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Abstract

Macroscelidid afrotherians and canid carnivorans possess four premolar loci, the first of which is not replaced. Previous work 
suggests that the first premolar in macroscelidids is a retained deciduous tooth, but in Canis it is a successional tooth with no milk 
precursor. We tested this contrasting interpretation of first premolar homology with data from ontogenetic anatomy and with area 
predictions from the inhibitory cascade (IC) model. Our results based on anatomy support previous interpretations that the func-
tional first premolar is a retained deciduous tooth (dp1) with no successor in macroscelidids, and a successional tooth (p1) with no 
precursor in Canis. Hyracoids are among the few placental mammals that show replacement at the first premolar locus and show 
less deviation than other taxa of actual from predicted areas across the deciduous and molar toothrow. However, predicted vs. actual 
tooth areas can depart substantially from one another. At least without a better means of representing tooth size, the inhibitory cas-
cade does not help to distinguish the deciduous from successional first premolar. This observation does not rule out the possibility 
that factors such as a size-shift within the toothrow (e.g., carnivoran carnassials) help to explain deviations from the inhibitory 
cascade model.
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Introduction

Living mammals show remarkably consistent patterns of 
growth and morphology in their dentitions. Most have 
four readily identifiable dental types: incisors, canines, 
premolars (collectively known as antemolars) and molars 
(Maier 1984). Groups such as rodents and lagomorphs 
lack canines and anterior premolars. Monotremes, xenar-
thrans, aardvarks, pangolins, cetaceans and aquatic car-
nivorans further lose some or all tooth types. With very 
few exceptions (Domning and Hayek 1984; Gomes-Ro-
drigues et al. 2011), and documented by an extensive fos-
sil record (O’Meara and Asher 2016), mammalian teeth 
are replaced just once, if at all. In marsupials, antemolar 
replacement is limited to the last premolar; other species 
lack premolar replacement altogether (Van Nievelt and 
Smith 2005), either because the deciduous (e.g., sori-
cids) or replacement (e.g., proboscideans) generation 
never fully mineralizes or breaks the gum. Tooth types 
and deciduous vs. permanent generations are usually dis-
tinguishable in most species based on their anatomy and 
eruption patterns (Ungar 2010).

When postnatal anatomy is not sufficient to recognize 
positional or ontogenetic dental homologies, embryonic 
development has played a key role (Luckett and Maier 
1982; Luckett 1993a, b; Van Nievelt and Smith 2005). 
Nineteenth and early 20th century studies of dental on-
togeny extensively utilized juvenile and embryonic speci-
mens (e.g., Tomes 1874, 1897; Leche 1907; Butler 1937), 
and indeed our understanding of dental development aris-
es from such material. As summarized by Williams and 
Evans (1978), Luckett (1993a), Järvinen et al. (2009), and 
others, mammalian teeth of both the deciduous and per-
manent dentitions undergo the same ontogenetic stages 
during development: bud, cap, and bell, each subdivided 
into early, middle and late. The primary dental lamina in 
mammals has a restricted capacity to generate succes-
sional teeth, and its regression limits the dentition to two 
generations (Popa et al. 2016). The deciduous dentition 
and molars have long been regarded as arising from the 
embryonic primary dental lamina, connected to the oral 
epithelium (Owen 1845; Butler 1937). While molars are 
functionally part of the permanent dentition, their appar-
ent origin from the primary dental lamina would make 
them, developmentally speaking, late-erupting “decidu-
ous” teeth (Luckett 1993a; Tucker and Fraser, 2014). Re-
placement teeth arise from the lingual successional lam-
ina of their corresponding deciduous precursors (Butler 
1937), although origins from a primary or successionary 
lamina is not always obvious in cases when one or the 
other is vestigial (see Van Nievelt and Smith 2005, dis-
cussed further below).

