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Abstract
New fossils pertaining to the oldest known Asian plesiadapiform, the Gashatan
carpolestid Subengius mengi, clarify aspects of the dental anatomy of this taxon.
The dentition of S. mengi is substantially more primitive than previously rec-
ognized in retaining a lower dental formula of 2.1.3.3, a low-crowned p4 with
three main cusps that are less fully connate than their counterparts in species
of Elphidotarsius, P3 with a narrower and structurally simpler lingual margin,
and in lacking widely splayed paraconid and metaconid on m1. The unique
structure of P3 in S. mengi and a reassessment of P3 anatomy in Elphidotarsius
sp., cf. E. florencae, suggest that certain cusp homologies on P3 in Carpolestidae
have been misinterpreted in the past. Following a detailed character analysis,
the phylogenetic relationships of carpolestids and their close relatives are recon-
structed. The Bumbanian taxon Chronolestes simul is recovered as the most
basal member of Carpolestidae. S. mengi and a second Bumbanian taxon, Car-
pocristes oriens, also appear to be relatively basal members of the carpolestid
radiation, although none of these Asian carpolestid taxa seems to be specially
related to each other. Dispersal of carpolestids between Asia and North Amer-
ica appears to have been restricted to earlier parts of the Paleocene, although
carpolestids survived on both continents until sometime near the Paleocene–
Eocene boundary.
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Dentition of Subengius mengi (Mammalia: Plesiadapoidea) and a
reassessment of the phylogenetic relationships of Asian Carpolestidae
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Abstract

New fossils pertaining to the oldest known Asian plesiadapiform, the Gashatan
carpolestid Subengius mengi, clarify aspects of the dental anatomy of this taxon.
The dentition of S. mengi is substantially more primitive than previously rec-
ognized in retaining a lower dental formula of 2.1.3.3, a low-crowned p4 with
three main cusps that are less fully connate than their counterparts in species
of Elphidotarsius, P3 with a narrower and structurally simpler lingual margin,
and in lacking widely splayed paraconid and metaconid on m1. The unique
structure of P3 in S. mengi and a reassessment of P3 anatomy in Elphidotarsius
sp., cf. E. florencae, suggest that certain cusp homologies on P3 in Carpolestidae
have been misinterpreted in the past. Following a detailed character analysis,
the phylogenetic relationships of carpolestids and their close relatives are recon-
structed. The Bumbanian taxon Chronolestes simul is recovered as the most
basal member of Carpolestidae. S. mengi and a second Bumbanian taxon, Car-
pocristes oriens, also appear to be relatively basal members of the carpolestid
radiation, although none of these Asian carpolestid taxa seems to be specially
related to each other. Dispersal of carpolestids between Asia and North Amer-
ica appears to have been restricted to earlier parts of the Paleocene, although
carpolestids survived on both continents until sometime near the Paleocene–
Eocene boundary.
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1 Introduction
Plesiadapiforms are extinct, vaguely primate-like mammals known primarily
from Paleocene sites in Europe and North America (e.g., Matthew and Granger,
1921; Gidley, 1923; Simpson, 1928, 1935; Russell, 1964; Rose, 1975; Gingerich,
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1976; Bown and Rose, 1976; Szalay and Delson, 1979; Fox, 1984a, 1991; Gun-
nell, 1989; Beard and Houde, 1989; Rose and Bown, 1996; Hooker et al., 1999;
Bloch et al., 2007). Among the more distinctive plesiadapiform clades is the
Carpolestidae, species of which are readily identifiable on the basis of their
uniquely specialized upper and lower premolars (Rose, 1975; Biknevicius, 1986).
Carpolestids were long thought to be endemic to North America, but several
Asian taxa have been referred to this group over the past two decades (Beard
and Wang, 1995; Smith et al., 2004). Despite the low diversity of carpolestids
currently documented in the Asian fossil record, these species are notable for
including both primitive and highly autapomorphous taxa that together en-
compass much of the morphological disparity documented for the entire group.
Accordingly, it is not surprising that these Asian carpolestids have stimulated
broader discussions regarding phylogenetic relationships among carpolestids and
their close relatives as well as the potential role of stratigraphy in interpret-
ing phylogenetic relationships among fossil mammals (Beard and Wang, 1995;
Beard, 2000; Bloch et al., 2001; Silcox et al., 2001; Fox, 2002). In addition
to enhancing our knowledge of the diversity and distribution of Carpolestidae,
these Asian forms provide valuable insights regarding the frequency, direction
and timing of mammalian dispersal between Asia and North America during
the Paleocene (Beard and Wang, 1995; Smith et al., 2004).

The oldest Asian carpolestid recovered to date is the Gashatan taxon Subengius
mengi, which is currently documented solely from its eponymous type locality
of Subeng in the Erlian Basin of Nei Mongol, near the international border
between China and Mongolia.

Prior knowledge of S. mengi includes multiple isolated teeth and a single lower
jaw fragment (Smith et al., 2004; Missiaen and Smith, 2008). However, several
tooth loci in S. mengi, including the systematically important P3–4, were pre-
viously documented only by broken or abraded specimens, hindering detailed
anatomical interpretations and comparisons. Likewise, the single lower jaw frag-
ment previously available for this taxon did not preserve all of the alveoli for
the anterior lower dentition. Based on the limited sample of S. mengi available
to them, Missiaen and Smith (2008) interpreted this taxon as a relatively basal
carpolestid that is nested among a paraphyletic, pectinate series of species as-
signed to the North American genus Elphidotarsius. Specifically, these authors
interpreted S. mengi as the sister group of a clade including Elphidotarsius
russelli, Carpodaptes, Carpocristes, Carpomegodon, and Carpolestes (Missiaen
and Smith, 2008: fig. 13 [Figure 13: see original paper]). Despite reconstructing
its phylogenetic position amidst the paraphyletic genus Elphidotarsius, Missiaen
and Smith (2008) advocated ongoing usage of the generic name Subengius on the
basis of what they considered to be its mosaic of primitive and autapomorphous
characters.

Our joint fieldwork in the Erlian Basin has yielded more than forty additional
specimens of S. mengi, including a maxillary fragment bearing serially associ-
ated cheek teeth, several lower jaw fragments, and multiple examples of most
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tooth loci. This new sample clarifies several aspects of the anatomy of this
species, which in turn impacts our understanding of the phylogenetic position of
S. mengi with respect to other carpolestids and putative carpolestids from Asia
and North America. Here, we describe relevant aspects of the dental anatomy of
S. mengi in order to reassess its phylogenetic position and the systematic status
of the genus Subengius. Given ongoing controversy surrounding the phyloge-
netic status of other Asian taxa that have been referred to the Carpolestidae
(Beard and Wang, 1995; Beard, 2000; Silcox et al., 2001; Bloch et al., 2001; Fox,
2002), a second goal of this study is to reassess their relationships as well. Of
special significance in this context is the Bumbanian taxon Chronolestes simul,
which has been interpreted either as the most basal member of the Carpolesti-
dae (Beard and Wang, 1995) or as the sister group of a broader assemblage
of plesiadapiforms that also includes plesiadapids and saxonellids (Silcox et al.,
2001). Finally, we evaluate the geographic distribution of carpolestid species
in a phylogenetic context to draw inferences about the number, timing, and
probable direction of trans-Beringian dispersal events in this clade. Because
carpolestids have been shown to be arboreally adapted mammals with grasping
big toes (Bloch and Boyer, 2002), mapping the history of carpolestid dispersal
across Beringia presumably provides useful proxy data for reconstructing the
terrestrial paleoenvironments of that high latitude region during the Paleocene.

Funding: This research was supported by the National Key Basic Research and
Development Program of China (No. 2012CB821900) and the U.S. National
Science Foundation (No. BCS-0820602).

2 Systematic paleontology
Class Mammalia Linnaeus, 1758
Cohort Placentalia Owen, 1837
Mirorder Primatomorpha Beard, 1991
Superfamily Plesiadapoidea Trouessart, 1897
Family Carpolestidae Simpson, 1935
Subfamily Carpolestinae Simpson, 1935

Subengius Smith et al., 2004
Type species Subengius mengi Smith et al., 2004.

Age and distribution Gashatan (Late Paleocene) of Nei Mongol Autonomous
Region, China.

Emended diagnosis Differs from Elphidotarsius in having less exodaenodont
p4 bearing a tiny mesial cusp and three main apical cusps that are less fully
connate than in Elphidotarsius. Further differs from Elphidotarsius sp., cf. E.
florencae, in having P3 with a parastyle and two distinct lingual cusps that are
lacking in the former species. Further differs from E. shotgunensis, E. wightoni,
E. russelli, and more advanced carpolestines in having isolated lingual cusps
on P3 that are not integrated within a raised lingual cingulum. Lower den-
tal formula (2.1.3.3) as in Elphidotarsius sp., cf. E. florencae, but differs from
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those of E. shotgunensis (3.1.3.3) and E. wightoni and E. russelli (2.1.2.3). Fur-
ther differs from species of Elphidotarsius aside from E. wightoni in having less
exodaenodont m1. Differs from carpolestines other than Elphidotarsius in hav-
ing simpler P3–4 with fewer cusps in the buccal row and less exodaenodont p4
bearing fewer apical cusps.

Subengius mengi Smith et al., 2004
Holotype Inner Mongolia Museum (IMM) 2001-SB-6, isolated left P4.

Type locality Subeng, Erlian Basin, Nei Mongol Autonomous Region, China.

