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Abstract: Microsyopidae is a family of plesiadapiforms

known from over 1500 stratigraphically controlled specimens

from the southern Bighorn Basin of Wyoming spanning the

first three million years of the early Eocene. The early Eocene

is characterized by rapid fluctuations in climate during the

period represented by this collection of microsyopids, mak-

ing this an ideal sample to examine how climate may have

influenced early stem primate biology, particularly diet. An

evolving lineage of microsyopids is known from before,

during, and after Biohorizon A, a faunal turnover event

associated with a period of localized cooling. Dental topo-

graphic analysis (DTA) metrics quantify functional aspects

of molars including curvature, complexity and relief, and

covary with diet in extant taxa. Here, we use DTA to exam-

ine microsyopid dietary change over time, particularly in

association with this cooling event. Our results suggest that

microsyopids had molars that are functionally like extant

insectivorous/omnivorous euarchontans. The earliest occur-

ring species, Arctodontomys wilsoni, is characterized by

molars that became more like modern insectivores over time.

During Biohorizon A, A. wilsoni is replaced by A. nuptus,

which has molars that are more like those of extant omni-

vores with a mixed diet including fruit. After Biohorizon A,

A. nuptus appears more insectivorous, as is the later occur-

ring Microsyops angustidens, which evolves from A. nuptus.

Overall, we provide potential evidence for a causal scenario

in which local climate change coincided with a dietary tran-

sition among microsyopids. Our results have implications

for understanding how diet was a prime mover for the evo-

lution of Primates.

Key words: Dirichlet normal energy, orientation patch

count rotated, relief index, dental topographic analysis, plesi-

adapiform, early Eocene.

THE southern Bighorn Basin (BHB) of Wyoming has pro-

duced the largest sample of stratigraphically controlled

mammalian specimens in the world (Bown et al. 1994a).

Among these fossils are several thousands of plesiadapi-

forms, which are a paraphyletic group, commonly regarded

as stem primates (Silcox et al. 2017). Whereas most

families of plesiadapiforms go extinct by the end of the

Paleocene in North America, two families persist into the

Eocene: the Paromomyidae and the Microsyopidae. Recent

studies have examined the systematics and ecology of

paromomyids (Silcox et al. 2008; López-Torres et al.

2018), however, the Microsyopidae have received less

attention in the literature. The Microsyopidae is the second

longest-lived primate family (after Paromomyidae), having

survived for over 20 million years from the late Paleocene

until the late Eocene of North America and with a single

genus, Berruvius, from the late Paleocene of France (Silcox

et al. 2017). They are commonly recovered in the fauna of

the BHB and are easily identified by a distinctive

lanceolate-shaped lower central incisor (Gunnell 1985,

1989; Silcox et al. 2017), which has been suggested as an

adaptation for gouging into tree bark as a means to access

high energy food sources like gums and saps (Gunnell

1989) (Fig. 1). In phylogenetic analyses, the Microsyopidae

are often found to have been basal primates (e.g. Bloch et

al. 2007; Silcox et al. 2010), though this classification is

based mainly on dental anatomy; cranial-only analyses

place the Microsyopidae outside Primates (Bloch & Silcox

2006 and see Silcox et al. 2020). Ni et al. (2016) found

that microsyopids are a polyphyletic group that sits outside

Primates, with some taxa nested in a clade sister to Pri-

matomorpha (Niptomomys), while others are within Pri-

matomorpha but outside Primates (Arctodontomys).

However, this analysis did not include characters key to

the systematics of microsyopids specifically, such as the

lanceolate lower central incisor, which may explain why

the group was not found to be monophyletic (Silcox et al.

2017). In sum, although there is some uncertainty about

the precise relationships of microsyopids, there is a general

consensus that they are primitive members of Euarchonta.
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The Microsyopidae is composed of three subfamilies:

the small Uintasoricinae and Navajoviinae, and the larger

Microsyopinae (Gunnell 1989). This study concerns the

last group, which is known from over 1500 stratigraphi-

cally controlled specimens previously collected from the

Willwood Formation of Wyoming’s southern Bighorn

Basin (Chew 2005), spanning the first three million years

of the Eocene (Chew 2009). The Willwood Formation,

characterized by alluvial sediments that formed on flood

plains (Bown & Kraus 1987, 1993), records several distinct

episodes of marked faunal change. Study of southern BHB

euprimates (Bown & Rose 1987; O’Leary 1996), plesiadapi-

forms (Silcox et al. 2008, 2021), artiodactyls (Silcox & Rose

1997), and condylarths (Bown et al. 1994b) for example,

has shown that these episodes of faunal change include

events such as immigration, extinction and speciation (e.g.

Silcox et al. 2008; Chew 2009, 2015; Rose et al. 2012).

Some of these episodes are clearly associated with climate

change. For example, immigration and body size decreases

have been well documented at the Paleocene–Eocene Ther-
mal Maximum (PETM; e.g. Gingerich 2006; McInerney &

Wing 2011; Rose et al. 2011; Secord et al. 2012), an inter-

val of rapid global warming indicated by a negative carbon

isotope excursion at the base of the southern Bighorn

Basin section (Fig. 2D).

Other episodes of significant faunal change, including

biohorizons A and B (Fig. 2; Schankler 1980), are equally

important in terms of faunal dynamics and have been

associated with climate change on a regional scale (e.g.

Fricke et al. 1998; Bao et al. 1999; Wing et al. 2000, Wing

& Harrington 2001; Koch et al. 2003; Chew 2009; Chew

& Oheim 2013). Biohorizon A (Schankler 1980; Bown

et al. 1994a) occurs about 180–213 m from the bottom of

the stratigraphic section in the southern BHB (~55.0 Ma)

and involved a crash and rebound of about one quarter

of standing species richness (Bown et al. 1994a; Chew

2009). Mean annual temperature (MAT) estimates around

Biohorizon A have been produced from a handful of

available floral assemblages and a few isotopic samples

from fish scales and mammal dental enamel (Fig. 2A,

Fricke et al. 1998; Wing et al. 2000; Fricke & Wing 2004).

These indicate that MAT was relatively warm (16–19°C)
prior to Biohorizon A and somewhat cooler (10–15°C)
after Biohorizon A. There is no direct evidence of MAT

during Biohorizon A, however oxygen and carbon iso-

topes preserved in more continuously distributed fossil

soils (Fig. 2B, C; Bao et al. 1999; Snell et al. 2013) have

been interpreted as evidence of abrupt environmental

change coincident with Biohorizon A, which may indicate

that the decrease in MAT from before to after this event

occurred relatively rapidly (i.e. <260 000 years; Wing

et al. 2000; Chew 2009). Whereas several studies have

addressed faunal response to warming events (e.g. PETM:

Gingerich 2006; McInerney & Wing 2011; Rose et al.

2011; Secord et al. 2012), far less work has been done on

periods of cooling during the Palaeogene.

Considering the large sample of stratigraphically con-

trolled specimens available, and the fact that the early

Eocene is characterized by fluctuations in climate, the

microsyopine microsyopids are an ideal sample to exam-

ine how climate influenced various aspects of early stem

primate biology such as dietary ecology. Previous research

has referenced some of the functional aspects of microsy-

opid molars, arguing that they were likely to have been

insectivorous, preferring soft-bodied insects, based on

their molar shearing potential (Gunnell 1989). Gunnell

(1989) also argued that the larger species were probably

omnivorous, while it is more likely that the small-bodied

species of microsyopids were insectivorous. Previously,

Szalay (1969) had suggested that microsyopids were

F IG . 1 . Superior (left) and mesial (right) aspects of the lower

central incisor of Arctodontomys wilsoni (USGS 23806, 46 m

from base of section). Scale bar represents 1 mm.
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generally frugivorous–omnivorous, probably consuming

leaves or soft fruits based on wear patterns of the incisors.