The first premolar locus has regressed in nearly all pla-
cental mammals to just one generation or none at all. First 
premolar replacement has been documented in some fos-
sil groups, including hyracoids (Gheerbrant et al. 2007; 
Asher et al. 2017) and cetaceans (Uhen 2000). Among 
living groups, first premolar replacement consistently oc-
curs only in the upper dentition of Tapirus (Ziegler 1971), 

but may also occur in some individuals of Procavia (Ash-
er et al. 2017). The xenarthran genus Dasypus typically 
exhibits seven or eight replaced, antemolar teeth in each 
quadrant, without obvious homologies of any of them to 
the antemolars of other mammals (Ciancio et al. 2012). 
A single generation at the first premolar characterizes 
many carnivorans, artiodactyls, perissodactyls, talpids, 
and macroscelidids. Otherwise, the first premolar locus is 
absent in living mammals.

Kindahl (1957, 1967) argued that the macroscelidid 
first premolar was a retained deciduous tooth. She col-
lected data from five histologically prepared embryos of 
Elephantulus myurus of 16mm, 17mm, 19mm, 25mm, 
and 40mm greatest length, as well as osteological speci-
mens. She observed in her embryos that the anterior-most 
premolar arose from the primary dental lamina, and 
never observed a successional lamina (or in later stag-
es a replacement tooth) arising from that locus. Kindahl 
(1957:29) therefore concluded that “the first premolar [of 
Elephantulus] belongs to the lacteal set of teeth”, or dp1.

Williams and Evans (1978) suggested the opposite for 
domesticated dogs (beagles) based on 172 specimens of 
known age. Of these, 29 were histologically sectioned 
and 143 were cleared and stained; sizes ranged from 
12–95mm CRL (histology) and 20–166mm (cleared and 
stained), representing developmental ages of approxi-
mately 25–63 days post coitus, corresponding roughly to 
the last 5.4 weeks of a 9 week pregnancy. In their sample, 
the primary dental lamina between tooth buds of the dp2 
and canine remained undeveloped throughout most of 
prenatal ontogeny. Only at later stages, from 42–47 days, 
did signs of bud initiation corresponding to the first pre-
molar locus appear, temporally coincident with the initi-
ation of the permanent replacements of deciduous teeth. 
Williams and Evans (1978: 161) tentatively concluded 
that “the first premolars develop in the late fetus and are 
regarded here as teeth of the permanent dentition without 
deciduous predecessors”.

The positive evidence used by both Williams and Evans 
(1978) and Kindahl (1957) concerned the morphology of 
the primary dental lamina and timing of mineralization. 
On the other hand, neither Kindahl (1957) nor Williams 
and Evans (1978) observed specimens in possession of 
a rudimentary, partly formed dp1 or p1 simultaneously 
with its cognate. In principle, one or few observations of 
a developing successional tooth connected to a dp1 could 
alter their conclusions on the homology of the tooth at the 
first premolar locus.

Here, we build on the work of past authors to examine 
homology of the first premolar locus and test the hypoth-
esis that the functional, first premolar locus in each be-
longs to separate generations: the dp1 in macroscelidids 
and the p1 in canids. We focus primarily on these two 
groups given the contrasting interpretations of their first 
premolar homologies, and for comparison examine oth-
er carnivorans and afrotherians, in particular hyracoids, 
as they are among the only mammals with documented 
replacement at the first premolar locus (Gheerbrant et 
al. 2007; Asher et al. 2017). We use microCT scans and 
histologically-prepared specimens to try and identify re-
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placement at the p1 locus in growth stages that previous 
authors may have missed.

We furthermore consider the inhibitory cascade hy-
pothesis (IC, Kavanagh et al. 2007; Polly 2007; Wilson et 
al. 2012; Evans et al. 2016) to determine if its predictions 
of size can distinguish between deciduous and replace-
ment teeth at the first-premolar locus. There are many 
instances in which inhibitory cascade predictions depart 
from observed molar areas (Renvoisé et al. 2009; Asahara 
2013; Evans et al. 2016; Roseman and Delezene 2019). 
Its applicability to deciduous premolar sizes is less well 
known. If it does predict areas of known deciduous pre-
molars, then it may be useful to distinguish deciduous vs. 
replacement teeth at loci in which replacement has not yet 
been observed, such as the first premolar.