Referred specimens IVPP V 14702, right maxilla fragment preserving the
crowns of P3–M1 (P4 and M1 are badly damaged); V 14703, right dentary
fragment preserving the crown of m2 and alveoli for the anterior dentition; V
14704, right dentary fragment preserving the damaged crown of p4 and alveoli
for the anterior dentition; V 14705, right dentary fragment preserving the crowns
of p4–m2 and alveoli for c1 and p2–3; V 14706.1–3, 3 right p4; V 14706.4, left
p4; V 14706.5–6, 2 right m1; V 14706.7–8, 2 left m1; V 14706.9–10, 2 right
m2; V 14706.11–12, 2 left m2; V 14706.13, left m3; V 14706.14, left m3 talonid;
V 14706.15–16, 2 left I1; V 14706.17–18, 2 right P3; V 14706.19, left P3; V
14706.20–22, 3 right P4; V 14706.23–25, 3 left P4; V 14706.26, lingual fragment
of P4; V 14706.27–30, 4 right M1; V 14706.31, left M1; V 14706.32, V 14706.34,
2 right M2; V 14706.35, V 14706.37–38, 3 left M2; V 14706.33, V 14706.39–41,
4 right M3; V 14706.36, left M3. Metric data for the new sample of Subengius
mengi are provided in Table 1 .

Table 1 Summary of dental measurements for Subengius mengi (mm)
Tooth/dimension Abbreviations: n. sample size; OR. observed range; x. mean;
s. standard deviation; V. coefficient of variation; L. mesiodistal length; W.
buccolingual width.

Diagnosis As for the genus (currently monotypic).

Description and comparisons Three fragmentary dentaries, IVPP V 14703,
V 14704 (Fig. 1 [Figure 1: see original paper]) and V 14705 (Fig. 2 [Figure 2: see
original paper]), clarify the nature of the lower anterior dentition in Subengius
mengi. None of these specimens preserves the intact crowns of teeth anterior to
p4, but their presence is documented either by roots or alveoli. In V 14703 and V
14704 the roots or alveoli for five teeth anterior to p4 can be discerned. Based on
its relatively large size and subhorizontal orientation, the most anterior alveolus,
which is incomplete in V 14704, clearly held the enlarged and procumbent i1
in life. Immediately posterior and slightly labial to the alveolus for i1 lies the
alveolus of a much smaller tooth. As is the case in other basal carpolestids, this
alveolus supported a tooth root that was implanted at an intermediate angle in
the dentary, being less inclined than the alveolus for i1, yet less vertical than
the small alveoli between it and p4. By analogy with other basal carpolestids,
this alveolus almost certainly supported the crown of i2 in S. mengi. In terms
of its position and orientation, the i2 alveolus in V 14704 resembles that of
Elphidotarsius shotgunensis (Gazin, 1971; Fox, 1993).

chinarxiv.org/items/chinaxiv-201711.01893 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.01893


In E. wightoni the apparently homologous locus is separated from i1 by a short
diastema (Fox, 1984b). In Elphidotarsius sp., cf. E. florencae, the alveolus for i2
appears to have been relatively larger than in S. mengi, although in both forms
the alveoli for i1–2 are closely spaced. In neither V 14703 nor V 14704 is there
evidence of a tiny, labially displaced alveolus for i3, in contrast to the condition
in E. shotgunensis (Gazin, 1971; Fox, 1993).

In all three dentary fragments preserving this region, the tooth locus occurring
immediately posterior to i2 had a relatively vertical root (or alveolus). This
locus likely corresponds to c1 in S. mengi, as it does in species of Elphidotarsius
and other basal carpolestids. In V 14704, which best preserves this part of
the dentary, the canine alveolus appears to have been slightly smaller than
that for i2. Proceeding posteriorly, the adjacent crown was supported by a
similarly vertical root that was slightly smaller than that for c1, judging from
the condition in V 14704. This locus is interpreted as p2 in S. mengi, a tooth
that was also retained in Elphidotarsius sp., cf. E. florencae, and E. shotgunensis
but which was lost in E. wightoni and E. russelli. Judging from V 14704, the
crown of p2 in S. mengi was highly reduced and likely failed to retain a distinct
talonid heel. The alveolus immediately anterior to p4 in S. mengi is similar
in circumference to those that are interpreted as supporting c1 and p2. It
evidently supported a reduced, single-rooted p3. In contrast, the crown of p3
in Elphidotarsius sp., cf. E. florencae, is relatively large for a carpolestid, and it
retains two roots in a single, relatively large alveolus (Rose, 1975).

The plagiaulacoid p4 of carpolestids has traditionally weighed heavily on phy-
logenetic analyses of the group. Several examples of p4 are represented in the
current sample, and these show only a minor amount of morphological variation.
The p4 of S. mengi is notable in several respects (Fig. 2). In buccal view the
crown is remarkably low in relation to its length, and its three main apical cusps
remain more individualized and less fully connate than is the case in any species
of Elphidotarsius. Rose (1975) suggested that the three main apical cusps on
p4 in basal carpolestids are serially homologous with the paraconid, protoconid,
and metaconid of carpolestid molars. Other workers (e.g., Fox, 1984b; Silcox et
al., 2001) have employed a simple front-to-back numbering scheme to designate
these cusps, although the latter practice carries the disadvantage of potentially
giving nonhomologous cusps the same numerical designation (Silcox et al., 2001:
fig. 4 [Figure 4: see original paper]). In S. mengi a tiny, incipient anteriormost
apical cusp on p4 is situated lower on the crown and thus farther from the suc-
ceeding cusp (the paraconid or second apical cusp) than is the case in species
of Elphidotarsius. In lingual view the failure of the three main apical cusps
to become fully connate is exemplified by the well-developed vertical furrows
separating them, a condition that never occurs in species of Elphidotarsius.

In occlusal view the three main apical cusps are almost perfectly aligned an-
teroposteriorly, in contrast to the condition in Elphidotarsius wightoni and E.
florencae, in which the second and fourth apical cusps (paraconid and meta-
conid, respectively) are situated farther lingually than the third apical cusp
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(protoconid). A relatively trenchant crest descends the posterior surface of the
p4 trigonid, connecting the ultimate apical cusp with the single talonid cusp,
which is more distinctly cuspidate than is the case in species of Elphidotarsius.
Posterolingually, the crown is modestly excavated in the area inferior and lin-
gual to the crest connecting the ultimate apical cusp and the talonid cusp. A
raised posterolingual cingulid defines this part of the crown. A short posterobuc-
cal cingulid lines the buccal side of the talonid. The crown of p4 in S. mengi is
moderately exodaenodont, with two main exodaenodont lobes being apparent
in buccal view.

S. mengi has a weakly exodaenodont m1 that is otherwise notable for its rela-
tively primitive, if somewhat variable, trigonid structure. In V 14705 all three
trigonid cusps on m1 are similar in terms of height and basal circumference, and
the paraconid and metaconid are not as widely splayed as is the case in more
derived carpolestids (Fig. 2). In V 14706.7 the paraconid and metaconid of m1
are more divergent (Fig. 3J [Figure 3: see original paper]), though less so than
in E. shotgunensis and E. wightoni. All species of Elphidotarsius aside from E.
wightoni differ from S. mengi in having more strongly exodaenodont m1 crowns.
As is generally the case in species of Elphidotarsius, the cristid obliqua on m1
in S. mengi ascends the lingual part of the posterior trigonid wall to merge with
the apex of the metaconid. Lingually, a strong notch separates the entoconid
from the lingual base of the posterior trigonid wall. Most species of Elphidotar-
sius likewise bear a strong lingual notch on m1 between the trigonid and the
entoconid, but this structure is less apparent in the sample of Elphidotarsius
sp., cf. E. florencae, from Rock Bench Quarry in the Bighorn Basin because the
lower molar cusps of this taxon tend to be more inflated. The hypoconulid of m1
is remarkably distinct and cuspidate in S. mengi, more so than in any species
of Elphidotarsius.

Aside from differing from Elphidotarsius sp., cf. E. florencae, in having relatively
acute, uninflated cusps and trenchant crests, m2–3 in S. mengi closely resemble
their counterparts in species of Elphidotarsius.

The upper central incisor of S. mengi, like those of other undoubted carpolestids,
bears two apical cusps and two smaller basal cusps (Fig. 3G). The apical cusps
include an anterocone and a laterocone, which are similar in height, although
the laterocone is larger volumetrically. The anterocone projects farther labially,
while the laterocone is situated distally and lingually with respect to the former
cusp. A similar conformation of the apical cusps on I1 occurs in Elphidotarsius
russelli, Carpodaptes hazelae, C. stonleyi, and C. cygneus (Krause, 1978; Rose
et al., 1993; Fox, 1993, 2002; Silcox et al., 2001), suggesting that this represents
a primitive pattern, perhaps for Carpolestinae sensu Beard and Wang (1995). A
different morphological pattern occurs in Carpolestes nigridens and C. simpsoni,
in which the anterocone and laterocone are aligned mesiodistally (Bloch and
Gingerich, 1998), reflecting lingual displacement of the anterocone with respect
to the condition prevailing in most other carpolestids. A short apical crest runs
distally from the anterocone toward the base of the laterocone. A longer mesial
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crest, which originates near the summit of the anterocone, descends the crown
of I1 toward the mesiobasal cusp. Near the base of the anterocone, the mesial
crest is slightly swollen in the location that a mediocone would occupy if one
were present. Smith et al. (2004:48) referred to this structure as “a very small
elongated bulge.”A second apical crest runs mesially from the laterocone toward
the anterocone, forming a V-shaped connection with the apical crest from the
anterocone. A distal crest from the laterocone descends the crown toward the
distobasal cusp, which is substantially larger than the mesiobasal cusp.

The tooth crowns between I1 and P3 remain unknown in S. mengi. In other
undoubted carpolestid taxa, the crowns of these intermediate tooth loci are small
and single-cusped (e.g., Fox, 1993; Bloch and Gingerich, 1998), rendering them
difficult to recover by screen-washing. Accordingly, the upper dental formula of
S. mengi is unknown.