Although these authors disagreed to some degree on the

food items they thought were preponderant in microsy-

opid diets, they were in basic alignment in considering

members of the group to be omnivores consuming signif-

icant amounts of fruit. However, very little is known

about how dietary patterns vary within the family, either

between species or over time. The dietary patterns of the

southern BHB microsyopines are of particular interest as

the species in this lineage are well-represented over a

significant stretch of time; specifically, based on average

sediment accumulation rate between the PETM (0 m,

56.33 Ma) and the base of C24n.3n palaeomagnetic chron

(455 m, 53.57 Ma) (Tsukui & Clyde 2012), the amount

of time under consideration here is approximately 2.5

million years.

Gunnell (1989) examined microsyopid turnover before

and after Biohorizon A and noted that Arctodontomys wil-

soni was present before Biohorizon A, whereas A. nuptus

and M. angustidens occur after the biohorizon event.

Gunnell (1989) found that A. nuptus was replaced by

M. angustidens and this replacement is either due to

Arctodontomys giving rise to Microsyops or Microsyops

immigrating to the area and replacing Arctodontomys.

Gunnell (1989) favoured the latter explanation given that

other taxa such as perissodactyls and euprimates immigrated

into the area after Biohorizon A. However, there are clear

gaps in the sample included in his analysis, especially dur-

ing the biohorizon event, meaning that Gunnell (1989)

could not make any inference as to how changes through

time matched up with this period of turnover. Moreover,

his analysis lacked the recently discovered intermediate fos-

sil, which suggests that A. nuptus gave rise to M. angusti-

dens (Silcox et al. 2014, 2021) (Fig. 3). In the following,

we examine three species of microsyopine microsyopid

from the southern Bighorn Basin of Wyoming that are

known from before, during, and/or after Biohorizon A

(Table 1). The earliest species of microsyopine known

from the Southern Bighorn Basin, A. wilsoni, appears dur-

ing the earliest Wasatchian North American Land Mammal

Age (NALMA; Wa0) (Rose et al. 2012; Fig. 4) and is dis-

tinguished from the other included species in having a

relatively simple lower fourth premolar (P4) that lacks a

metaconid, and by its absolutely smaller dental dimensions

(Szalay 1969; Gunnell 1985). Arctodontomys wilsoni persists

until around 212 m from the base of the Willwood Forma-

tion, Southern Bighorn Basin section (Bown et al. 1994b).

The second species included in our analysis, A. nuptus,

appears at around 190 m and is distinguished from A. wil-

soni by being significantly larger and in having a more

robust P4 protoconid (Silcox et al. 2021). Arctodontomys

nuptus persists until around 260 m when it apparently

evolved into the third species included in our analysis,

F IG . 2 . Bighorn Basin temperature and soil records. A, mean annual temperature from leaf margins and oxygen isotope ratios of

mammal dental enamel (Coryphodon) and fish scales (gar). B, meteoric water oxygen isotopes from soil hematites. C, soil temperature

from carbonate clumped carbon isotopes. D, conventional soil carbonate carbon isotopes. Leaf margin analysis applies the present-day

linear correlation between the proportion of untoothed leaves and MAT to fossil floras. Oxygen isotopes reflect the temperature and

isotopic composition of the (soil or body) water in which the mineral formed, relying on the present-day correlation between meteoric

water δ18O and environmental temperature. Conventional carbon isotopes reflect patterns in global carbon cycling. Soil carbonate

clumped carbon isotopes provide a direct measure of soil temperature at the time of carbonate mineralization, which in most climates

occurs during the warmest part of the year. Stratigraphic levels of data from the northern Bighorn Basin (Fricke & Wing 2004; part of

Bao et al. 1999; Snell et al. 2013) are approximated to the southern Bighorn Basin section. Biozones, metre level (ML), and age esti-

mate in millions of years (Ma) are indicated. Wa, Wasatchian biozone.
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Microsyops angustidens. As discussed later, A. nuptus does

briefly reappear in the section, after a roughly 60 m gap

above the first appearance of M. angustidens. Microsyops

angustidens is distinguished based on the morphology of

the P4, which is characterized by a well-developed metaconid

but no hypoconulid.

Here, we present the first analysis of microsyopid den-

tal topography as a means to examine dietary change over

time. We also estimate the body mass for the included

species as it may be relevant to predicting their diet. We

also consider the climatic data that are currently available

to examine if changes in dental topography and therefore

diet might reflect changes to the local climate. We predict

that: (1) the molars of microsyopines will generally be

like those of extant omnivorous euarchontans based on

inferences from the earlier analyses of Szalay (1969) and

Gunnell (1989). Changes to local climate in the BHB may

have led to changes in the availability of foods that these

taxa relied on. In particular, a changing climate may have

had an effect on the variety and availability of fruit and

insects, which were likely staples of microsyopid diet.

Changes to levels of seasonality during these periods of

climatic flux may have also been a factor driving dietary

change, with fallback foods becoming more or less impor-

tant over time. Therefore, we predict that: (2) the climatic

shift at Biohorizon A will be associated with a change in

diet among the microsyopines that appear before, during,

and immediately after the biohorizon event. With the

differences in P4 morphology among earlier and later

occurring taxa in our sample, we predict that: (3) species

will differ in diet as well. To date, there has not been any

test of dietary change within any single species over time

using DTA, therefore we will also be testing if there is

any change within any of the species we include. To that

end, we predict that: (4) the specimens of A. nuptus

that come from during the biohorizon event will be char-

acterized by a different pattern of dental morphology

than those specimens that come from before and after

Biohorizon A.

Dietary change is considered one of the prime movers

for the evolution of the order Primates (e.g. Sussman &

F IG . 3 . Micro-CT renderings of,

from left: Arctodontomys wilsoni

(DMNH EVP 91287, 160 m),

A. nuptus (USNM 521438, 250 m),

an intermediate specimen of A. nup-

tus/Microsyops angustidens (USNM

540280, 262 m) and M. angustidens

(USNM 540246, 260 m). The solid

arrow denotes a developing meta-

conid on the P4, whereas the dashed

arrow denotes a fully developed P4
metaconid.

TABLE 1 . List of taxa and metre levels represented in the fol-

lowing analysis.

Species N P4 M2 Metre level

Arctodontomys wilsoni 40 18 22 0–190
Arctodontomys nuptus 12 7 5 190–332*
A. nuptus/M. angustidens

Intermediate

1 1 – 262

A. nuptus/M. angustidens 9 – 9 261*–354
Microsyops angustidens 21 8 13 260–414

N, total number of specimens is given; divided into the number

of P4 and M2 specimens.

*This value is a midpoint (or mean) for a stratigraphic range.
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Raven 1978; Sussman 1991; Barton 1998; Sussman et al.

2013). The following analysis will therefore help to con-

textualize how climate and diet interacted in an early pri-

mate lineage and will provide insights into the factors

that shaped the ecology of early members of Primates.

Institutional abbreviations. DMNH, Denver Museum of Nature

and Science, Denver, Colorado, USA; DPC, Duke University Fossil

Primate Collection, Durham, North Carolina, USA; USGS, United

States Geological Survey, Denver (collections now at USNM),

USA; USNM, Department of Paleobiology, National Museum of

Natural History, Smithsonian Institution, Washington, DC, USA;

UW, Collection of Fossil Vertebrates, University of Wyoming, Lar-

amie, USA; YPM, Yale Peabody Museum, Yale University, New

Haven, CT, USA.

MATERIAL

Analyses were based on specimens collected over the

course of a more than fifty-year field project in the south-

ern Bighorn Basin, co-led by Drs Kenneth D. Rose, Tho-

mas M. Bown, and (more recently) Amy E. Chew. All the

material studied here can be situated in the stratigraphic

context described in Bown et al. (1994a), allowing for the

study of change over geological time. Locality and metre

level data (measured from the base of the Willwood For-

mation) is included in Selig et al. (2020a, table S1).