Methods

We employed two methods to test the developmental 
homology of teeth at the p1 locus. First, we assembled 
a dataset of skeletal (Table 1) and soft-tissue stained 
(Table 2) CT scanned prenatal and juvenile specimens 
that could in theory show evidence for replacement at 
this locus, to which we added four histologically prepared 
macroscelidids, one canid, and made comparisons to six 
hyracoids (Table 3). Second, we measured linear dimen-
sions of deciduous and permanent generations from the 
lower canine to last molar to determine if tooth area can 
be predicted based on the inhibitory cascade model (Ka-
vanagh et al. 2007; Evans et al. 2016). This was articulat-
ed by Evans et al. (2016) as B=0.5 (A+C), algebraically 
equivalent to A=2B–C and C=2B–A, where A, B, and C 
represent two-dimensional areas of each of three adjacent 
teeth (in their case, molars) derived from the primary den-
tal lamina. If tooth area follows the inhibitory cascade, 
then the middle tooth of a triplet would have an area ap-
proximating the average of the areas of the first and third 
(B=0.5 (A+C)); the first tooth would have an area about 
twice the second minus the third (A=2B–C); the last tooth 
would have an area about twice the second minus the first 
(C=2B–A). Therefore, following Kindahl’s (1957) inter-
pretation, the first premolar of Elephantulus (dp1) should 
have an area approximating twice that of dp2 minus dp3. 
We would similarly expect a dp1 of Canis to correspond 
more than a p1 to an area approximating twice that of dp2 
minus dp3.

In order to be consistently measurable, tooth crowns 
have to be at or close to full mineralization. It would also 
be ideal to have measurements across all loci to be able to 
test area predictions for any tooth arising from the prima-
ry dental lamina. In reality, a full complement of molars 
rarely co-occurs with all deciduous teeth, and area esti-
mates for conical, trenchant teeth are more prone to error 
than those from rectangular, molariform teeth. Therefore, 
we did not test predictions for loci anterior to the first 
premolar. Of the three equations noted above to predict 
tooth area using the inhibitory cascade, we used whichev-

er applied to one individual’s available teeth without as-
suming first premolar homology. For example, to predict 
size of an m1, we used C=2B–A (2×dp4–dp3) unless dp3 
or dp4 were missing, in which case we used B=(A+C)/2 
((dp4+m2)/2) unless dp4 or m2 were missing, in which 
case we used A=2B–C (2×m2–m3). For predicting dp2 
area we used only A=2B–C and for dp3, either A=2B–C 
or B=(A+C)/2 in order to avoid using the first premolar 
to predict areas of other loci. In addition, because inci-
sors lack clear landmarks with which to define length and 
width, we omitted incisors from our sample, using instead 
teeth between (and including) the canine and the last mo-
lar. We made length and width measurements based on 
3D rendered CT scans (and did not try to measure teeth 
from histological specimens) using Drishti (versions 
2.6.4 to 2.7, Limaye 2012) as per the landmarks shown 
in Figure 1.

We sampled postnatal and soft-tissue stained embryon-
ic specimens across 13 species in 9 genera of afrotherians 
and carnivorans. Our sample of CT-scanned Canis speci-
mens consists of multiple species and subspecies, includ-
ing two coyotes (C. latrans), two Mexican wolves (C. 
lupus baileyi), two arctic wolves (C. lupus arctos), a wolf 
(C. lupus) native to Lebanon, and seven domestic dogs 
(C. lupus familiaris). Six of the latter are pointers, five of 
which have known ages. Age post-birth was also known 
for 16 specimens of Macroscelides (Table 1 and Asher 
and Olbricht 2009). While the anterior-most premolari-
form cheektooth in Procavia has sometimes been inter-
preted as a canine (Luckett 1993b), based on data from 
Asher et al. (2017) and Gomes-Rodrigues et al. (2019) 
we regard it as a first premolar. All of the other genera are 
uncontroversially known to typically possess four perma-
nent premolars. Most also have three molars, except for 
Otocyon (with four) and Macroscelides, Nandinia, Nasua 
and Viverra (with two). For soft-tissue stained CT scans 
(Table 2), we followed the PTA (phosphotungstic acid) 
protocol described by Metscher (2009: table 2). Supple-
mentary appendix S1 provides measurements and details 
on individual specimens in csv format.