Because they occlude with the highly specialized plagiaulacoid p4, P3–4 show
a very derived pattern in undoubted carpolestids. As such, variation in the
anatomy of P3–4 among these animals is widely held to be systematically im-
portant (e.g., Rose, 1975; Fox, 1984b; Beard and Wang, 1995; Silcox et al.,
2001). P3–4 in S. mengi are described in detail for the first time here (Fig.
3D–F, H–I). Smith et al. (2004) and Missiaen and Smith (2008) reported sev-
eral examples of P3–4 in S. mengi, but the specimens available to them were
either broken or abraded, obscuring certain anatomical details. In S. mengi P3
is nearly triangular in occlusal outline, because it is much longer buccally than
lingually. In this very general way, P3 in S. mengi resembles that of Elphidotar-
sius sp., cf. E. florencae, and differs from those of other species of Elphidotarsius.
In both S. mengi and Elphidotarsius sp., cf. E. florencae, P3 lacks the strong
distolingual expansion that characterizes P3 in other species of Elphidotarsius.
The buccal side of P3 in S. mengi bears three cusps, including a parastyle, para-
cone and metacone. The parastyle is smaller and lower than the paracone and
metacone, and it is separated from the latter cusps by a small gap. There is no
crest connecting the parastyle to the paracone. The paracone and metacone are
closely spaced but less fully connate than is the case in species of Elphidotarsius,
with the possible exception of Elphidotarsius sp., cf. E. florencae. Distal to the
metacone, there is neither a metastyle nor any substantial development of a
postmetacrista.

Lingual and slightly mesial to the paracone occurs a surprisingly large central
cusp, which is clearly homologous with the cusp that is traditionally considered
to be the paraconule on P3 in undoubted carpolestids (e.g., Silcox et al., 2001).
On relatively pristine examples of P3 in S. mengi, a tiny crest can be observed
arising from the apex of the central cusp and running toward the parastyle (Fig.
3H); however, this diminutive crest fails to connect these structures in any of
the specimens at hand. Distally, an intermediate ridge or median anteroposte-
rior crest emanates from the central cusp. The intermediate ridge runs distally
or distobuccally from the central cusp, and it typically gives rise to a small
cuspule near the lingual base of the metacone. The lingual part of P3 in S.
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mengi is somewhat variable, but in all examples of P3 at hand, this part of the
tooth is dominated by a cusp that is located lingual and slightly anterior to the
central cusp (Fig. 3F, H–I). In terms of its position, this mesiolingual cusp is
clearly homologous with the cusp that is traditionally regarded as a protocone
in undoubted carpolestids. However, the mesiolingual cusp on P3 in S. mengi
is unusual because it is smaller—both in terms of volume and height—than the
nearby central cusp and because it is relatively isolated, as opposed to being
integrated within a raised cingular structure, as is typically the case in species
of Elphidotarsius (with the notable exception of Elphidotarsius sp., cf. E. floren-
cae). The mesiolingual cusp on P3 gives rise to a variably developed distal crest.
In two specimens (V 14702 and V 14706.19) this distal crest is extremely short,
and it fails to reach a nearby cuspule lying near the distal margin of the crown
(Fig. 3F, I). In two other specimens (V 14706.17 and V 14706.18), the distal
crest is more extensive, being more or less confluent with the nearby cuspule
and its associated crest (Fig. 3H). In the latter specimens the mesiolingual cusp
and its distal crest and the nearby cuspule and crest together form a structure
that runs lingual and roughly parallel to the intermediate ridge. Distolingual to
the mesiolingual cusp on P3 a weak but variably developed cuspule protrudes
lingually. The latter cuspule, which is probably homologous with the structure
often regarded as a hypocone in undoubted carpolestids, is confluent with a
weak postcingulum, but it remains unconnected to the mesiolingual cusp.

Because of its longer lingual margin, P4 is more nearly quadrate but similar
in size to P3 in S. mengi. The buccal side of the crown of P4 is dominated
by four or five cusps and cuspules. Two small mesial cusps, equivalent to the
parastyle and preparaconal cusp, occupy the mesiobuccal margin of the crown.
These low cusps are closely connate, but they are separated from the taller and
more voluminous paracone by fairly prominent furrows buccally and lingually.
The paracone, which is centrally located on the buccal margin of the crown,
is closely appressed to the metacone, which is slightly smaller and lower than
the paracone. A diminutive fifth buccal cuspule (the metastyle) is variably
present. There is no trace of the metastyle in V 14706.24, while this structure
is tiny but clearly present in V 14706.22 and V 14706.25. Directly lingual to
the paracone is a large, cuspate paraconule. Unlike its homologue in other
undoubted carpolestids, the paraconule on P4 in S. mengi is relatively isolated,
because it is not fully integrated within an intermediate ridge. Instead of having
a mesiodistally continuous intermediate ridge, P4 in S. mengi bears two small
cuspules located mesial and distal to the paraconule, each of which is associated
with a short crest. The mesial cuspule is located lingual to the preparaconal
cusp. It gives rise to a short mesiobuccally oriented crest that merges with
the precingulum; however, this mesial cuspule and its associated crest do not
merge with the paraconule. Similarly, the distal cuspule occurs lingual to the
metacone, where it gives rise to a short distobuccally oriented crest that merges
with the postcingulum. Farther lingually, a second pair of cuspules and their
associated crests variably occurs. In V 14706.24 and V 14706.25 the second
pair of cuspules and crests is relatively well developed, while in V 14706.22
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these structures are very weak. In examples of P4 in which the second pair of
cuspules and associated crests is evident, they run parallel to the paths taken
by cuspules and crests that would normally be associated with the intermediate
ridge. The lingual margin of P4 is dominated by the protocone. Lingual to
this cusp and flanking it mesially and distally are the pericone and hypocone,
respectively. The latter cusps are continuous with the pre- and postcingula.

The upper molars of S. mengi are documented by the heavily damaged M1 in the
right maxillary fragment V 14702 and multiple isolated teeth. These upper mo-
lars show a generalized carpolestid morphology, being notable for either lacking
hypocones altogether or else having very diminutive hypocones. Additionally,
upper molars that are identified as M1–2 on the basis of having paracone and
metacone of roughly equivalent height lack development of a postparaconule
crista. This is true even in the case of pristine upper molars showing little if
any wear (e.g., V 14706.32 and V 14706.35). Upper molar specimens that are
identified as M3 on the basis of having metacones that are relatively reduced
in height sometimes display a postparaconule crista (e.g., V 14706.36). Overall,
the upper molar morphology of S. mengi most closely resembles that of Elphi-
dotarsius sp., cf. E. florencae, in having hypocones and postparaconule cristae
that are either very reduced or absent altogether (particularly on M1–2).

Discussion The enhanced sample of Subengius mengi reported here improves
our understanding of the dental anatomy of this taxon in the following ways:
1) the lower dental formula is now known to be 2.1.3.3, not 2.1.2.3 as Missiaen
and Smith (2008) surmised; 2) the anatomy of the plagiaulacoid p4 has been
shown to be very primitive in being weakly exodaenodont, in having only three
main apical cusps that remain relatively individualized, and in having a very
diminutive mesial apical cusp on p4 that is widely separated from the three main
apical cusps; 3) m1 has been shown to be weakly exodaenodont and to retain a
relatively primitive trigonid morphology in which paraconid and metaconid are
not widely splayed; 4) I1 has been shown to be relatively primitive in the sense
that the anterocone is located mesial and labial to the laterocone, rather than
being mesiodistally aligned with it as is the case in Carpolestes; 5) P3 has been
shown to be more primitive than that of any other undoubted carpolestid aside
from Elphidotarsius sp., cf. E. florencae, in having only three buccal cusps and
a narrower and structurally simpler lingual margin; 6) P4 has been shown to
be relatively primitive in having four or five buccal cusps, although the lingual
part of this tooth appears to be derived in having lost the intermediate ridge
and developed some neomorphic cuspules on either side of the central cusp; and
7) M1–2 have been shown to be relatively primitive in lacking hypocones and
postparaconule cristae.

Earlier workers have reconstructed the phylogenetic position of S. mengi as be-
ing fairly basal with respect to the carpolestid radiation (Smith et al., 2004;
Missiaen and Smith, 2008). The new anatomical data now available for this
taxon suggest that S. mengi may be even more basal than earlier workers have
thought. In order to address this possibility, we undertake a detailed character
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analysis before proceeding to conduct a phylogenetic analysis based on maxi-
mum parsimony.

3 Character analysis
Our character analysis is based on the previous work of Beard and Wang (1995),
Beard (2000), Silcox et al. (2001), Bloch et al. (2001), and our novel observations.
In cases where we disagree with the character analyses or coding schemes of
previous workers, we point out the reasons why our solutions are preferred. We
refer to specific characters employed in the analysis of Silcox et al. (2001) using
the convention S1, S2, S3, etc. (to indicate characters 1, 2 and 3 of Silcox et al.,
2001).