Body mass estimates

Body mass has been cited as an important predictor of

diet, as small-bodied animals with higher metabolic rates

require high energy, protein-rich foods such as insects,

whereas large-bodied animals with slower metabolic rates

can subsist on lower energy foods such as leaves (Kay

1975; Gunnell 1989). Kay (1975) noted that among pri-

mates, taxa under 500 g were primarily insectivorous,

whereas those taxa above this body mass were primar-

ily frugivorous or folivorous, a boundary recognized for-

mally as Kay’s Threshold (Gingerich et al. 1982). Gunnell

(1989) provided a body mass estimate for the smallest

microsyopine in our sample, A. wilsoni, using the equa-

tion provided by Gingerich et al. (1982), and suggested

that this species was just below Kay’s Threshold at 485 g

(n = 16). Although dental topographic metrics can distin-

guish between most dietary guilds, particularly between

frugivores and insectivores/folivores (Boyer 2008; Bunn

et al. 2011), metrics such as relief index and orientation

patch count rotated (see below for detailed discussion

about these metrics) are less sensitive to the differences in

dental morphology between insectivores and folivores

(Boyer 2008; Bunn et al. 2011). Therefore, body mass is

commonly used to distinguish between the larger foli-

vores and smaller insectivores. Consequently, our inclu-

sion of body mass estimates will help to reconstruct the

diet of microsyopids.

Specimens included in the body mass estimates are listed

in Selig et al. (2020a, table S1). Estimates were calculated

using two equations (see Method, below). The Conroy

(1987) equation requires the dimensions of the first lower

molar (M1,) whereas Gingerich et al. (1982) provided

equations for multiple teeth. Therefore, we measured the

buccolingual width and mesiodistal length of the M1 for

a large sample of specimens (n = 111) so that we can

provide body mass estimates using both equations.

F IG . 4 . Temporal ranges for each

taxon included in the analysis.

Micro-CT renderings showing the

occlusal view of the lower fourth

premolar of Arctodontomys wilsoni

(UW 7112, 70 m), A. nuptus

(USNM 533678, 190 m), and

Microsyops angustidens (DPC 1392,

378 m). Biozones, metre level (ML),

and age estimate in millions of years

(Ma) are indicated. Scale bar repre-

sents 1 mm.
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Dental topographic analysis

The taxa and specimens included in the dental topo-

graphic analysis are summarized in Table 1 and Selig

et al. (2020a, tables S2, S4). Only specimens where dental

wear was minimal were chosen for analysis. Specimens

characterized by exposed dentine within the occlusal basin

were excluded from analysis. Because A. nuptus and

M. angustidens can only be distinguished on the basis of

P4 morphology, specimens that possess a second lower

molar (M2) but lack a P4 were included but were consid-

ered as ‘A. nuptus/M. angustidens’ in our analyses. Speci-

mens outside the known temporal range of A. nuptus and

above 364 m from the bottom of the section, were con-

sidered to be M. angustidens. It is worth noting that the

sample of microsyopids from higher in the stratigraphic

section is very large (>1000 specimens) so the absence of

specimens with the P4 morphology of A. nuptus probably

represents a real disappearance of this taxon.

The sample is composed of 82 specimens, of which 39

represent A. wilsoni, 12 represent A. nuptus, 9 represent

‘A. nuptus/M. angustidens’, 21 represent M. angustidens,

and one P4 represents an intermediate between A. nuptus

and M. angustidens (Silcox et al. 2021) (Table 1). Infor-

mation on the metre levels represented in the analysis are

also presented in Table 1.

METHOD

Body mass estimates

Molar buccolingual width and mesiodistal length (molar

area as the product of width × length) were measured

using digital calipers on the fossil specimens. We esti-

mated body mass following the equation of Gingerich

et al. (1982):

BodyMass¼ 50:40�ðM1AreaÞ1:31

Some have criticized the body mass regression pro-

duced by Gingerich et al. (1982) as their sample includes

a preponderance of large-bodied anthropoids, so that

their equation tends to overestimate the body mass of

smaller primates (Conroy 1987). We therefore estimated

body mass following a second equation as well, that of

Conroy (1987), who considered a large number of living

primates with a broad sample of body masses comprising

numerous small-bodied taxa. Although Conroy (1987)

did provide regressions for subsamples of his dataset, we

used the ‘All Primate’ equation as no one subset of living

primates provides a clearly more appropriate comparative

sample for plesiadapiforms. The Conroy (1987) equa-

tion is:

loge BodyMass¼ 1:784 loge M1 Areaþ2:54

Dental topographic analysis

To explore patterns of morphology related to species

turnover and dietary change, we employ dental topo-

graphic analysis (DTA), which is a suite of methods that

quantify various aspects of the occlusal surface as it

relates to different functional properties of the teeth.

These metrics have been shown to covary with dietary

guilds within extant taxa (e.g. Evans et al. 2007; Boyer

2008; Bunn et al. 2011; Ledogar et al. 2013; Winchester et

al. 2014; Selig et al. 2019). These methods also provide a

means to address questions of dental variation through

time in extinct taxa (Boyer et al. 2010; Prufrock et al.

2016a, b; López-Torres et al. 2018). Dental topographic

metrics have previously been applied to the study of ple-

siadapiform taxa to address dietary niche competition

between plesiadapoid plesiadapiforms and early rodents

(Prufrock et al. 2016a, b), and to examine differences in

diet among plesiadapids (Boyer et al. 2010) and paro-

momyids (López-Torres et al. 2018). In most cases, the

M2 is used in DTA to infer patterns of diet (e.g. Boyer

2008; Bunn et al. 2011; Godfrey et al. 2012; Winchester

et al. 2014; Prufrock et al. 2016a; Winchester 2016;

Berthaume et al. 2018). However, the P4 is commonly a

diagnostic tooth among plesiadapiforms (including microsy-

opids) and as such the P4 may be included in topographic

analyses to examine shape change among taxa to examine

evolutionary histories (e.g. Boyer et al. 2010; López-Torres

et al. 2018). The current study aims to look at both system-

atic and ecological changes. Therefore, the present analysis

includes both the P4 and the M2 for the included taxa.

There are several topographic metrics that appear in the

literature (e.g. Ungar & M’Kirera 2003; Ungar 2004; Evans

et al. 2007; Boyer 2008; Bunn et al. 2011; Guy et al. 2015;

Winchester 2016; Thiery et al. 2017; Berthaume et al.

2019). Three of the most widely used are Dirichlet normal

energy (DNE), orientation patch count (OPC), and relief

index (RFI). Dirichlet normal energy measures the curva-

ture of a surface, or the deviation of a surface from being

planar (Bunn et al. 2011). Therefore, this metric is consid-

ered to reflect the slicing and shearing ability of a tooth

(Bunn et al. 2011). Teeth with sharper curves, cusps and

crests, which therefore exhibit more deviation from being

planar, will have higher DNE values.