Our sample is limited by the number of specimens that 
simultaneously possess a measurable first premolar along 
with adjacent deciduous teeth that allow for calculation 
of dp1 area according to the inhibitory cascade. This has 
the advantage of not averaging across specimens that 
may vary in size due to unrelated factors (e.g., variation 
among breeds), but on the other hand reduces our sample 
size. For example, Canis is a common species, well-rep-
resented in museum collections and the literature, but 
even when developmental series are available, they rarely 
exhibit specimens with a fully mineralized first premolar 
crown along with measurable dp2 and dp3. Hence, we 
have just one Canis specimen in our sample providing 
both predicted and observed areas for the first premolar, 
as detailed below.

Throughout the text, we use dental abbreviations that 
correspond with our results and those of Kindahl (1957) 
and Williams and Evans (1978). That is, we describe 
macroscelidids with a retained dp1/dP1 and Canis with 
an unreplaced p1/P1. Individual teeth are abbreviated 
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Table 1. Non-stained specimens examined using microCT. Institutional abbreviations are BMNH (also NHM, NHMUK) = Natural 
History Museum London UK, CBC = Cambridge Biotomography Centre UK, DPC = Duke Primate Center USA, DU-EA = Duke 
University Department of Evolutionary Anthropology, FMNH = Field Museum of Natural History Chicago USA, ISEM = Institute 
of Evolutionary Science of Montpellier France, MNHN = Muséum National d’Histoire Naturelle Paris France, MS = www.mor-
phosource.org USA, NHM (and BMNH, NHMUK) = Natural History Museum London UK, UCL = University College London, 
UMZC = University Museum of Zoology Cambridge UK, USNM = United States National Museum Washington USA, YPM = 
Yale Peabody Museum New Haven USA. Sizes are given in millimeters.