Cusp homologies on P3 in Carpolestidae Of special interest for anatomi-
cal and phylogenetic interpretations of Subengius and other carpolestids is the
structure of the lingual part of P3. Silcox (2001:189) noted the variable presence
of a protocone on P3 among plesiadapiforms and various early placental mam-
mals, although she considered this structure to be “very well developed”in all
plesiadapoids, among which she claimed that“no variability is observed.”Closer
inspection of P3 in S. mengi and Elphidotarsius sp., cf. E. florencae, reveals that
Silcox (2001) and her coworkers (Silcox et al., 2001) are incorrect in this assess-
ment, at least on the basis of the cusp homologies for P3 that they themselves
advocate. P3 in Elphidotarsius sp., cf. E. florencae, is documented by a single
specimen, YPM-PU 17439 (Fig. 4; also see Rose, 1975: fig. 8 [Figure 8: see
original paper]). P3 in this specimen bears two main buccal cusps, which are
universally interpreted as paracone and metacone (Rose, 1975; Beard and Wang,
1995; Beard, 2000; Silcox et al., 2001). Lingual to these two buccal cusps, there
is a surprisingly large “central cusp”(as described by Rose, 1975:16), which is
confluent with an arcuate pair of crests both mesially and distally. This central
cusp and its associated crests are situated farther lingually than is the case in
either S. mengi or other species of Elphidotarsius. The homology of this“central
cusp”was not explicitly addressed by Rose (1975), but Silcox et al. (2001) scored
Elphidotarsius sp., cf. E. florencae, as having a conule on P3 (see S25), and this
identification can only be based on the “central cusp”of Rose (1975). Lingual
to the “central cusp”, P3 in Elphidotarsius sp., cf. E. florencae, is remarkably
simple. Rose (1975:16) described the relevant anatomy as follows: “Internal
to this [the central cusp] is a lingual shelf, unfortunately fractured anteriorly
in the only known specimen, so the possible presence of a cusp there can be
neither verified nor ruled out.”In contrast, Silcox et al. (2001:142) interpreted
the same specimen as having a more complicated P3 morphology: “Although
the only P3 known for Elphidotarsius sp., cf. E. florencae (YPM-PU 17439) is
missing a chip of enamel mesiolingually, it appears to contrast with E. russelli
in the absence of a hypocone and in bearing only a poorly developed protocone,
so that the lingual border is much shorter”(italics added for emphasis). At the
very least, the observation made by Silcox et al. (2001) that Elphidotarsius sp.,
cf. E. florencae, bears“only a poorly developed protocone”on P3 conflicts with
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Silcox’s (2001) assertion that a P3 protocone is invariably“very well developed”
in plesiadapoids. However, our reassessment of YPM-PU 17439 reveals that the
missing chip of enamel on the mesiolingual margin of P3 in this specimen is
minor indeed (Fig. 4). Moreover, enough of the lingual shelf of P3 is preserved
to see that the mesial part of this structure arcs buccally to climb the lingual
surface of the central cusp, with no sign of an additional cusp being present
there. If a cusp that was supposedly homologous with the protocone occurred
on the lingual margin of P3 in YPM-PU 17439, it would have differed radically
from those of other plesiadapoids and (especially) other species of Elphidotar-
sius in terms of its size, location, and relationship to adjacent structures on P3.
We suspect that no distinct cusp occurred lingual to the “central cusp”on P3
in Elphidotarsius sp., cf. E. florencae. If so, Elphidotarsius sp., cf. E. florencae,
either lacked a protocone on P3 altogether or its protocone had already been
transformed into the structure that Rose (1975) designated as the“central cusp”
on P3.

As noted previously, P3 in S. mengi is somewhat variable, but in general this
tooth is structurally intermediate between that of Elphidotarsius sp., cf. E. flo-
rencae, and those of other species of Elphidotarsius (E. wightoni, E. shotgunen-
sis and E. russelli). In contrast to P3 in E. wightoni, E. shotgunensis, and E.
russelli, the main lingual cusp on P3 in S. mengi is relatively small (smaller
than the central cusp in terms of both height and volume), and it fails to be
integrated within a raised lingual shelf or cingulum. This raised lingual shelf
or cingulum on P3 also accommodates a distolingual cusp (or “hypocone”) in
E. shotgunensis and E. russelli (the distolingual cusp appears to be absent in
E. wightoni, but the raised lingual shelf that subsumes the mesiolingual cusp
remains). In contrast to P3 in Elphidotarsius sp., cf. E. florencae, the central
cusp on P3 in S. mengi is located farther buccally, near the base of the paracone.
A similar condition describes P3 in E. wightoni, E. shotgunensis, E. russelli, and
younger species of carpolestids aside from the problematic Chronolestes simul.

As aptly noted by Silcox et al. (2001:133), “Homologies of cusps and crests in
carpolestids can be difficult to establish because even the most primitive species
have teeth that are unusually derived.”Nevertheless, some a priori assessment
of cusp homology is necessary for coding any character-taxon matrix as a pre-
lude to formal phylogenetic analysis. Our observations regarding P3 anatomy
in such basal carpolestids as Elphidotarsius sp., cf. E. florencae, and S. mengi
suggest that traditional assessments of cusp homology on P3 among undoubted
carpolestids are probably wrong. In such basal plesiadapoids or closely related
outgroups as Pandemonium dis and Chronolestes simul, P3 bears a distinct and
reasonably large lingual cusp that has been identified as a protocone by a broad
consensus of workers (e.g., Van Valen, 1994; Beard and Wang, 1995; Silcox et
al., 2001). These same taxa lack a central cusp or conule on P3 altogether.
In contrast, in such undoubted plesiadapoids as Pronothodectes matthewi and
Saxonella naylori, P3 bears a relatively small conule and a tall, voluminous pro-
tocone that is located near the center of a buccolingually broad lingual lobe.
This distribution of P3 characters suggests that basal plesiadapoids (and/or
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their sister taxon) had a substantial protocone on P3, while a conule would ei-
ther have been absent or small. If this reconstruction of the P3 morphotype for
plesiadapoids is accurate, then the anatomy of P3 in Elphidotarsius sp., cf. E.
florencae, and S. mengi is highly autapomorphous, no matter how one interprets
cusp homologies. The presence of a large central cusp and the apparent absence
of a lingual cusp on P3 in Elphidotarsius sp., cf. E. florencae, along with the
presence of a small lingual cusp coupled with a larger central cusp on P3 in
S. mengi, suggests that the central cusp on P3 in these taxa is actually homol-
ogous with the protocone rather than a conule. If true, P3 in Elphidotarsius
sp., cf. E. florencae, S. mengi and other undoubted carpolestids lacks a conule,
rendering this tooth in basal carpolestids similar to those of Pandemonium and
Chronolestes in this regard. The small lingual cusp on P3 in S. mengi, which ap-
pears to be absent altogether in Elphidotarsius sp., cf. E. florencae, would thus
be a neomorphic structure that is not strictly homologous to the protocone that
occurs on P3 in plesiadapids and saxonellids. Note that our assessment of cusp
homology is also consistent with the anomalously lingual position of the central
cusp on P3 in Elphidotarsius sp., cf. E. florencae. Alternatively, one must posit
that Elphidotarsius sp., cf. E. florencae—widely recognized as the most basal
known carpolestid (or carpolestine if Chronolestes is accepted as a carpolestid)
—is autapomorphous with respect to younger and seemingly more derived car-
polestid taxa in having lost the protocone on its P3 while enlarging and shifting
lingually its conule such that the latter structure mimics a protocone in some
respects.

To summarize, we interpret the cusp homologies on P3 among basal carpolestids
as indicating that carpolestids have radically modified their P3 morphology with
respect to that of basal plesiadapoids. However, this is hardly surprising, given
that P3 in carpolestids occludes with the highly autapomorphous, plagiaula-
coid p4 blade that characterizes these taxa. Additional neomorphic cusps were
added iteratively to the p4 blade of carpolestids, initially as vestigial cuspules
near the base of the mesial ridge on p4 (Silcox et al., 2001: fig. 4). As each
neomorphic cusp became more fully integrated into the p4 blade during car-
polestid phylogeny, these structures migrated distally and apically on the p4
crown, thus making room for the addition of the next neomorphic cuspule. A
similar phenomenon appears to have transformed P3 during early carpolestid
phylogeny. The relatively primitive P3 morphology found in basal plesiadapoids
and/or carpolestids such as Chronolestes simul was characterized by a simple,
yet substantial protocone and the absence of a conule (Beard and Wang, 1995).
Coincident with the development of the multicuspidate plagiaulacoid blade on
p4, the protocone on P3 was shifted buccally to form the “central cusp”noted
by Rose (1975) in Elphidotarsius sp., cf. E. florencae. Subsequently, a small neo-
morphic cusp was added to the lingual margin of P3 while the“central cusp”was
shifted further buccally to approximate the base of the paracone, as reflected
in the morphology of S. mengi. Finally, the neomorphic lingual cusp on P3
became integrated within a raised lingual shelf or cingulum like that found in E.
wightoni, to which was added a neomorphic distolingual cusp or “hypocone”,
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exemplified by the morphology of P3 in E. shotgunensis, E. russelli and younger,
more derived carpolestines. These taxon-specific transformations of P3 in car-
polestids are reflected in our character-taxon matrix (see our characters 58–
60).

Reduction of p3 in Carpolestidae One of the more obvious ways in which
carpolestids differ from other plesiadapoids is in the reduction (and eventual
loss) of their p3 (Rose, 1975; Beard and Wang, 1995; Bloch and Gingerich,
1998). The p3 of carpolestids differs from those of plesiadapids and saxonellids
in being reduced both in terms of crown height and root configuration (when
present, p3 in carpolestids is either single-rooted or supported by two closely
appressed roots occupying a single alveolus). In contrast, the widely spaced,
dual roots supporting p3 in plesiadapids and saxonellids are implanted in sep-
arate alveoli, and the p3 crown is as tall as p4 in basal plesiadapids such as
Pronothodectes (Gingerich, 1976), while p3 is actually hypertrophied with re-
spect to p4 in Saxonella (Fox, 1991). Recognizing this pattern, Beard and
Wang (1995) included a character (their character 6) related to reduction of p3
in the character-taxon matrix they used to investigate the phylogenetic relation-
ships among Chronolestes simul and other plesiadapoids. In contrast, Silcox et
al. (2001) neglected to include a character related to p3 crown reduction in an
otherwise comprehensive list of characters they employed to reassess the relation-
ships of C. simul. As support for this omission, Silcox et al. (2001:148) stated
that, “The traits cited by Beard and Wang (1995) to support their placement
of C. simul in the Carpolestidae also include a reduction in p3. Although this
is a feature shared with most carpolestids, the most primitive carpolestid (E.
sp., cf. E. florencae) has two p3 roots in a single alveolus (character 10), which
suggests that the pattern of reduction occurred in a different manner in the
Carpolestidae and Chronolestes.”We see no reason to conflate the reduction in
crown height of p3 with its root configuration. We therefore disagree with Silcox
et al. (2001) that the reduced crown height of p3 that distinguishes Chronolestes
and all undoubted carpolestids from other plesiadapoids can be dismissed a pri-
ori as a potential synapomorphy, simply because one carpolestid is known to
have retained two closely appressed roots in a single alveolus. Indeed, employing
the logic of Silcox et al. (2001), one might equally question whether the reduc-
tion in p3 crown height observed among species of Elphidotarsius is homologous,
given the differences in p3 root configuration that characterize different species
in this genus. We therefore include two characters related to the reduction of
p3 in our analysis, one of which captures variation in p3 root configuration (see
our character 15) while the other captures variation in p3 crown height (see our
character 16).