Orientation patch count is a measure of surface com-

plexity, which is calculated as the number of faces on a

surface that are oriented in different directions (Evans

et al. 2007; Winchester 2016). If enough adjacent polygons

within a given face or patch begin to change direction as

per the eight cardinal directions, it constitutes a new patch,

and therefore surfaces with greater complexity will have a
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higher number of patches. In terms of the dentition, teeth

with more crests, cusps, and crenulations will have a higher

patch count. This is related to the processing of more

mechanically challenging foodstuffs that require greater

oral processing to effectively break down food components,

such as the structural carbohydrates in leaves or the chiti-

nous exoskeletons of insects. Orientation patch count

rotated (OPCR) is derived from OPC, but during the cal-

culation of the patch number for a given surface, the mesh

makes a set number of rotations to account for variation

on the z-axis (Winchester 2016). The number of patches

for a surface is therefore the mean number of patches mea-

sured on each rotation. Three-dimensional orientation

patch count rotated (3D-OPCR), which is the metric used

in the present analysis, measures surface complexity on

fully three-dimensional surface renderings. Therefore, more

variation in the occlusal surface can be captured, as OPC

and OPCR only measure complexity on 2.5 dimensional

data (Evans et al. 2007; Winchester 2016). As such, 3D-

OPCR values cannot be compared directly with values cal-

culated with other versions of OPC, as they capture com-

plexity on surface renderings with different dimensionality

(see Winchester 2016).

The relief index (M’Kirera & Ungar 2003; Ungar &

M’Kirera 2003; Boyer 2008) measures relative crown

height and is calculated as the ratio between the three-

dimensional area of the crown and its two-dimensional

footprint (M’Kirera & Ungar 2003; Ungar & M’Kirera

2003), or as the natural log of the square root of the

three-dimensional area of the crown, divided by its two-

dimensional footprint (Boyer 2008). As most analyses

that provide relevant comparative context for the current

study use the latter calculation (Boyer et al. 2010; Pru-

frock et al. 2016a; López-Torres et al. 2018), we follow

Boyer (2008) in our calculation of RFI. The relief index

acts as a relative measure of hypsodonty, as relatively tal-

ler teeth will have higher RFI. Tall teeth are reflective of

abrasive diets or those diets that are require greater oral

processing before swallowing, as in the case of extant

insectivorous and folivorous euarchontans (Boyer 2008).

Frugivorous euarchontans have teeth that are compara-

tively lower-crowned and therefore characterized by

lower RFI values (Boyer 2008). Whereas previous studies

have made use of DTA to explore patterns of functional

dental morphology in samples of plesiadapiforms (Boyer

et al. 2010; Prufrock et al. 2016a; López-Torres et al.

2018), microsyopid dental topography has yet to be

addressed in the literature. It should be noted that

Winchester et al. (2014) suggest that there is a potential

phylogenetic effect in the ability of RFI to accurately pre-

dict diet. Therefore, comparisons between living and

extinct taxa such a those made below may be partially

obscured by phylogeny. We have focused our compar-

isons on the taxa inferred to be most closely related to

the extinct group in question to control for this factor

to the greatest degree possible.

Specimens were scanned on a Nikon XTH 225 ST

high-resolution x-ray CT scanner at the Shared Materials

Instrumentation Facility (SMIF) at Duke University.

Voxel sizes of the included specimens range from 5.4 to

22.8 microns. Micro-CT reconstructions were rendered in

Avizo 9.01 (Visualization Sciences Group 2009) and the

M2 and P4 were segmented to remove adjacent teeth.

Once segmented, meshes were cropped along the cervix

of the tooth to isolate the chewing surface (Bunn et al.

2011), and were simplified to 10 000 faces and smoothed

100 iterations with the lambda at 0.6 in Avizo to reduce

noise following Bunn et al. (2011). The meshes were

opened in MorphoTester v. 1.1.1, which measures DNE,

3D-OPCR, and RFI (Winchester 2016). The default set-

tings were used in the calculation of DNE, with implicit

fairing disabled and outlier removal percentile set at

99.9%, whereas the minimum patch size for 3D-OPCR

was set to 5 polygons following Winchester (2016).

Statistical analyses

All statistical analyses were performed in PAST v. 4.02

(Hammer et al. 2001). We use the multivariate analysis of

variance (MANOVA) of the dental topographic variables to

examine if functional morphology differs between species

overall and we used the post hoc Bonferroni-corrected

pairwise Hotelling’s test to examine where differences lie

between each species. We use a Bonferroni corrected pair-

wise Mann–Whitney U test to identify where differences

lie among each of our taxa based on each individual met-

ric to further examine how functional morphology differs

and to determine which metrics are driving those differ-

ences. We also use the Mann–Whitney U test to identify

differences in body mass between each species. We use

the Mann–Kendall test to determine if there are any sig-

nificant trends in the topographic data for both the M2

and the P4. We examine trends in specimens of A. wilsoni

and M. angustidens, but because of the small sample, we

could not test for trends in the dental topography of

A. nuptus. However, we pooled all the specimens that

came after the beginning of Biohorizon A to test for more

general trends in specimens from before (i.e. A. wilsoni)

and after (all other specimens) the biohorizon event and

we pooled all specimens included in the dataset to exam-

ine trends in the sample overall. Finally, we ran Mann–
Kendall trend tests to test for any trends in body size

using body mass equations among each taxon and for the

whole sample. In the event of a metre level being repre-

sented by more than one specimen, the mean topographic

values and mean body mass values were calculated and

used in the Mann–Kendall tests. Topographic data were
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also Z-score transformed such that each metric (which

are of differing scales) can be plotted more easily to view

trends over time (see below).

RESULTS

Body mass estimates

Results of the estimation of body mass are presented in

Table 2 and Selig et al. (2020a, table S2). According to the

Gingerich et al. (1982) equation, mean body mass for all

three taxa is above Kay’s Threshold. Some specimens of A.

wilsoni are below Kay’s Threshold (Fig. 5), however, the

mean body mass estimate for this taxon is 553.51 g (SD =
93.15 g). The specimens of A. nuptus, A. nuptus/M. an-

gustidens and M. angustidens yield body mass estimates

that average above a kilogramme. According to the Conroy

(1987) equation, mean body mass estimates for the

included taxa are lower. For example, the mean body mass

of A. wilsoni is below Kay’s Threshold at 349.09 g (SD =
71.72 g). However, the later occurring taxa are all above

Kay’s Threshold in their average body mass. Some speci-

mens of A. nuptus/M. angustidens and M. angustidens do

sit below Kay’s Threshold (Fig. 5), however, no specimens

of A. nuptus are below 500 g. Over time, microsyopids do

get statistically larger according to the Mann–Kendall test
(Selig et al. 2020a, table S3), mainly associated with the

transition from A. wilsoni to A. nuptus; otherwise changes

in body mass are not as clear as those in dental topogra-

phy (see below). Within species, the only statistically sig-

nificant trend in body mass is that A. wilsoni becomes

significantly larger over time. While not significant (Selig

et al. 2020a, table S3), A. nuptus experienced a slight reduc-

tion in mean body mass through time. According to the

Gingerich et al. (1982) equation, A. nuptus weighed on aver-

age 1145.01 g during the biohorizon event and 986.23 g

after. As per Conroy (1987), the mean body mass of A. nup-

tus dropped from 831.99 to 696.29 g. However, the appar-

ent difference in body mass between specimens of A. nuptus

from during and after the Biohorizon event is not statisti-

cally significant for the Gingerich et al. (1982) equation

(U = 9, p = 0.53) nor the Conroy (1987) equation (U = 5,

p = 0.14) based on the Mann–Whitney U.

Dental topographic analysis of the lower second molar

Results of the DTA based on the M2 are presented in

Table 3 and in Figure 6. Bunn et al. (2011) found that

extant insectivores have a mean DNE of 274.92 and range

from a mean of 290.26 for Arctocebus calabarensis and

250.34 for Loris, whereas folivores have a mean of 221.77,

ranging from a mean of 318.53 for Cynocephalus and

172.67 for Indri indri. In contrast, frugivores have a mean

DNE of 125.46 and range from a mean of 160.27 for

Varecia spp. and 75.89 in Daubentonia. All taxa in the

current analysis sit within the range of extant insectivores

and folivores according to DNE, although mean values

for each group are lower than the mean for extant insec-

tivorous taxa. Arctodontomys nuptus has the lowest mean

DNE of 227.31 (SD = 34.78), which is closer to the foliv-

orous and omnivorous means than to the insectivorous

mean identified by Bunn et al. (2011), (221.77, 181.63

and 274.92 respectively), which is a pattern in line with

our first prediction.

