids
(Ruta et al., 2013), graptoloids (Bapst et al., 2012),
and angiosperms (e.g., Wing and Boucher, 1998;
Lupia et al., 1999). That said, we caution that addi-
tional sampling might change this pattern. We were
unable to sample several important stagodontids,
including the middle Turonian (pre-Aquilan) Hoo-
dootherium, and Fumodelphodon, the Aquilan
through possibly “Edmontonian” Eodelphis, and
Judithian and “Edmontonian” members of Didel-
phodon. These taxa, which have previously been
interpreted as carnivores and animal-dominated
omnivores (e.g., Scott and Fox, 2015; Cohen,
2018; Brannick and Wilson, 2020), would have
likely pushed back the appearance of those diet
categories and increased disparity values earlier in
the Late Cretaceous. The Lancian deltatheriid
Nanocuris, which has also been considered carniv-
orous on the basis of its distinctive, sectorial
molars with carnassial notches (Fox et al., 2007;
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Wilson and Riedel, 2010), would have further
added to the range of Lancian ecomorphologies
and would have likely increased disparity values.
We also did not sample the middle Turonian Sca-
laridelphys and Aquilan Aquiladelphis, respectively,
both of which are pediomyoids that have both been
interpreted as plant-dominated omnivores (Cohen
et al., 2020). Thus, we underscore that our results
should be taken as minimum estimates both for the
magnitude of dietary diversity and dental ecomor-
phological disparity achieved by NALK metatheri-
ans and for when they achieved it.

The oldest known dental fossils of metatheri-
ans, which date to ca. 110 Ma (Davis et al., 2008;
Davis and Cifelli, 2011 and see Williamson et al.,
2014; Bi et al., 2018 for discussion regarding Sino-
delphys szalayi and the earliest eutherians),
strongly suggest that invertivory was plesiomorphic
for the clade (e.g., Wiliamson et al.,, 2014;
Grossnickle and Newham, 2016). Together, our
dietary inferences and those for the taxa that we
were not able to sample indicate that by the early
Late Cretaceous (ca. 100 Ma) metatherians were
exploiting other food sources beyond insects
(Cohen, 2018; Cohen et al., 2020). Notably, the
dietary shifts toward omnivory (plant-dominated
and animal-dominated omnivory) and carnivory
largely occurred in metatherian subclades other
than the most taxonomically prolific clades (the
Alphadontidae and Pediomyidae) (Figure 6). Plant-
dominated omnivory first appeared by the late
Cenomanian (ca. 96 Ma) in the Stagodontidae
(Pariadens kirklandi) and possibly Aquiladelphidae
(Dakotadens morrowi, see discussion of phyloge-
netic relationships in Cohen et al., 2020). Later in
the middle Turonian, stagodontids began their
more thorough exploration of the carnivore and
animal-dominated omnivore regions of the dietary
ecomorphospace, culminating in the Lancian with
the relatively large-bodied, durophagous predator-
scavenger Didelphodon vorax. Glasbiidae is
another group that shows up in the fossil record
only at the very end of the Cretaceous (last 300—
500 ky; Wilson, 2005); this sister taxon to Pediomy-
idae has only two known species (Glasbius twitch-
elli and Glasbius intricatus), but they are the most
morphologically distinctive examples of plant-domi-
nated omnivory-frugivory among NALK metatheri-
ans. Finally, deltatheroidans were likely the most
carnivorous among the NALK metatherians, culmi-
nating in the highly specialized, Lancian carnivore
Nanocuris (Fox et al., 2007; Wilson and Riedel,
2010). (Note that some Aptian—Albian members
with a relatively larger talonid and a less reduced



metaconid likely had diets other than strict car-
nivory [Rougier et al., 2015].)