S3: Form of i1 (0 = laterally compressed, 1 = lanceolate, broad at the base)
Describing lower central incisors of plesiadapiforms as being“lanceolate”is typi-
cally reserved for microsyopids and their close potential relatives (e.g., Gunnell,
1989). No plesiadapoid exhibits i1 morphology approaching that of microsy-
opids. It is true that i1 is short (in terms of crown height) and broad mesiodis-
tally in Elphidotarsius sp., cf. E. florencae (e.g., Rose, 1975: fig. 5 [Figure 5:
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see original paper]). However, as Rose (1975) noted, this morphology appears
to be atypical for Carpolestidae, and it differs dramatically from that which
occurs in Elphidotarsius wightoni, which more closely resembles Chronolestes
simul in terms of i1 morphology. In an attempt to capture variation in i1 mor-
phology across the taxa being considered here, we utilize a character emphasing
the degree of development of the margocristid, which contributes to the asym-
metry of the crown (see our character 3). Parenthetically, we note that Silcox
et al. (2001) employed an unorthodox coding scheme for S3, whereby the two
character states they recognized were coded as“1”and“2”, with no character
state being equivalent to “0”.

S5, S6: I1 with apical division The upper central incisors of plesiadapiforms
are well known for typically being“mitten-shaped,”that is, having multiple api-
cal cusps along with at least one basal cusp (Rose et al., 1993). Nevertheless,
several plesiadapiform taxa have been described that possess relatively simple
upper central incisors. Examples include Chronolestes simul and Dryomomys
szalayi (in which these teeth are found in serial association with diagnostic
postcanine teeth) and probably Pandemonium dis and Purgatorius janisae (in
which these teeth are found isolated at sites where diagnostic postcanine teeth
of these taxa are relatively abundant) (Van Valen, 1994; Beard and Wang, 1995;
Clemens, 2004; Bloch et al., 2007; Chester and Beard, 2012). The sheer variety
of“mitten-shaped”incisors that has been documented to date among various ple-
siadapiforms has led multiple authorities to question whether the proliferation
of apical cusps on I1 is homologous or convergent (e.g., Fox, 1993; Beard and
Wang, 1995). Regardless of this problem, a consensus holds that at least three
types of apical cusps occur on I1 in plesiadapiforms (the anterocone, medio-
cone and laterocone). Silcox et al. (2001) simplified this situation by positing a
binary character that segregates taxa having apically unicuspate I1 from those
with apically multicuspate I1, regardless of the number or homology of the extra
cusps that might occur there. We prefer the alternative characters proposed by
Beard (2000; see his characters 1–3), because they approach the apical cusps on
I1 from the perspective of potential homology rather than simple topography
(see our characters 50–52).

S7: Lower canine size Silcox et al. (2001) employ a character comparing
c1 size with that of adjacent teeth, but in many cases, the adjacent teeth are
not homologous (e.g., p1 in Purgatorius janisae versus p2 in carpolestids). We
employ a modified character that attempts to capture whether c1 has been
reduced with respect to a single homologous standard (m1 length) (see our
character 9).

S12, S14, S17, S18 and S20: p4 talonid characters Silcox et al. (2001)
proposed five characters dealing with aspects of p4 talonid morphology, which
is problematic because carpolestids have highly reduced or even vestigial p4
talonids. Clearly, the p4 talonids of carpolestids and other plesiadapoids are
derived with respect to conditions observed in outgroups such as Purgatorius.
However, given the vestigial nature of p4 talonid morphology in carpolestids,
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scoring five independent characters related to the morphology of this structure
seems excessive. Moreover, we disagree with how Silcox et al. (2001) scored
some of these p4 talonid characters, and in some cases the scoring proposed by
Silcox et al. (2001) contradicts anatomical descriptions they themselves have
published elsewhere. For example, Silcox et al. (2001) scored carpolestids as
having“distinct, well invaginated hypoflexids”on p4 (S18, state 0), whereas we
find the p4 talonids of most carpolestids to be so vestigial that we cannot readily
identify a hypoflexid on these teeth. Silcox et al. (2001) scored carpolestids as
lacking a cristid obliqua on p4 altogether (S17, state 2), which appears to con-
flict with these animals also having distinct, well invaginated hypoflexids on p4
(S18, state 0). We note that, while a cristid obliqua is often poorly developed or
even absent on p4 in some carpolestids, others clearly have a crest running for-
ward from the talonid cusp (which is presumably homologous to the hypoconid)
that is likely to be at least partly homologous with the cristid obliqua (see,
for example, YPM-PU 20839, a specimen of Carpodaptes hazelae, and IVPP V
14705, a specimen of Subengius mengi). This issue is further complicated by the
development of a strong crest connecting the talonid cusp with the penultimate
apical cusp in certain derived carpolestids (e.g., Carpolestes; see our character
25). Equally problematic, Silcox et al. (2001) scored saxonellids as having p4
hypoflexids that are“not distinct”(S18, state 1), whereas one of the contributors
to the paper by Silcox et al. (2001) had previously described p4 in Saxonella
naylori as having a stronger heel than on p3, with“the notch separating it from
the protoconid deeper”(Fox, 1991:339). Likewise, Silcox et al. (2001) scored sax-
onellids as having p4 talonid cusps that are “all poorly defined”(S14, state 1),
whereas Fox (1991) had previously described p4 in Saxonella naylori as “[o]nly
a single heel cusp is present”while noting that in Saxonella crepaturae the p4
talonid “supports two small cuspules”(Fox, 1991:339). Given these issues, we
rescored all taxa for S14 (see our character 31) and we eliminated S17 and S18
from our matrix.

S29: number of alveoli for P2 Silcox et al. (2001) erroneously scored Sax-
onella naylori as lacking P2 (S29, state 2), whereas Fox (1991) noted that this
species “retains a small, double-rooted, peg-like P2 immediately adjacent ante-
riorly to P3”. We therefore rescored S. naylori as retaining a double-rooted P2
(S29, state 0) (see our character 54).

S30: buccal cingulids on lower molars Silcox et al. (2001) scored saxonel-
lids as lacking buccal cingulids on their lower molars (S30, state 2), but Fox
(1991:340) had earlier described m1 in Saxonella naylori as follows: “An ante-
rior cingulid runs ventrally from the flexure of the paracristid to the base of the
trigonid labially”, which accords with S30, state 0. We confirm Fox’s (1991)
anatomical description of m1 in S. naylori and find that it is equally applicable
to m1 in S. crepaturae. Further, we find no obviously significant variation in
the development of lower molar buccal cingulids across the taxa included in our
analysis. Hence, we eliminated S30 from our matrix.

S32: height of m1 paraconid Silcox et al. (2001) erroneously scored
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Chronolestes simul as having a paraconid that is taller than the metaconid on
m1 (S32, state 2). Reassessment of the holotype shows that this is not the case,
so Chronolestes is rescored as displaying state 1 for S32 in our matrix (see our
character 38).

S36: width of m1–2 trigonids Silcox et al. (2001) scored taxa other than
Purgatorius as having “swollen”trigonid bases on m1–2, so that the trigonids
are broader than their corresponding talonids. While some taxa considered
here do have surprisingly broad trigonids, few if any of them display lower
molar trigonids that are broader than their corresponding talonids. For example,
Fox (1991:340) noted that the m1 trigonid in Saxonella naylori is “shorter and
narrower than the talonid”, an assessment which also holds for most of the other
taxa under consideration here. Hence, we eliminated S36 from our matrix.

S39: relative height of molar talonid cusps Silcox et al. (2001) scored
most of the plesiadapoid taxa in their matrix as having lower molar entoconids
that are taller than their corresponding hypoconids (S39, state 1). The only
plesiadapoid taxa not to be scored this way were Chronolestes simul and Sax-
onella crepaturae (in contrast to S. naylori). We find that most, if not all, of the
taxa being considered here display the alternative character state (S39, state 0:
hypoconids taller than entoconids). Some basal carpolestids (e.g., Elphidotar-
sius florencae) have sufficiently exodaenodont lower molars that their entoconids
are roughly the same height as their hypoconids in lingual view. However, other
basal carpolestids (e.g., E. shotgunensis) fail to show this pattern, and many de-
rived carpolestids (e.g., Carpodaptes jepseni) fail to do so. Hence, we eliminated
S39 from our matrix.

S51: hypoconulid notch on m1–2 Silcox et al. (2001) scored Chronolestes
simul and two undoubted carpolestid taxa (Elphidotarsius wightoni and Carpo-
daptes hazelae) as showing the derived character state (“present”), while all
other plesiadapoid taxa and outgroups assessed by them were awarded the prim-
itive state for this character (“absent-weak”). Silcox et al. (2001) never actually
defined what they meant by a“hypoconulid notch,”but we interpret this feature
as a narrow valley located buccal to the hypoconulid on m1–2, which therefore
separates the hypoconulid from the hypoconid. In outgroup taxa such as Purga-
torius, the postcristid is trenchant enough that no such valley occurs. A similar
condition occurs in Pandemonium, Pronothodectes and Saxonella. However, in
carpolestids, the postcristid connecting the hypoconid and hypoconulid is never
strongly developed, so that the presence of a“hypoconulid notch”in these taxa is
mainly a function of talonid cusp inflation. We added an intermediate character
state and rescored this character in our matrix accordingly (see our character
45).