Comparisons to the data of Bunn et al. (2011) cannot be

made with respect to their measurement of OPCR as this

metric cannot be directly compared with 3D-OPCR (see

above). Generally, there is very little difference in mean

3D-OPCR values among our groups (Fig. 6). The only

major difference is in the mean values of specimens of

A. nuptus from before (which have slightly lower values)

and after (which have slightly higher values) Biohorizon A.

However, even a difference of 10 patches probably does not

reflect any adaptively significant difference in levels of com-

plexity exhibited by these groups (see Winchester 2016).

Extant insectivores have a mean RFI of 0.600 according

to Bunn et al. (2011), and range from 0.639 in Tupaia

spp. and 0.566 in Tarsius spp. This is higher than the

mean for any taxon in the present analysis, with A. wil-

soni characterized by the highest RFI (0.514, SD = 0.025)

and A. nuptus with the lowest (0.460, SD = 0.036). These

values are within the range of the extant folivores (0.632

TABLE 2 . Results of the measurement of body mass following Gingerich et al. (1982) and Conroy (1987).

M1 body mass estimate Gingerich et al. (1982) Conroy (1987)

Mean (g) SD Coeff. var Mean (g) SD Coeff. var

A. wilsoni (n = 47) 553.51 93.15 16.83 349.09 71.72 20.55

A. nuptus (n = 10) 1065.62 152.67 14.33 764.14 129.96 17.01

A. nuptus/M. angustidens (n = 26) 1161.37 233.21 20.08 849.00 204.91 24.14

M. angustidens (n = 28) 1078.93 207.10 19.20 777.15 177.36 22.82

Mean mass estimates (in g) with standard deviations (SD) and coefficients of variation (Coeff. Var).
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(Cynocephalus) − 0.473 (I. indri)) and omnivores (0.532

(Tupaia minor) − 0.471 (Mirza coquereli)), which have an

average RFI of 0.532 and 0.488, respectively (Bunn et al.

2011). Extant frugivores range have a mean RFI of 0.401

and range from 0.345 (Cheirogaleus spp.) to 0.457 (Perod-

icticus potto). The specimens of A. nuptus from during

the biohorizon event have values that are closer to the

frugivorous mean (Fig. 6).

The MANOVA shows that there are significant differences

between the four groups in terms of M2 morphology

(Wilks’ λ = 0.5663, p = 0.0033; note that the small num-

ber of specimens precludes separating the A. nuptus sam-

ple for this test), in line with our third prediction. The

Bonferroni-corrected pairwise Hotelling’s test shows that

A. wilsoni differs significantly from A. nuptus (p = 0.0014),

whereas no other groups are significantly different from

one another (Table 4). Results of the pairwise Mann–Whitney

U tests are presented in Table 5. There are very few signifi-

cant differences among each taxon based on each metric.

The only significant differences are between A. wilsoni and

A. nuptus, and A. wilsoni and M. angustidens based on the

measurement of RFI.

Results of the DTA have also been graphed by metre

level to examine change over time (Figs 7, 8). The earliest

specimens of A. wilsoni have low values for DNE, which

increase steadily over time. The Mann–Kendall test sug-

gests that this is a significant increasing trend over time

(Table 6). By the time A. wilsoni is replaced during the

Biohorizon A event, specimens with calculated DNE val-

ues as high as 320.55 (USNM 533657) occur, which is

well within the upper range of extant insectivores and

higher than most folivores described by Bunn et al. (2011)

F IG . 5 . Graph showing the body

mass estimates for the included taxa

based on: A, the Gingerich et al.

(1982) equation; B, the Conroy

(1987) equation. Kay’s Threshold is

demarcated at 500 g.
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(Figs 7, 8). When A. nuptus appears in the stratigraphic

section, it is characterized by lower DNE values, much

more like those of the earliest specimens of A. wilsoni

(Table 5) and closer to the range of extant omnivores,

though not within their range (Bunn et al. 2011). After the

biohorizon event, A. nuptus exhibits an increase in DNE

values, with all specimens occurring after the event charac-

terized by DNE values that are higher than any of those

from during the event (Fig. 9), a pattern in line with our

second and fourth predictions. The DNE values of A. nup-

tus/M. angustidens and M. angustidens are very similar to

those of the post-biohorizon event specimens of A. nuptus,

whereby taxa have values that are more consistent with

insectivorous/folivorous diets. There are no significant

trends in DNE in M. angustidens or the entire sample of

specimens from after the beginning of Biohorizon A.

Finally, there are no significant trends in DNE for the

pooled sample (Table 6).

The pattern for 3D-OPCR is very similar to that of

DNE, wherein A. wilsoni shows an increase in complexity

over time, with the later occurring specimens generally

showing higher complexity than the earlier occurring

specimens; although, this increasing trend is not as clear

as in the case of DNE it is also significant as per the

Mann–Kendall test (Table 6). When A. nuptus replaces A.

wilsoni during the latter half of the biohorizon event, it

has a mean 3D-OPCR that is lower than the more recent

specimens of A. wilsoni and more like that of the earliest

occurring specimens of A. wilsoni. After the Biohorizon A

event, A. nuptus shows an increase in 3D-OPCR. Over

time, mean 3D-OPCR slowly decreases from post-biohorizon

A. nuptus to M. angustidens (Figs 7, 8). However, this slow

decrease is not significant according to the Mann–Kendall
trend test of all specimens from after the beginning of Bio-

horizon A. Moreover, there are no trends in the 3D-OPCR

data for the pooled sample of specimens (Table 6).

With respect to RFI, the trends noted above are not as

clear in A. wilsoni. The earlier occurring specimens do

not generally have lower RFI than do the later occurring

specimens. Neither A. wilsoni, M. angustidens, nor all

specimens from after the beginning of Biohorizon A show

any significant trends as per the Mann–Kendall tests

(Table 6). What remains consistent is that mean RFI for

A. nuptus when it replaces A. wilsoni during the biohori-

zon event is much lower than any of the earlier occurring

specimens (Figs 7, 8). After the Biohorizon A event, the

remaining specimens of A. nuptus show an increase in

RFI, back to values similar to the mean for A. wilsoni

before Biohorizon A (Fig. 7). From there, RFI remains

relatively constant among specimens of post-biohorizon

A. nuptus, A. nuptus/M. angustidens and M. angustidens.

However, we do see a significant trend of RFI decreasing

in the pooled sample of all microsyopids included in the

analysis (Table 6).T
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Dental topographic analysis of the fourth premolar

Results of the dental topographic analysis of the P4 are

presented in Table 3 and Figure 6. Because the interme-

diate between A. nuptus/M. angustidens is represented

by a single specimen, it could not be included in the

MANOVA. The MANOVA shows that there are significant

differences between the three species in terms of P4 mor-

phology (Wilks’ λ = 0.2739, p < 0.001). The Bonferroni-

corrected pairwise Hotelling’s test shows that all three

F IG . 6 . Box plots showing the results of the measurement of Dirichlet normal energy (DNE) three-dimensional orientation patch

count rotated (3D-OPCR), and relief index (RFI) of the M2 (left) and the P4 (right). Note that the specimens of Arctodontomys nuptus

are subdivided into those specimens that occurred during Biohorizon A, and those that appeared after the climatic event. Arrows show

the mean values reported by Bunn et al. (2011) for each dietary guild. The mean RFI value of the extant insectivores as reported by

Bunn et al. (2011) is 0.60, which exceeds the range for the taxa included in this analysis. In each plot: x denotes the mean; circles rep-

resent individual specimens in the analysis (with the exception of specimens at the median point and the extremes of each whisker);

horizontal lines denote the median; boxes represent the upper and lower quartiles; and whiskers denote the highest and lowest values

for each variable.
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taxa differ significantly from one another based on a

combination of all three metrics (Table 7). As in the

case of the M2, the pairwise Mann–Whitney U does not

show many significant differences among taxa based

on each metric (Table 5). The only significant differ-

ences are between A. wilsoni and M. angustidens based

on the measurement of 3D-OPCR, and between A. wilsoni

and A. nuptus based on the measurement of RFI.