Nevertheless, the two most taxonomically rich
clades of NALK metatherians, the Alphadontidae
and Pediomyidae, show relatively little dietary
diversity (Figure 6). Alphadontids originated by at
least the Cenomanian (but probably earlier; Wilson
et al., 2016) and peaked in taxonomic richness in
the Judithian (15 species, including alphadontids
not sampled here). The oldest known pediomyids
are from the middle Turonian (Cohen et al., 2020),
but like alphadontids, probably originated earlier
and reached their highest taxonomic richness in
the Judithian (five species, including pediomyids
not sampled here) and sustained that level through
the Lancian. Many of these alphadontid and pedio-
myid species were sympatric; for example, Protal-
phadon lulli, Alphadon marshi, Alphadon wilsoni,
Turgidodon rhaister, Pediomys elegans, Leptal-
estes cooki, Leptalestes krejcii, Protolambda flor-
encae, and Protolambda hatcheri are all found in
the Lance Formation (see Williamson et al., 2014
for a tabulation of species occurrences per local-
ity). Although previous studies have hypothesized
that pediomyids had greater crushing and grinding
capacity relative to other metatherian groups and,
in turn, likely incorporated more plant material into
their diets (Wilson, 2013; Cohen et al., 2020), our
DFA shows that both pediomyids and alphadontids
fed on mainly insects. Diet partitioning within the
invertivore adaptive zone may help explain how
alphadontids and pediomyids were able to main-
tain their tremendous taxonomic richness (e.g.,
eight species in the Hell Creek fauna) (Hardin,
1960). As more pediomyid taxa appear in the
Judithian, alphadontids appear to experience a
dietary shift from invertivory to soft-invertebrate
specialization, whereas pediomyids were mostly
invertivores (Table 12; Figure 6). It is possible that
further dietary differences, such as specialization
for particular species of insects, drove the niche
partitioning, but that level of diet specificity cannot
be detected by the methods utilized here. Other
potential explanations of niche or resource parti-
tioning include spatial separation (using different
habitats), temporal avoidance, or separation along
an ecological axis different from diet, such as loco-
motor mode or body size (e.g., Schoener, 1975;
Keddy, 1989). For example, the two pediomyid
species Protolambda florencae and Pediomys ele-
gans are contemporaneous (Lance and Hell Creek
faunas) and were both reconstructed by our DFA
as invertivores. Resource partitioning may have
occurred along the axis of body size (i.e., P. floren-
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cae is larger and so probably consumed larger
insects than did Pediomys elegans), which might
have enabled these pediomyids to co-exist. How-
ever, other potential ecological axes on which parti-
tioning might have occurred are difficult to discern
in this fossil record (e.g., locomotion/substrate use,
diel activity pattern, etc.).

During the Late Cretaceous in North America,
metatherians shared the ecospace with other
mammalian groups, including eutriconodontans,
multituberculates, spalacotherioids, and their sister
taxon eutherians. Among those groups, metatheri-
ans were arguably the most dietarily diverse, hav-
ing occupied up to five categories: invertivory,
carnivory, animal- and plant-dominated omnivory,
and likely frugivory. It has been suggested that the
non-tribosphenic dentitions of most non-therian
mammals were more morphologically constrained
than tribosphenic dentitions were, and, conse-
quently, non-therians attained less dietary diversity
than therians did (Chen et al.,, 2019; but see
Harper et al., 2019 on South American
dryolestoids). For instance, spalacotherioids and
eutriconodonts were likely restricted to invertivory
and faunivory, respectively (Hu et al., 2005;
Grossnickle and Polly, 2013; Chen et al., 2019;
Morales-Garcia et al., 2021). Multituberculates
were the most dietarily diverse non-therian mam-
mal group. Their diets ranged from invertivory to
animal- and plant-dominated omnivory, and by the
late Late Cretaceous (ca. 84 Ma) even herbivory
(Wilson et al., 2012; Grossnickle and Polly, 2013;
Weaver et al., 2019; Weaver and Wilson, 2021).
Still, metatherians probably had a broader dietary
range than multituberculates and attained that
diversity earlier in the Cretaceous. However, unlike
multituberculates, metatherians did not continue to
diversify in North America after the K-Pg mass
extinction (Wilson, 2014; Williamson et al., 2014).
The early eutherians, which include many lineages
that retain the plesiomorphic tribosphenic molar
morphology, were mostly insectivorous during the
Late Cretaceous, although some of the larger-bod-
ied taxa, such as Altacreodus magnus (formerly
Cimolestes magnus), were likely faunivorous (e.g.,
Wilson, 2013; Grossnickle and Newham, 2016;
Chen et al., 2019). Additionally, zhelestid (Harper,
2012; Gheerbrant and Astibia, 2012; Harper et al.,
2019) and gypsonictopid eutherians (Crompton
and Kielan-Jaworowska, 1978), which both first
appear in North America in the Campanian, and
the Lancian taeniodont Schowalteria (Fox and
Naylor, 2003) are inferred to have included plant
material in their diets based on their tooth morphol-