S70: relative size of P3 and P4 Silcox et al. (2001) recognized this character
as having three character states, which they randomly arranged as follows: 0
= P3 similar in size to P4, 1 = P3 much smaller than P4, 2 = P3 much larger
than P4. We reordered the character states so that they are arranged along a
potential morphocline as follows: 0 = P3 much smaller than P4, 1 = P3 similar
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in size to P4, 2 = P3 much larger than P4. Silcox et al. (2001) erroneously scored
Chronolestes simul as showing their state 0 for this character, although P3 in
C. simul is obviously smaller than P4 (Beard and Wang, 1995) (equivalent to
our state 0 and their state 1). We rescored all taxa for this reordered character
accordingly (see our character 70).

S71: relative size of P4 and M1 Silcox et al. (2001) recognized three charac-
ter states for this character. As was the case for S70, the states were arranged
so that they would conflict with any potential morphocline as follows: 0 = P4
somewhat smaller than M1, 1 = P4 subequal in size to M1, 2 = P4 much smaller
than M1. We recognize character states that are essentially equivalent to those
employed by Silcox et al. (2001) for their character 70 (see above), which we
reordered so that they correspond to a potential morphocline. Note that it was
necessary to designate a character state in which P4 is larger than M1 in light
of conditions occurring in derived carpolestines (see our character 71).

Descriptions of the characters and character states employed here are
provided in Appendix 1. The data matrix used in our phylogenetic
analyses is presented in Appendix 2. A nexus file including the data
matrix and the settings used in our phylogenetic analyses is available at
http://www.ivpp.cas.cn/cbw/gjzdwxb/xbwzxz/201606/P020160607407867142548.docx.

4 Phylogenetic analysis
Methods Maximum parsimony analyses of the character-taxon matrix shown
in Appendix 2 were undertaken using TNT (Goloboff et al., 2008). TNT re-
quires users to designate a single outgroup taxon in order to root the resulting
trees. We chose Purgatorius janisae as the outgroup, following a broad consen-
sus that this taxon is very basal with respect to other plesiadapiforms and/or
euarchontans (e.g., Silcox et al., 2001; Bloch et al., 2007; Chester et al., 2015).
The effect of treating multistate characters as“ordered”or“additive”was evalu-
ated by running two analyses, one in which all multistate characters that appear
to correspond to natural morphoclines were treated as“ordered”, and a second
in which all multistate characters were treated as “unordered.”In both cases
the data were analyzed under the “New Technology search”option in TNT,
using the sectorial search, ratchet, and tree fusing search methods (all with
default parameters), followed by a round of tree bisection-reconnection branch
swapping. Under these settings, iterations were run until the minimum length
trees were recovered in 1000 separate replications. Relative stability of clades
was assessed using bootstrap analyses (Felsenstein, 1985) and Bremer support
indices (Bremer, 1994). Bootstrapping was based on 1000 replicates.

Results As expected, the analysis in which appropriate multistate characters
were treated as ordered yielded fewer most parsimonious trees (or MPTs) and
hence greater resolution in the strict consensus tree than the alternative analysis
in which none of the multistate characters was treated as unordered. Six MPTs
were recovered from the analysis in which multistate characters were ordered,
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while the analysis in which all multistate characters were unordered yielded 20
MPTs. These consensus trees are compared in Fig. 5.

There is broad congruence in the topology of both consensus trees, especially
with respect to relationships among basal carpolestids and the youngest and
most derived North American carpolestids (species of Carpolestes and its near-
est relatives). In particular, both consensus trees agree on the following relation-
ships: 1) Pandemonium dis is reconstructed as the sister group of all other plesi-
adapoids; 2) Chronolestes simul is reconstructed as the sister group of all other
carpolestids; 3) Elphidotarsius florencae is reconstructed as the sister group of
all other carpolestines; 4) all North American species that have been referred to
Carpodaptes, Carpocristes, Carpomegodon (regarded here as a junior synonym
of Carpodaptes) and Carpolestes form a clade, designated here as the tribe Car-
polestini, that excludes the Asian species Carpocristes oriens; and 5) the sister
group of Carpolestes is Carpodaptes hobackensis, not Carpomegodon jepseni
(= Carpodaptes jepseni) as suggested by Bloch et al. (2001).

The affinities of the Asian carpolestid taxa Subengius mengi and Carpocristes
oriens are reconstructed differently in the two analyses, but the only conflict in
their reconstructed phylogenetic positions derives from the weaker resolution in
the unordered consensus tree. That is, in the analysis in which all multistate
characters were treated as unordered, S. mengi and C. oriens form a large poly-
tomy along with three species of Elphidotarsius (E. wightoni, E. shotgunensis
and E. russelli) and the Carpolestini. In contrast, in the more highly resolved
consensus tree that results from the analysis in which multistate characters were
ordered, S. mengi is reconstructed as a very basal carpolestine, being the sister
group of all other carpolestines aside from E. florencae. Under the same as-
sumption of ordered multistate characters, Carpocristes oriens is reconstructed
as the sister group of Carpolestini.

5 Discussion
Systematic implications of Asian carpolestids Our redescription of the
morphology of Subengius mengi has led to a new analysis of carpolestid phy-
logeny, which is the first large-scale assessment of the relationships of this group
to be performed during the last 15 years (Beard, 2000; Bloch et al., 2001; Silcox
et al., 2001). Several obvious systematic implications from this analysis are
evident, and these are emphasized here. On the other hand, certain relation-
ships within Carpolestidae and its close plesiadapoid relatives remain unstable
enough that any associated systematic proposals are premature.

Identifying how carpolestids (or carpolestines) are related to other plesiadapoids
has been controversial. Beard and Wang (1995) recognized Chronolestes simul
as a basal carpolestid and suggested that the sister group of Carpolestidae
was a Plesiadapidae + Saxonellidae clade. Silcox et al. (2001) disagreed, sug-
gesting instead that the sister group of Carpolestinae (carpolestids other than
Chronolestes) is Plesiadapidae. According to Silcox et al. (2001), the sister
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group of this purported Carpolestinae + Plesiadapidae clade is Saxonellidae.
However, the only synapomorphy Silcox et al. (2001) cited as support for their
hypothetical Carpolestinae + Plesiadapidae clade was a “lanceolate”(rather
than “laterally compressed”) i1 (S3, state 2). We have discussed some of the
problems with S3 above in our character analysis. Regardless of these issues,
it is clear that there is little morphological support for a Carpolestinae + Ple-
siadapidae clade, especially in comparison with the stronger character support
underpinning the Chronolestes + Carpolestinae clade proposed by Beard and
Wang (1995) (see below). Whether the sister group of Carpolestidae (including
Chronolestes) is a Plesiadapidae + Saxonellidae clade (as opposed, for exam-
ple, to one or the other of these plesiadapoid families) remains to be firmly
established.

Our analysis strongly reaffirms Beard and Wang’s (1995) hypothesis regarding
the carpolestid affinities of Chronolestes simul, a taxon that has been interpreted
as lying outside a Plesiadapidae + Saxonellidae + Carpolestidae clade by multi-
ple recent workers (Bloch et al., 2001; Silcox et al., 2001; Fox, 2002; Smith et al.,
2004). Primarily, our confidence in the carpolestid affinities of Chronolestes de-
rives from specifically carpolestid-like features in its lower dentition. For exam-
ple, i2 in Chronolestes simul is a highly distinctive and mesiodistally elongated
tooth, which overlaps the base of i1 (Beard and Wang, 1995: figs. 3–5). This
tooth locus is not well sampled among carpolestids and other plesiadapoids, but
the i2 morphology of Chronolestes simul closely resembles that of Carpodaptes
cygneus (Bloch et al., 2001: fig. 9B [Figure 9: see original paper]; note that the
sample of small-bodied carpolestids from Divide Quarry in the Bighorn Basin
is considered as Carpodaptes stonleyi by Fox, 2002) and Carpolestes simpsoni
(Bloch and Gingerich, 1998: figs. 2, 4). The only non-carpolestid plesiadapoid
in which i2 has been documented is Pronothodectes gaoi, in which this tooth is
vestigial and peg-like (see Boyer et al., 2012: fig. 7 [Figure 7: see original paper]).
As noted by Beard and Wang (1995), the reduction of p3 in Chronolestes simul
is also specifically carpolestid-like, both in terms of the extreme reduction in
the height of the p3 crown and the close apposition and/or fusion of its roots.
Plesiadapids and saxonellids differ from Chronolestes and other carpolestids
in retaining p3 crowns that are similar in height to p4 (p3 is actually hyper-
trophied relative to p4 in Saxonella) and supported by dual roots occupying
separate alveoli. Although p4 in Chronolestes is not developed into the polycus-
pidate, plagiaulacoid structure that characterizes all carpolestines, it resembles
its homologue in carpolestines in being hypertrophied (both in terms of its crown
height and mesiodistal length), in having a metaconid, in being at least moder-
ately exodaenodont, and in having a mesial crest that extends forward from the
protoconid. All of these p4 features are lacking in plesiadapids and saxonellids.
Finally, our reassessment of the morphology of P3 in Elphidotarsius sp., cf. E.
florencae, and Subengius mengi suggests that the cusp homologies employed by
Silcox et al. (2001) for this tooth in carpolestids are erroneous, rendering P3 in
carpolestines more similar to that of Chronolestes and less similar to those of ple-
siadapids and saxonellids. In light of these morphological observations and the
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strong branch support for a Chronolestes + Carpolestinae clade shown in Fig. 5,
we recognize Chronolestinae and Carpolestinae as subfamilies of Carpolestidae,
following Beard and Wang (1995).