The lack of significant differences in the pairwise test

may be due to the conservative nature of the Bonferroni

correction.

Based on the values for DNE, P4 morphology remains

relatively stable over time. There are no clear shifts

associated with Biohorizon A (Fig. 8) and only a slight

trend towards an increase in premolar curvature over

time. Although no trends in DNE are significant for A.

wilsoni, A. angustidens or the post-Biohorizon A speci-

mens, DNE does increase significantly over time in the

sample including all microsyopids in our analysis (Table 8).

Also, the intermediate specimen, which shows an interme-

diate morphology between A. nuptus and M. angustidens

(Silcox et al. 2021), is characterized by a DNE far higher

than the mean for either taxon (Fig. 6).

There is a significant increase in complexity (3D-

OPCR) over time among all microsyopids analysed

(Table 8), largely associated with the higher complexity

values in the later occurring M. angustidens (Fig. 8); this

is not surprising given that the taxon is characterized by

an additional cusp. The decrease in complexity seen in

the M2 during Biohorizon A is not apparent in the mor-

phology of the P4. The specimens of A. nuptus that

appear after the biohorizon event do have a slightly

higher mean 3D-OPCR then that of those specimens that

appear during the event; however, this difference is small

(mean 3D-OPCR before Biohorizon A = 38.19, mean 3D-

OPCR before Biohorizon A = 41.21). As seen with DNE,

the intermediate specimen is also higher in terms of 3D-

OPCR and there are no significant trends in the 3D-

OPCR values for A. wilsoni, A. angustidens or the post-

Biohorizon A specimens (Table 8).

The relief index is the only metric where a similar pat-

tern to that of the M2 is observed in A. nuptus, with low

RFI values occurring during the biohorizon event

(Fig. 8), although there is one specimen with a higher,

more A. wilsoni-like RFI value for the P4. Although the

RFI of A. wilsoni does not change dramatically over

time, for the most part, the earliest specimens of A. nup-

tus have a lower RFI than the specimens of immediately

preceding A. wilsoni. In the specimens of A. nuptus that

appear after Biohorizon A, RFI increases slightly on

average and remains relatively stable into M. angustidens.

The trend through time, however, is for a slight decrease

in RFI from the earliest specimens of A. wilsoni to the

latest specimens of M. angustidens. The intermediate

specimen shows a much lower RFI than any values mea-

sured for either A. nuptus or M. angustidens (Figs 6, 8).

Two specimens of A. nuptus that occur after a 60 m gap

in the section were included in the analysis of P4 topog-

raphy (see above). These specimens are characterized by

a P4 topography much like that of other contemporane-

ous specimens. As with the other metrics, we see no sig-

nificant trends as per the Mann–Kendall tests for

specimens of A. wilsoni, M. angustidens, or all specimens

that come after the beginning of Biohorizon A, however,

the entire sample is characterized by a significant

decrease in RFI over time (Table 8).

TABLE 4 . Results of the post hoc Bonferroni-corrected pairwise Hotelling’s test for the DTA of the M2.

Pairwise Hoteling’s (M2) Arctodontomys

wilsoni

A. nuptus A. nuptus/Microsyops

angustidens

M. angustidens

A. wilsoni – 0.0010 0.1452 0.0381

A. nuptus – 0.0925 0.1744

A. nuptus/M. angustidens – 0.3515

M. angustidens –

Significant p-value in bold; α = 0.05.

TABLE 5 . Results of the Bonferroni-corrected pairwise Mann–
Whitney U test for differences among species based on each

topographic metric.

Species DNE 3D-OPCR RFI

Lower second molar

AW v AN 0.4110 1 0.0377

AW v MA 0.2603 1 0.0342

AW v AN/MA 1 1 0.179

AN v MA 1 1 0.6885

AN v AN/MA 0.4982 1 0.6576

MA v AN/MA 0.1166 0.7971 1

Lower fourth premolar

AW v AN 0.5198 0.2536 0.0212

AW v MA 0.0634 0.0008 0.1998

AN v MA 1 0.2185 0.8135

AN, Arctodontomys nuptus; AN/MA, Arctodontomys nuptus/Microsyops

angustidens; AW, Arctodontomys wilsoni; MA, Microsyops angusti-

dens; significant p-values in bold; α = 0.05.
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DISCUSSION

Gunnell (1989) measured microsyopid body mass and

found that most were very near or above Kay’s Threshold,

indicating that they should be folivorous. As in Gunnell

(1989), our estimates of body mass suggest that most of

our sampled microsyopine microsyopids are above Kay’s

Threshold, with A. wilsoni at or mostly below the thresh-

old depending on which body mass estimation equation is

used, and the other taxa sitting above Kay’s Threshold

according to both equations. The specimens of A. nuptus

sampled from within Biohorizon A are on average slightly

larger (though not significantly so) than those that appear

after the event. The increase in lineage body mass from A.

wilsoni to A. nuptus could be related to a decrease in the

consumption of insects as the topographic values of the

M2 do suggest that Biohorizon A specimens of A. nuptus

were better adapted to the consumption of fruit. The

small sample sizes of A. nuptus (and other taxa associated

with Biohorizon A), along with the lack of palaeoclimate

estimates from within the Biohorizon A event preclude

further assessment of the direct impact of climate change

on the body mass of this taxon.

Microsyopine microsyopids are characterized by very

bowl-shaped molars, with angled blades that are likely to

have retained particles of food in the occlusal basin dur-

ing mastication (Fig. 9). Compared to folivores, insecti-

vores tend to have more angled blades on the molars for

the purposes of food retention, as having a concave

occlusal surface makes retaining insects between the

blades easier during food breakdown (Lucas & Luke 1984;

Strait 1997). Our results suggest that microsyopids have

highly curved (high DNE) molars compared to modern

euarchontans, consistent with their prominent shearing

blades. Gunnell (1989) suggested that microsyopids were

probably insectivorous based on their prominent shearing

crests, which he argued are like those of other insectivo-

rous mammals. Moreover, Kay’s (1975) sample included

only extant primates, therefore, Gunnell (1989) argued

that it may be inappropriate to use the 500 g cut-off to

explain the diet of a stem primate. Gunnell (1989) noted

that there are several extant non-primate insectivores that

are above Kay’s Threshold, such as the tenrec, which can

weigh over 1500 g, accommodating this higher body mass

through a range of different adaptive complexes. Gunnell

(1989) therefore suggested that the cut-off between insec-

tivores and non-insectivores should be closer to 1500–1600 g,

particularly when dental morphology suggests that a par-

ticular species consumes insects. Certainly, throughout

their evolution, primates have existed in a range of com-

petitive environments which have caused this boundary

to shift. As it stands, relevant dental topographic data

for mammalian taxa outside Primates that could serve as

models for plesiadapiforms are limited. In the absence of

such data, it is difficult to determine if microsyopids

were incorporating insects, leaves or some combination

thereof into their diet. We can say that those specimens

which sit at the lower end of the ranges for each metric

probably incorporated more fruit (i.e. less foliage/insect

material) than those that have higher DNE, 3D-OPCR

F IG . 7 . Three-point averages of Z-

score transformed values for Dirich-

let normal energy (DNE), three-

dimensional orientation patch count

rotated (3D-OPCR), and relief

index (RFI) of the M2 demonstrat-

ing change over time. Both body

mass estimate equations are

included as three-point averages. As

dental topographic values decrease,

we infer an increase in fruit con-

sumption, which is most notable at

the beginning of Biohorizon A (de-

marcated as a grey bar).
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and RFI values; based on this, an apparent increase in

fruit consumption is most striking at Biohorizon A.