genus species collection accession (field #) voxel XY voxel Z age in days source
Macroscelides proboscideus UMZC 2011.1.8 (w60) 0.0259713 0.0259713 0 UCL-skyscanner
Macroscelides proboscideus UMZC 2011.1.3 (w50) 0.02091 0.02091 2 UCL-skyscanner
Macroscelides proboscideus UMZC 2011.1.6 (w57) 0.0098815 0.0098815 3 CBC
Macroscelides proboscideus UMZC 2011.1.7 (w58) 0.0112248 0.0112248 3 CBC
Macroscelides proboscideus UMZC 2011.1.4 (w53) 0.0131805 0.0131805 16 CBC
Macroscelides proboscideus UMZC 2022.2.1 (w43) 0.0179002 0.0179002 38 CBC
Macroscelides proboscideus UMZC 2021.37 (w3) 0.0163798 0.0163798 69 CBC
Macroscelides proboscideus UMZC 2022.2.2 (w11) 0.0171758 0.0171758 101 CBC
Macroscelides proboscideus UMZC 2022.2.3 (w64) 0.0178620 0.0178620 113 CBC
Macroscelides proboscideus UMZC 2022.2.4 (w15) 0.0171758 0.0171758 122 CBC
Macroscelides proboscideus UMZC 2022.2.5 (w37) 0.13 0.13 145 Cam-Engineering
Macroscelides proboscideus UMZC 2022.2.6 (w30) 0.0172439 0.0172439 157* CBC
Macroscelides proboscideus UMZC 2022.2.7 (w45) 0.0172743 0.0172743 195 CBC
Macroscelides proboscideus UMZC 2021.38 (w39) 0.0174388 0.0174388 326* CBC
Macroscelides proboscideus UMZC 2022.2.8 (w12) 0.0176474 0.0176474 426 CBC
Macroscelides proboscideus UMZC 2022.2.9 (w56) 0.0178080 0.0178080 1982 CBC
Macroscelides proboscideus FMNH 137045 0.0386790 0.0773580 MS
Procavia capensis UMZC H4981E 0.0391484 0.0391484 CBC
Procavia capensis UMZC H4980K 0.0427502 0.0427502 CBC
Procavia capensis UMZC H4981C 0.0371703 0.0371703 CBC
Procavia capensis UMZC H4981D 0.0357073 0.0357073 CBC
Procavia capensis UMZC H5051A 0.0439436 0.0439436 CBC
Procavia capensis UMZC H4980J 0.0448615 0.0448615 CBC
Procavia capensis UMZC H5101A 0.0465609 0.0465609 CBC
Procavia capensis MNHN 1901_685f 0.0358120 0.0358120 ISEM
Procavia capensis UMZC H5081A 0.0576404 0.0576404 CBC
Procavia capensis UMZC H5081B 0.0537667 0.0537667 CBC
Canis latrans UMZC K3341 0.1250480 0.1250480 MS
Canis latrans UMZC K3348 0.0548351 0.0548351 CBC
Canis lupus familiaris UMZC K3051 0.0788500 0.0788500 CBC
Canis lupus familiaris UMZC K3014 0.0634513 0.0634513 CBC
Canis lupus UMZC K3150.3 0.1250790 0.1250790 CBC
Canis lupus arctos USNM 291012 0.270 0.250 MS
Canis lupus arctos USNM 507338 0.270 0.250 MS
Canis lupus baileyi USNM 98311 0.242 0.250 MS
Canis lupus baileyi USNM 98037 0.243 0.250 MS
Canis lupus familiaris BMNH 1919-7-7-3633 0.019997 0.019997 1 NHM
Canis lupus familiaris BMNH 1919-7-7-3634 0.022596 0.022596 5 NHM
Canis lupus familiaris BMNH 1919-7-7-3635 0.028572 0.028572 10 NHM
Canis lupus familiaris BMNH 1919-7-7-3636 0.029990 0.029990 18 NHM
Canis lupus familiaris BMNH 1919-7-7-3644 0.039289 0.039289 33 NHM
Canis lupus familiaris BMNH 2005-205 0.028761 0.028761 NHM
Nandinia binotata USNM 450440 0.0483000 0.1057000 MS
Nandinia binotata USNM 220397 0.0518000 0.1158000 MS
Nandinia binotata YPM 14716 0.0774565 0.0774565 MS
Nandinia binotata UMZC K4492 0.1007061 0.1007061 CBC
Nandinia binotata UMZC K4494 0.0517450 0.0517450 CBC
Nandinia binotata UMZC K4493 0.0549597 0.0549597 CBC
Nandinia binotata UMZC K4490 0.0565852 0.0565852 CBC
Nandinia binotata BMNH 26.7.6.162 0.0288620 0.0288620 NHM
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with “i” for incisor, “c” for canine, “p” for premolar, “m” 
for molar, the prefix “d” to indicate deciduous antemo-
lars, and (unless specified otherwise) upper and lower-

case for upper and lower teeth (respectively). Numbers 
follow serial homologies as used by Butler (1937) and 
illustrated by Asher (2019).