The phylogenetic position of S. mengi with respect to other carpolestines and the
systematic status of the genus Subengius remain debatable. Our more highly
resolved tree topology based on ordered multistate characters reconstructs S.
mengi as a very basal carpolestine, although it remains phylogenetically brack-
eted by species of the paraphyletic genus Elphidotarsius. The phylogenetic anal-
ysis reported by Missiaen and Smith (2008: fig. 13) also interpreted S. mengi
as being nested among species of Elphidotarsius, although their analysis recon-
structed S. mengi at a less basal position on the carpolestid tree than ours did.
Given our current knowledge of carpolestid phylogeny, one might reasonably ask
why Subengius should be maintained as a genus separate from Elphidotarsius
(cf. Silcox, 2008). We refrain from recognizing Subengius as a junior subjec-
tive synonym of Elphidotarsius, primarily because of the surprisingly primitive
structure of p4 in Subengius, which in some ways appears to be more primitive
than that of any known species of Elphidotarsius. As noted previously, p4 in
Subengius is only weakly exodaenodont and it bears three main apical cusps
along with a highly vestigial fourth apical cusp, which is located farther from
the three main apical cusps than is the case in species of Elphidotarsius. More-
over, the three main apical cusps on p4 in Subengius are less fully connate than
is the case in species of Elphidotarsius. On the other hand, P3–4 in Subengius
appear to be more derived than in Elphidotarsius sp., cf. E. florencae. Until a
better understanding emerges of how the various species of Elphidotarsius are
related to each other and to more derived carpolestines, we agree with Missiaen
and Smith (2008) that Subengius warrants recognition as a separate genus.

Beard and Wang (1995) proposed the new genus Carpocristes on the basis of
the Bumbanian species Carpocristes oriens. Emphasizing its highly derived p4
and P3–4, Beard and Wang (1995) hypothesized that the sister group of C.
oriens is the late Tiffanian North American species Carpodaptes hobackensis,
a phylogenetic reconstruction that has been endorsed by Beard (2000), Bloch
et al. (2001) and Missiaen and Smith (2008). Older and more distantly related
North American carpolestids, including Carpodaptes cygneus and Carpocristes
rosei, were also thought to be specially related to this putative Carpocristes
oriens + Carpodaptes hobackensis clade (Beard and Wang, 1995; Beard, 2000).
Accordingly, Beard and Wang transferred the North American species Carpo-
daptes hobackensis and Carpodaptes cygneus to their new genus Carpocristes.
Beard (2000) subsequently added a third North American species, the middle
Tiffanian Carpocristes rosei, to this genus, while suggesting on the basis of phylo-
genetic and biostratigraphic data that Carpocristes originated in North America.
However, Fox (2002) disputed the close relationship between Carpocristes oriens
and North American species referred to that genus by Beard and Wang (1995)
and Beard (2000). In doing so, Fox (2002) pointed out several important ways
in which Carpocristes oriens diverges from Carpodaptes hobackensis and closely
related North American forms. Notable among these are the retention of p2 in

chinarxiv.org/items/chinaxiv-201711.01893 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.01893


Carpocristes oriens, the primitive nature of its p4 talonid, and the lack of con-
vincing evidence for a distally displaced ultimate apical cusp on its p4. We have
carefully reconsidered the morphology of Carpocristes oriens, and we regard
most of Fox’s (2002) anatomical observations to be valid. Moreover, in both of
our phylogenetic analyses, Carpocristes oriens is only distantly related to Car-
podaptes hobackensis and its close North American relatives. Accordingly, we
now regard Carpocristes as a monotypic genus. The North American Tiffanian
species Carpocristes rosei Beard, 2000 is recombined here as Carpodaptes rosei.
Similarly, Carpodaptes hobackensis and Carpodaptes cygneus should no longer
be referred to Carpocristes.

A relatively derived clade of North American carpolestines, including species
usually included in the genera Carpodaptes, Carpolestes and Carpomegodon,
can be designated as the tribe Carpolestini. In contrast to many earlier analyses
of carpolestid relationships (Rose, 1975; Beard, 2000; Bloch et al., 2001), we
find that the sister group of the youngest and most derived North American
genus, Carpolestes, is likely to be Carpodaptes hobackensis. This possibility
was first proposed by Dorr (1952), but it has not been seriously considered
since Rose (1975) described the much larger late Tiffanian species Carpodaptes
jepseni (subsequently raised to generic status as Carpomegodon jepseni by Bloch
et al., 2001). Like Elphidotarsius, Carpodaptes is a paraphyletic assemblage
of species that sucessively approximates Carpolestes. Given the relationships
among species assigned to Carpodaptes shown in Fig. 5, it may no longer be
desirable to maintain Carpomegodon as a genus distinct from Carpodaptes.

Biogeographic implications of Asian carpolestids To date, three species
of Asian carpolestids are known, ranging in age from the Gashatan taxon
Subengius mengi to the Bumbanian taxa Chronolestes simul and Carpocristes
oriens. In North America, the stratigraphic distribution of carpolestids is en-
tirely confined to the Paleocene (late Torrejonian through late Clarkforkian; see
Rose, 1975; Bloch and Gingerich, 1998). Asian carpolestids may or may not
be restricted to the Paleocene, because the age of the Bumbanian Wutu fauna
that includes Chronolestes simul and Carpocristes oriens remains controversial
(e.g., Beard and Dawson, 1999; Tong and Wang, 2006). Regardless of lingering
disagreements about the age of these Asian carpolestids, it is now clear that all
three Asian taxa are fairly basal members of the carpolestid evolutionary radia-
tion (Fig. 5). However, none of these Asian carpolestids appears to be specially
related to the others. This phylogenetic pattern and the long ghost lineages
that are implied for taxa such as Chronolestes and Carpocristes indicate that
the fossil record of carpolestid evolution remains inadequately sampled.

When Beard and Wang (1995) originally described Chronolestes simul and Car-
pocristes oriens, they interpreted these taxa as evidence for at least two episodes
of trans-Beringian dispersal during the course of carpolestid evolution. Further,
Beard and Wang (1995) proposed that both of these Asian Bumbanian car-
polestids colonized Asia from North America. Specifically, the ancestors of
Chronolestes simul (Chronolestinae) were thought to have colonized Asia rela-
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tively early in the Paleocene (probably prior to late Torrejonian zone To3), while
the progenitors of Carpocristes oriens were thought to have colonized Asia mil-
lions of years later (during the late Tiffanian or earliest Clarkforkian). Beard’
s (2000) subsequent description of middle Tiffanian Carpocristes rosei was in-
terpreted as further evidence that the Carpocristes clade originated in North
America and invaded Asia during the latter part of the Paleocene.

Now that all three Asian carpolestids are recognized as fairly basal members
of the carpolestid radiation, other biogeographic hypotheses become plausible.
Indeed, it is now reasonable to entertain the possibility that carpolestids as a
whole originated in Asia, based on the apparent restriction of Chronolestinae to
that continent, coupled with the occurrence of two basal members of Carpolesti-
nae (Subengius mengi and Carpocristes oriens) there. The major impediment to
this hypothesis is the absence of any close outgroups to Carpolestidae in Asia.
Both plesiadapids and saxonellids are currently restricted to North America
and Europe, and more basal plesiadapoids such as Pandemonium dis are known
only from North America. Regardless of whether carpolestids originated in Asia,
important aspects of their early evolutionary history certainly transpired there.

It remains to be firmly established whether carpolestid dispersal between Asia
and North America conformed to the prevailing“East of Eden”pattern (Beard,
1998, 2008; Beard and Dawson, 1999; Beard et al., 2010). However, it is clear
that Carpocristes oriens can no longer be cited as an obvious exception to this
pattern, because the close relationship that was formerly proposed between
this Bumbanian taxon and North American Tiffanian carpolestids such as Car-
podaptes hobackensis, C. cygneus and C. rosei no longer appears to be valid.
The phylogenetic position of Carpocristes oriens certainly lies outside the Car-
polestini, a purely North American clade that first appears in the early Tiffa-
nian (Rose, 1975). With the notable exception of Elphidotarsius wightoni, car-
polestids other than Carpolestini are unknown in North America subsequent to
the early Tiffanian. Hence, episodes of carpolestid dispersal between Asia and
North America were probably confined to the earlier part of the Paleocene.