Ultimately, our results suggest that microsyopine microsy-

opids are characterized by an M2 topography similar to

that of extant insectivores/folivores based on DNE and

similar to that of extant folivores/omnivores based on RFI,

from comparisons with values from Bunn et al. (2011).

However, characterizing the dietary patterns of microsy-

opids in such a broad context masks some very important

variation within this family. For example, we found a

notable difference in dental topography between the latest

occurring specimens of A. wilsoni and the earliest occur-

ring specimens of A. nuptus. Our analysis indicates that

the former is much more insectivorous/folivorous than the

latter. These two species co-existed for a short period of

time and this difference in dental topography may reflect

niche partitioning between these two species. Moreover,

temporal trends are masked when only mean topography

F IG . 8 . Graphs showing Dirichlet normal energy (DNE), three-dimensional orientation patch count rotated (3D-OPCR) and relief

index (RFI) plotted against metre level to illustrate topographic change of the M2 (left) and the P4 (right) over time. Biohorizon A is

demarcated by dashed lines. Omnivorous (Om), folivorous (Fo), and insectivorous (In) arrows show the mean values reported by

Bunn et al. (2011) for each dietary guild.
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values are considered. For example, our analysis suggests

that A. wilsoni becomes better adapted to a diet of insects/

leaves over time, as does A. nuptus, whereas the diet of

M. angustidens remains relatively constant. Our results also

suggest that all the microsyopids we analysed showed a

reduction in M2 relief over time, suggesting that they may

have became more frugivorous overall.

There is also an important contrast between the speci-

mens of A. nuptus that appear during the biohorizon

event, and those that postdate it. During Biohorizon A,

A. nuptus have DTA values that suggest they were more

frugivorous, or at the very least they were less insectivo-

rous (n = 3; mean DNE = 204.45, mean 3D-OPCR =
58.17; mean RFI = 0.4349), whereas the specimens that

appear after the event are more like the later occurring

microsyopids in the sample, with DTA values that are con-

sistent with less frugivory or higher insectivory (n = 2;

mean DNE = 261.61, mean 3D-OPCR = 67.19; mean

RFI = 0.4987) (Figs 6–8). Although our samples for this

taxon are small, our results suggest that the dietary niche

of A. nuptus changed, probably as the result of environ-

mental changes related to the biohorizon event. There is

no evidence that A. wilsoni gave rise to A. nuptus, therefore

it is likely that A. nuptus immigrated into the area as or

soon after the temperatures dropped (Gunnell 1989; Silcox

et al. 2021). Could these results provide one potential

explanation as to why A. wilsoni may have gone extinct?

Could A. nuptus have successfully replaced A. wilsoni

because of its ability to adapt to changing local environ-

mental conditions?

If we consider higher DTA values to suggest a diet of

insectivory rather than folivory in the microsyopids, there

are some important climatic implications that may help

explain the potential benefit of increased frugivory during

a cooling event. Previous examination of fossilized plant

material recovered from the BHB found that as global

temperatures rose during the PETM, the rate and diver-

sity of insect damage on angiosperm leaves rose, and

when temperatures dropped following the PETM, the

TABLE 6 . Results of the Mann–Kendall trend tests for the M2.

DNE 3D-OPCR RFI

Arctodontomys wilsoni

p-value 0.0031 0.0285 0.9128

Trend? Increasing Increasing No trend

Microsyops angustidens

p-value 0.5334 0.8763 0.5334

Trend? No trend No trend No trend

Post-Biohorizon A

p-value 0.8796 0.9095 0.8202

Trend? No trend No trend No trend

Whole sample

P-value 0.5485 0.8204 0.0007

Trend? No trend No trend Decreasing

Note that where a metre level was represented by more than one

specimen, the mean topographic value was used. The post-

Biohorizon A specimens include all specimens of A. nuptus,

A. nuptus/M. angustidens and M. angustidens. Significant p-values

in bold; α = 0.05.

F IG . 9 . Topographic meshes

showing the measurement of

Dirichlet normal energy (DNE),

three-dimensional orientation patch

count rotated (3D-OPCR), and

relief index (RFI) of the M2 of: A,

the earliest (UW 8885); and B, the

latest (YPM 31378; mirrored)

occurring specimens of Arctodonto-

mys wilsoni. Scale bar represents

1 mm.
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rates of insect damage decreased (Currano et al. 2008).

Additionally, Smith (2008) found that insect damage rate

and diversity declined in periods of cooling in middle

Eocene deposits from the Green River Formation and

upper Eocene deposits in the Florissant Formation of

Colorado. This could indicate that insect populations also

dropped as temperatures cooled, meaning more highly

insectivorous mammalian taxa, such as A. wilsoni, may

have suffered as a result of a diminishing stock of insect

prey and competition from congeners who were less reli-

ant on an insectivorous diet. As A. nuptus was probably

more reliant on fruit, declining insect populations may

have been less problematic for this taxon, leading to their

survival during and after the biohorizon event. It should

be noted, however, that the seasonal availability of fruit

may have been an important factor in the potential com-

petition for food resources between species of Arctodonto-

mys. Fruit is not a guaranteed resource, meaning that both

taxa would probably have continued to partially rely on

other food sources such as insects.

Although the morphology of the P4 cannot be tied

directly to diet using DTA, previous studies have linked

changes in P4 morphology to evolutionary history for

various taxa (Boyer et al. 2010; López-Torres et al. 2018).

For example, López-Torres et al. (2018) examined the

premolar topography of a specimen of Phenacolemur

praecox, a specimen of P. fortior, and a specimen thought

to represent an intermediate to these two taxa. They

found that the intermediate specimen had a P4 RFI value

between that of P. praecox and P. fortior, which they

interpreted as supporting their model of evolution from

one species to the other. It has been hypothesized that

A. nuptus gave rise to M. angustidens based on the pres-

ence of a possible intermediate specimen exhibiting a par-

tially developed P4 metaconid (Fig. 4) (Silcox et al. 2021).

Our results show that the intermediate specimen is not

characterized by dental topographic values that are inter-

mediate between A. nuptus and M. angustidens; rather this

specimen has a higher DNE and 3D-OPCR, and a lower

RFI than most specimens included in the analysis. How-

ever, these results are consistent with what might be

expected of a specimen with a mosaic of features from

both taxa. For example, A. nuptus lacks a metaconid on

the P4 and instead has a crest on the lingual side of the

protoconid, whereas M. angustidens has a metaconid. The

intermediate specimen has remnants of the lingual crest

and has a partially developed metaconid, meaning it has

elements of both features. This could in part explain the

higher DNE and 3D-OPCR values for the intermediate

specimen, as having aspects of both features would pro-

duce higher curvature and complexity values. Moreover,

the intermediate specimen is characterized by a rather

strongly pronounced buccal cingulum on the P4, particu-

larly in the trigonid region, and a slightly more well-

developed paraconid compared to some specimens of

A. nuptus and M. angustidens (Fig. 4). As such, the values

for DNE and 3D-OPCR for the intermediate specimen

are comprehensible as deriving from its mosaic of traits

pertaining to both species.