27



BRANNICK ET AL.: METATHERIAN ECOMORPHOLOGY

ogy. Archaic ungulates, which first appear in the
very latest Cretaceous but very rarely, and plesi-
adapiform primates, which have lineages that are
believed to extend back into the very latest Creta-
ceous, have both been interpreted as animal- and
plant-dominated omnivores (e.g., Archibald et al.,
2011; Fox and Scott, 2011; Wilson Mantilla et al.,
2021). Whereas Late Cretaceous eutherians
ranged from invertivory, faunivory, and animal- and
plant-dominated omnivory, they were less dietarily
diverse compared to contemporaneous metatheri-
ans and did not expand beyond invertivory until the
Campanian (at least in North America; Harper,
2012; Harper et al., 2019), well after metatherians
had.

Thus, our study does not exclusively support
either the Suppression Hypothesis or the Early
Rise Hypothesis. The Suppression Hypothesis pre-
dicts that the ecomorphological diversity (number
of diets) and disparity (magnitude of morphological
difference) in metatherians was low and stable
throughout the Late Cretaceous. Whereas our
quantitative results of dental disparity and ecomor-
phological diversity are consistent with this hypoth-
esis— that is, dental disparity does not significantly
change through the Late Cretaceous and most
metatherians were invertivores and soft-inverte-
brate specialists (Figure 6); we posit that inclusion
of, for example, the middle Turonian stagodontids
(Fumodelphodon and Hoodootherium) and aquila-
delphids (Scalaridelphys) and the Lancian Nano-
curis would likely increase dental disparity and
diversity of dietary categories recorded for at least
those intervals. Moreover, the ecomorphological
diversity and disparity values are likely greater than
those of other contemporary mammalian clades,
which exhibit a smaller range of diets and dental
morphologies.

The Early Rise Hypothesis predicts that rapid
increases in ecomorphological diversity and dis-
parity of metatherians began in the late Late Creta-
ceous. Although our DFA shows that metatherians
were mostly invertivores and soft-invertebrate spe-
cialists, it also shows that by the pre-Aquilan—prior
to the ecological radiation of angiosperms—they
had begun to exploit other diets as well, including
plant-dominated omnivory (Figures 6—7). Whereas
dietary diversity and disparity were both stable
throughout the Late Cretaceous, they were ele-
vated relative to contemporary mammalian groups;
we hypothesize that the diversification that pro-
duced this relatively high dietary diversity and den-
tal disparity arose during the late Early Cretaceous.
As such, we would suggest that the ecomorpholog-

28

ical expansion of NA metatherians was not tempo-
rally correlated with the ecological rise of
angiosperms but perhaps with their earlier taxo-
nomic diversification (Cohen et al., 2020), which
occurred during the Cretaceous Terrestrial Revolu-
tion (ca. 125-80 Ma). As new species of angio-
sperms appeared during their taxonomic
diversification, they may have provided new food
resources for metatherians to exploit, thus catalyz-
ing the ecomorphological expansion of metatheri-
ans. Or perhaps other possible co-occurring
factors during the Cretaceous Terrestrial Revolu-
tion, such as the extinction of eutriconodontans
and spalacotherioids (Grossnickle and Polly, 2013;
Cohen et al.,, 2020), allowed metatherians to
expand into newly vacated niches. Future studies
should test this hypothesis by applying DTA to
samples of Early Cretaceous metatherians; how-
ever, to achieve this, additional field work should
be undertaken to bolster the sparse fossil record
from this interval.