If basal carpolestids resembled Carpolestes simpsoni in possessing grasping big
toes and a presumed arboreal lifestyle (Bloch and Boyer, 2002), their ability
to disperse repeatedly across Beringia during the earlier Paleocene suggests
that forested paleoenvironments must have been present, at least intermittently,
across that high-latitude region long before the Paleocene–Eocene Thermal Max-
imum.
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Appendix 1
Characters employed for phylogenetic analysis (BW= Beard and Wang, 1995)
(Be= Beard, 2000) (S= Silcox et al., 2001) (Bh = Bloch et al., 2001)

1. i3 occurrence (0 = present, 1 = absent) [Be22; S1; Bh6]

2. i2 occurrence (0 = present, 1 = absent) [S2]

3. i1 margocristid (0 = well-defined and elevated, 1 = poorly defined or
absent)

4. i1 margoconid (0 = absent, 1 = present) [S4]

5. size of i1 (0 = similar to c1, 1= much larger than c1) [Bh2]
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6. form of i2 (0 = crown mesiodistally elongated, overlapping base of i1, 1
= crown ovate, flattened)

7. size of i2 (0 = crown and/or alveolus larger than c1, 1 = crown and/or
alveolus equivalent to c1, 2 = crown and/or alveolus smaller than c1)
[ordered/additive]

8. form of c1 (0 = subconical or peg-like, 1 = mesiodistally elongated) [Bh8]

9. c1 occurrence (0 = present, 1 = absent)

10. size of c1 (0 = mesiodistal length of c1 > 50% of m1 length, 1 =
mesiodistal length of c1 < 50% of m1 length)

11. p1 occurrence (0 = present, 1 = absent) [S8]

12. p2 occurrence (0 = present, 1 = absent) [Be23]

13. p2 root configuration (0 = two roots, 1 = 1 root) [see S9, Bh9]

14. form of p2 (0 = unreduced in crown height with respect to m1, talonid
heel present, 1 = reduced in crown height with respect to m1, talonid
heel present, 2 = reduced in crown height with respect to m1, talonid
heel absent or indistinct) [ordered/additive]

15. p3 root configuration (0 = two roots, widely spaced, 1 = two roots,
closely spaced in single alveolus, 2 = 1 root) [see Be24, S10, Bh11]
[ordered/additive]

16. form of p3 (0 = unreduced in crown height with respect to m1, 1 =
reduced in crown height with respect to m1) [see BW6, Bh10]

17. plagiaulacoid condition of p3 (0 = absent, 1 = present)

18. mesiodistal length of p4 (0 = m1>p4, 1 = p4>m1) [see BW7, Be37, S11]

19. exodaenodont condition of p4 (0 = exodaenodonty lacking on p4, 1 =
little lobe development, 2 = distal lobe better developed than mesial lobe,
3 = both distal and mesial lobes strongly developed) [see BW8, Be38,
S64] [ordered/additive]

20. paraconid on p4 (0 = absent, 1 = present) [see S15, Bh15]

21. metaconid on p4 (0 = absent, 1 = present) [see S16, Bh14]
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22. configuration of p4 trigonid cusps (0 = fails to contribute to plagiaula-
coid blade, 1 = trigonid cusps contribute to plagiaulacoid blade, but
not aligned mesiodistally, 2 = trigonid cusps mesiodistally aligned
to contribute to plagiaulacoid blade) [see Be26, Be33, Be34, Bh14]
[ordered/additive]

23. apical cusps on p4 (0 = none beyond paraconid, protoconid and meta-
conid, 1 = one neomorphic cusp or four total, 2 = two neomorphic cusps
or five total, 3 = three neomorphic cusps or six total, 4 = four neomorphic
cusps or seven total, 5 = five neomorphic cusps or eight total) [see Be32,
S72, Bh16] [ordered/additive]

24. Vertical rib beneath lingual side of ultimate apical cusp on p4 (0 =
present, 1 = absent) [Be27, Bh20]

25. crest uniting penultimate apical cusp with talonid cusp on p4 (0 = weak,
1 = strong) [Be28]

26. position of ultimate apical cusp (metaconid) on p4 (0 = near penultimate
apical cusp, 1 = more distal, roughly equidistant between talonid cusp
and penultimate apical cusp) [Be35]

27. posterolingual excavation on p4 (0 = absent, 1 = present)

28. position of talonid cusp on p4 (0 = well below level of m1 paraconid, near
midline of p4 crown in buccal view; 1 = below level of m1 paraconid,
elevated above midline of p4 crown in buccal view; 2 = elevated near
level of m1 paraconid, integrated into distal apical crest of p4) [see Be30]
[ordered/additive]

29. lingual base of p4 crown (0 = even, 1 = modest development of incision
between mesial and distal lobes, 2 = strong development of incision
between mesial and distal lobes) [ordered/additive]

30. morphology of p4 talonid (0 = basined, 1 = not basined, reduced) [S12]

31. number of talonid cusps on p4 (0 = two, 1 = one, 2 = none, or poorly
defined) [see S14] [ordered/additive]

32. entocristid on p4 (0 = present, 1 = absent) [S20]

33. paraconid of m1 (0 = not widely splayed relative to metaconid, 1 =
widely splayed) [see Be39, Bh22]

34. talonid notch between postvallid and entoconid on m1 (0 = absent, 1 =
weak, 2 = strong) [see Be40] [ordered/additive]
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35. protoconid of m1 (0 = same height as metaconid, 1 = taller than
metaconid) [see Be41, S53]

36. talonid of m1 (0 = similar in length to that of m2, 1 = anteroposteriorly
abbreviated, 2 = abbreviated both anteroposteriorly and buccolingually)
[see Be42] [ordered/additive]

37. length of molar trigonids (0 = trigonids become less anteroposteriorly
compressed posteriorly, 1 = trigonids become more anteroposteriorly
compressed posteriorly) [S31]

38. height of m1 paraconid (0 = lower than metaconid, 1 = subequal to
metaconid, 2 = taller than metaconid) [S32] [ordered/additive]

39. distinctiveness of m1 paraconid (0 = indistinct from paracristid, 1 =
distinct from paracristid) [S33]

40. lower molar mesoconids (0 = weak to absent, 1 = present (if variably) on
some molars) [S34]

41. molar talonid cusp position (0 = peripheral, little basal inflation; 1 = set
in from margin, basal inflation) [S35]

42. width of m3 talonids (0 = narrower than trigonid, 1 = similar to trigonid
or wider) [S37]

43. size of m3 hypoconulid (0 = similar to cusp on m1-2, 1 = larger than on
m1-2) [S38]

44. protoconid-metaconid notch on lower molars (0 = present, 1 = absent)
[S50]

45. hypoconulid notch on m1-2 (0 = absent, 1 = weak, 2 = present) [see S51]
[ordered/additive]

46. stepped postvallid on m1 (0 = absent, 1 = present, cristid obliqua
continues onto metaconid, which is offset posteriorly from protoconid)
[S52]

47. doubled entoconid on m3 (0 = absent, 1 = present) [S54]

48. exodaenodont condition of m1 (0 = m1 not exodaenodont, 1 = little lobe
development, 2 = distal lobe better developed than mesial lobe, 3 = both
lobes strongly developed) [S65] [ordered/additive]
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49. I3 occurrence (0 = present, 1 = absent)

50. laterocone on I1 (0 = absent, 1 = present, basal in position, and
equal to or smaller than anterocone, 2 = present, apical in position,
and larger volumetrically than anterocone) [see Be1, S5] [ordered/additive]

51. mediocone on I1 (0 = absent, 1 = present) [see Be2, S5]

52. mesio-basal cusp on I1 (0 = absent, 1 = present) [Be3]

53. P1 occurrence (0 = present, 1 = absent) [S28]

54. number of roots on P2 (0 = double-rooted, 1 = single-rooted) [see S29]

55. parastyle on P3 (0 = absent, 1 = present, 2 = present and hypertrophied,
equal in size to paracone, 3 = present and hypertrophied, with neomor-
phic cusp anterior to it) [see Be6] [ordered/additive]

56. number of buccal cusps posterior to paracone on P3 (0 = none, 1 = one,
2 = two, 3 = three) [Be7; see also S55, S59] [ordered/additive]

57. anterobuccal projection of P3 (0 = absent, 1 = moderate, 2 = extreme)
[Be8; see also S69] [ordered/additive]

58. protocone on P3 (0 = substantial and lingual in position, 1 = smaller and
shifted buccally, near buccolingual midline of tooth, 2 = shifted further
buccally, near base of parastyle and paracone) [ordered/additive]

59. conule on P3 (0 = absent, 1 = present) [see S25]

60. neomorphic lingual cusp on P3 (0 = absent, 1 = present, 2 = present,
incorporated within raised lingual shelf, 3 = present, incorporated
within raised lingual shelf also bearing distolingual cusp or “hypocone”)
[ordered/additive]

61. parastylar lobe on P4 (0 = large, projecting, 1 = smaller and not
projecting beyond the mesiolingual border of the tooth) [see S22]

62. parastyle on P4 (0 = absent, 1 = present, 2 = parastyle and preparaconal
cusp present =“dual parastyle”of Beard, 2000) [Be12; see also S66, S67]
[ordered/additive]

63. number of buccal cusps distal to paracone on P4 (0 = none, 1 = one, 2
= two) [Be13; see also S23, S68] [ordered/additive]

64. conule and associated crest on P4 (0 = absent, 1 = conule present,
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preparaconule crista absent, 2 = conule present, preparaconule crista
present) [see S21, S63] [ordered/additive]

65. preparacrista on P4 (0 = absent, 1 = present) [see Be18, S13]

66. preprotocrista on P4 (0 = present, 1 = absent) [S27]

67. pericone on P4 (0 = totally absent, 1 = present, at least incipiently, 2 =
present and cuspate) [see S62] [ordered/additive]

68. hypocone on P4 (0 = totally absent, 1 = present, at least incipiently, 2
= present and cuspate) [see S61] [ordered/additive]

69. acuteness of P4 cusps (0 = acute, 1 = bulbous) [S26]

70. relative size of P3 and P4 (0 = P3 much smaller than P4, 1 = P3 similar
in size to P4, 2 = P3 much larger than P4) [see S70; note different scoring
and coding scheme employed here] [ordered/additive]

71. relative size of P4 and M1 (0 = P4 smaller than M1, 1 = P4 similar in
size to M1, 2 = P4 larger than M1) [see S71; note different scoring and
coding scheme employed here] [ordered/additive]

72. postprotocingulum on M1 (0 = absent or weak, 1 = pronounced) [see
S41]

73. hypocones on M1-2 (0 = absent, 1 = incipient, 2 = cuspate) [see S43]
[ordered/additive]

74. position of M1-2 protocone (0 = skewed mesiobuccally, 1 = central on
crown) [S44]

75. continuity of post- and metacingula on M1-2 (0 = not continuous, 1 =
continuous) [S45]

76. centrocrista on molars (0 = moderate, 1 = absent) [S46]

77. morphology of molar parastylar lobe on M1 (0 = projecting beyond the
border of the tooth, 1 = not projecting) [S47]

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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