Premolar molarization has previously been tied to an

increase in folivory in various taxa (Gingerich 1976; Van

Valen 1982; Jernvall et al. 2008; Boyer et al. 2010). Boyer

et al. (2010) found that plesiadapid premolars became

more complex and therefore more molarized over time,

which they hypothesized reflected an increase in folivory

within the lineage. The microsyopine microsyopids sam-

pled here do show an increase in premolar complexity

over time, with DNE and 3D-OPCR increasing signifi-

cantly over time. This trend is probably largely due to the

development of the metaconid in the later occurring

M. angustidens. This could support the notion that microsy-

opine microsyopids incorporated more foliage into their

diets over time, particularly the larger bodied, later occur-

ring taxa. Szalay (1969) and Gunnell (1989) noted that the

P4 of microsyopids generally become more molarized over

time, a view consistent with our findings, with molarization

continuing to increase in the later occurring M. latidens and

TABLE 7 . Results of the post hoc Bonferroni-corrected pair-

wise Hotelling’s test for the DTA of the P4.

Pairwise

Hoteling’s (P4)

Arctodontomys

wilsoni

Arctodontomys

nuptus

Microsyops

angustidens

A. wilsoni – 0.0250 <0.0001
A. nuptus – 0.0317

M. angustidens –

Significant p-values in bold; α = 0.05.

TABLE 8 . Results of the Mann–Kendall trend tests for the P4.

DNE 3D-OPCR RFI

Arctodontomys wilsoni

p-value 0.7603 0.4633 0.2464

Trend? No trend No trend No trend

Microsyops angustidens

p-value 0.5000 0.5000 0.1910

Trend? No trend No trend No trend

Post-Biohorizon A

p-value 0.5400 0.5400 0.0900

Trend? No trend No trend No trend

Whole sample

p-value 0.0120 0.0003 0.0194

Trend? Increasing Increasing Decreasing

Note that where a metre level was represented by more than one

specimen, the mean topographic value was used. The post-

Biohorizon A specimens include all specimens of A. nuptus and

M. angustidens. Significant p-values in bold; α = 0.05.
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beyond. However, the degree of molarization seen in these

taxa is not nearly as extreme as that seen in lineages of

large-bodied plesiadapids such as Plesiadapis cookei and

Platychoerops daubrei, which both far exceed Kay’s Thresh-

old (Conroy (1987) estimated that P. cookei was 4.7 kg and

Platychoerops daubrei was 2.8 kg based on the All Primate

equation) and have premolars that appear to be far more

highly molarized than the simpler premolars of microsy-

opines (see Boyer et al. 2010). So, if microsyopids were

incorporating foliage into their diet, it would seem to be to

a lesser degree than some derived plesiadapids.

Silcox et al. (2014, 2021) found that A. nuptus shows

evidence of a cladogenetic speciation event, which is rare

in the fossil record. There is evidence that A. nuptus

evolves into M. angustidens, however, specimens of

A. nuptus have been recovered from the Bighorn Basin

after more than a 60 m gap, which suggests that M. an-

gustidens branches off from A. nuptus, but members of

the ancestral population persist for quite some time after

the speciation event occurred (Silcox et al. 2021).

Although our analysis lacks any M2s for this later occur-

ring population, we were able to include two P4s repre-

senting later A. nuptus. Our results suggest that there is

some disparity in dental topography between these two

specimens, particularly in terms of DNE (USGS 7366:

DNE = 157.630; USGS 9683: DNE = 244.667), however,

the later occurring specimens of A. nuptus appear similar

in topography to other A. nuptus specimens included in

the analysis. For example, earlier occurring specimens of

A. nuptus range from DNE values of 166.337 to 234.262

with a mean of 197.78, where later occurring specimens

have DNE values of 157.630 and 244.667. Earlier occur-

ring specimens of A. nuptus have 3D-OPCR values rang-

ing from 30.250 to 44.625 patches, with a mean of 43.50,

whereas the later occurring specimens have 35.750 and

44.375 patches. Finally, the earlier occurring specimens

range in RFI from 0.486 to 0.543, with a mean RFI of

0.504, whereas the later occurring specimens have RFI

values of 0.533 and 0.512. So, these later occurring speci-

mens of A. nuptus are consistent with the morphology

observed in the earlier samples of the species.

Our results can largely be tied to the climatic shift sur-

rounding Biohorizon A (Fricke et al. 1998; Fricke & Wing

2004; Snell et al. 2013). However, there are other factors

that may have led to change within these species. For

example, several other small mammals such as other ple-

siadapiforms, euprimates and rodents were living in the

area at the time, meaning there may have been competi-

tion for food among these taxa, which may have been exac-

erbated as the climate changed. Using three-dimensional

geometric morphometrics, Stroik (2014) noted that during

Wa3, there was overlap in the dental morphology of species

of microsyopids (Arctodontomys, Microsyops and Nipto-

momys) with that of the omomyid Anemorhysis sp. and

suggested that these taxa were likely to have competed

for food resources. Over time these taxa became more

derived in their dental morphology (Stroik 2014). Others

have reconstructed Anemorhysis as frugivorous (Strait

2001), which could potentially explain the shift in diet

of A. wilsoni towards a more insectivorous diet over

time. However, it should be noted that others, such as

Selig et al. (2020b), have shown that patterns of molar

morphology determined using geometric morphometrics

do not necessarily correlate to the more functional pat-

terns of morphology as quantified by DTA. Therefore,

more research is currently needed to determine whether

there was any direct dietary competition among species

such as A. wilsoni and other taxa that were in the area,

using homology-free methods such as DTA.

Our results also have important implications for analyses

of dental topography of extinct taxa, as we demonstrate

that the functional properties of the molars as related to

the diet of a single lineage can change over time. This is

particularly true of taxa that lived during periods of cli-

matic flux. Future analyses should be cognizant of the

impact climate change may have played when characteriz-

ing the diet of a taxon if it is represented by a sample span-

ning a long period of time, especially when mean

topographic values are considered. Ignoring climate change

could potentially confound important aspects of the ecol-

ogy of a given lineage, as change through time would either

be masked or missed altogether. Moreover, a mean value

could be meaningless if that mean value was never part of

the spectrum of realized morphologies for a given taxon.

Therefore, it is advised that samples be analysed within a

temporal context whenever possible, or that they be care-

fully chosen to represent as much of a lineage as possible.

Otherwise, it may be the case that when average morpholo-

gies are used, they may represent a point in the mor-

phospace that was not actually occupied.

CONCLUSION

Our findings provide evidence for one possible causal sce-

nario in which local climate change caused a transition in

diet among stem primates. Although it is well-known that

patterns of body mass in local taxa changed in association

with Biohorizon A (e.g. Gunnell 1985, 1989; Bown et al.

1994b; Silcox et al. 2021) previous work did not provide

any independent means to consider the cause of that

change. Our results provide tentative support for the infer-

ence that their dietary ecology was actually shifting as body

size was changing. Our findings suggest that changes in cli-

mate may have affected both the interspecific and

intraspecific patterns of dietary variation among local pri-

mate taxa in the Bighorn Basin. It is difficult to determine

exactly why some taxa go extinct during periods of species
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turnover. Our results provide evidence that A. wilsoni may

have gone extinct due to a lack of resources and/ or com-

petition from A. nuptus or indeed other primate or rodent

taxa, which may have been more frugivorous and therefore

potentially better able to survive in the cooler environ-

ment. Our results also illustrate the dietary plasticity

among early primates. Both species of Arctodontomys

included in our analysis undergo dietary change over time

(particularly A. wilsoni), which highlights the means by

which early primates adapted to their environment and the

importance of examining diet in a temporal context. As

more specimens of rare taxa such as A. nuptus are discov-

ered, the patterns we see in our data may change. How-

ever, even among our small sample of A. nuptus, our

results suggest the climate probably had an effect on the

dietary ecology of this species. Overall, our results suggest

that climate change has been an important factor shaping

the evolution of primates for millions of years.
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