SUMMARY

Our study is the most comprehensive study to
date to apply dental topographic analysis to a large
sample of metatherian molars from the Late Creta-
ceous of North America. We provide a more
detailed, quantitative understanding of the macro-
evolutionary patterns of dental morphology and
diet during the early history of this important clade.
Although dietary inferences from our DTA suggest
that many NALK metatherians were invertivorous,
the analyses also indicate that early metatherians
exhibited a broad range of diets, including inver-
tivory, soft-invertebrate specialists, carnivory, ani-
mal- and plant-dominated omnivory, and likely
frugivory. Our morphological disparity results show
that dental disparity did not significantly increase in
the Late Cretaceous. However, our results do not
meet predictions of the Suppression Hypothesis
(i.e., that mammalian ecological diversity was sup-
pressed until the K-Pg mass extinction event), as
our diet reconstructions and those from previous
studies of taxa not sampled in our study show that
NALK metatherians diversified into a wider range
of dietary niches—more so than any other contem-
porary mammalian clade. We argue that relative to
other mammalian clades, both dental disparity and
dietary diversity of metatherians were moderately
high and stable throughout the Late Cretaceous.
Our results indicate a pre-K-Pg ecological diversifi-
cation that is distinct from that predicted by the
Early Rise Hypothesis because it began prior to the
diversification of angiosperms and was more cor-
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FIGURE 7. Scatterplots of INDNE versus InRFI of NALK metatherians through time. Points represent species aver-
ages for each DTA metric. Time proceeds upward with the oldest time bin (pre-Aquilan) at the bottom and the young-
est time bin (Lancian) at the top. Colored polygons are regions of the morphospace occupied by extant mammals in
our dietary categories. Markers correspond to fossil groups. Abbreviations for diet categories: ado = animal-domi-
nated omnivore; carn = carnivore; frug = frugivore; inv = invertivore; pdo = plant-dominated omnivore; sis = soft-inver-
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related in time with the Cretaceous Terrestrial Rev-
olution and the mid-Cretaceous taxonomic
diversification of angiosperms.
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APPENDIX 1.

Specimens included in this study that were downloaded from the MorphoSource online repository (morpho-
source.org). (See palaeo-electronica.org/content/2023/4007-metatherian-ecomorphology for downloadable
file.)

APPENDIX 2.

Scanner information and settings for all specimens (extant and fossil) used in this study. Specimens with an
asterisk (*) were downloaded from the MorphoSouce online repository (morphosource.org)—please contact
MorphoSource for more information regarding scanner information and scanner settings. Abbreviations:
Ave, averaging; exp., exposure; kV, kilovolts; move., movement; rot., rotation; uA, microampere (current).
(See palaeo-electronica.org/content/2023/4007-metatherian-ecomorphology for downloadable file.)

APPENDIX 3.

Dental topographic analysis (DTA) values for our sample of extant mammals. The sex and status (c = cap-
tive; w = wild) for each individual are also provided. The three Cheirogaleus medius specimens marked with
an asterisk are individuals that are described by Yapuncich et al. (2019) as being “captive (but free rang-
ing).” (See palaeo-electronica.org/content/2023/4007-metatherian-ecomorphology for downloadable file.)

APPENDIX 4.

Dental topographic metrics (DTA) values for our sample of NALK metatherians. (See palaeo-electron-
ica.org/content/2023/4007-metatherian-ecomorphology for downloadable file.)

APPENDIX 5.

Posterior probabilities of dietary categories resulting from discriminant function analysis (DFA) for our extant
mammal dataset and NALK metatherian dataset using the OPCR parameter minimum patch count = 5. The
highest posterior probability representing the diet identified by DFA is in bold. Posterior probabilities < 0.001
are not reported. Other posterior probabilities that are within 0.10 to the highest posterior probability are
marked with an asterisk. Fossil specimens are listed directly after the extant sample. Abbreviations for diet
categories: ado = animal-dominated omnivore; carn = carnivore; frug = frugivore; inv = invertivore; pdo =
plant-dominated omnivore; sis = soft-invertebrate specialist. (See palaeo-electronica.org/content/2023/
4007-metatherian-ecomorphology for downloadable file.)
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