genus species collection accession (field #) voxel XY voxel Z age in days source
Nandinia binotata BMNH 46.356 0.0320520 0.0320520 NHM
Nasua sp. DU-EA 182 0.0491022 0.0491022 MS
Nasua narica UMZC K1586 0.0765217 0.0765217 CBC
Nasua narica UMZC K1588 0.0661318 0.0661318 CBC
Nasua narica UMZC K1589 0.0726409 0.0726409 CBC
Nasua nasua UMZC K1594 0.0675932 0.0675932 CBC
Nasua nasua BMNH 75.2334 0.0345260 0.0345260 NHM
Nasua nasua BMNH 3.7.1.21 0.0389540 0.0389540 NHM
Otocyon megalotis USNM 429129 0.0703 0.1529 MS
Otocyon megalotis USNM 429132 0.0703 0.1529 MS
Otocyon megalotis UMZC K3942 0.0624674 0.0624674 CBC
Otocyon megalotis BMNH 26.12.7.68 0.0288620 0.0288620 NHM
Otocyon megalotis BMNH 26.12.7.69 0.0288620 0.0288620 NHM
Viverra zibetha FMNH 104395 0.1074430 0.2148860 MS
Viverra zibetha UMZC K4262 0.0809521 0.0809521 CBC
Viverra sp. UMZC K4258 0.0530884 0.0530884 CBC
Viverra zibetha UMZC K4264 0.0384579 0.0384579 CBC
Viverra sp. UMZC K4265 0.0625242 0.0625242 CBC
Viverra tangalanga BMNH 99.12.9.16 0.0320520 0.0320520 NHM
Saghatherium bowni DPC 17844 0.0478470 0.0478470 DPC
Saghatherium bowni DPC 24040 0.0345811 0.0345811 DPC
Saghatherium bowni DPC 11684 0.0478470 0.0478470 DPC
Saghatherium bowni DPC 16527 0.0310250 0.0310250 DPC
Saghatherium bowni DPC 13282 0.0478367 0.0478367 DPC
Saghatherium bowni DPC 12048 0.0644028 0.0644028 DPC
Saghatherium bowni DPC 11451 0.0443151 0.0443151 DPC
Saghatherium bowni DPC 16845 0.0478367 0.0478367 DPC
Saghatherium bowni DPC 11919 0.0457014 0.0457014 DPC
Thyrohyrax litholagus DPC 18227 0.0526196 0.0526196 DPC
Thyrohyrax litholagus DPC 20624 0.0526196 0.0526196 DPC
Thyrohyrax litholagus DPC 21027 0.0418587 0.0418587 DPC
Thyrohyrax meyeri DPC 9591 0.0417210 0.0417210 DPC
Thyrohyrax meyeri DPC 20828 0.0478367 0.0478367 DPC
Thyrohyrax meyeri DPC 17675 0.0644028 0.0644028 DPC
Thyrohyrax meyeri DPC 20777 0.0478470 0.0478470 DPC
Thyrohyrax meyeri DPC 17017 0.0478470 0.0478470 DPC
Thyrohyrax meyeri DPC 17603† 0.0280945 0.0280945 DPC
Thyrohyrax meyeri DPC 23864† 0.0243776 0.0243776 DPC
*	 Asher and Olbricht 2009: table 1 mistakenly reported 150 days for UMZC 2022.2.6 (w30) and 330 days for UMZC 2021.38 (w39); values 

shown here are correct.
†	 Asher et al. (2017) misidentified the dentitions of two jaw fragments of T. meyeri, DPC 17603 and DPC 23864. The former consists of a right 

i3, canine followed by p1-4 (not c, p1-m1) and the latter of a right canine followed by p1-p4 (not p1-m1).

Table 2. PTA stained specimens (Phosphotungstic Acid, see Metscher 2009: table 2) examined with microCT. HL = Head Length, 
CRL = Crown Rump Length. Sizes (voxel, HL, CRL) are given in millimeters.

genus species collection accession (field #) voxel XY voxel Z source HL CRL
Elephantulus myurus UMZC 2022.1.1 (GES 10.2) 0.0054148 0.0054148 CBC 5.5 9.5
Elephantulus myurus UMZC 2022.1.2 (Pretoria 9.9) 0.0071535 0.0071535 CBC 10 13.4
Elephantulus myurus NRM Em30 0.0073737 0.0073737 CBC 11 14.2
Elephantulus myurus UMZC 2022.1.3 (GES 10.4B) 0.0086893 0.0094590 CBC 15
Elephantulus myurus UMZC 2022.1.4 (GES 10.3) 0.0095864 0.0095864 CBC 14.7 18.1
Elephantulus myurus UMZC 2022.1.5 (Pretoria 5.5) 0.0111855 0.0111855 CBC 17.25 21.4
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Figure 1. Guide to linear measurements of length and width shown in red. A) shows lingual (top) and occlusal (bottom) views 
of Canis familiaris (UMZC K3051). B) shows occlusal (top) and lingual (bottom) views of Macroscelides proboscideus (UMZC 
2022.2.2). “L” and “W” indicate length and width, respectively; “SC” = symphysis to condyle distance; scale bars = 5mm.

Table 3. Histology specimens. CRL = crown rump length, HE = Hematoxylin and Eosin stain, HL = head length, NRM = National 
Riksmuseet Stockholm, um = micron or 0.001 mm, UMZC = University Museum of Zoology Cambridge

genus species collection accession slice thickness (um) HL CRL stain
Canis lupus familiaris UMZC 2016-histo-Cd1 10 60 HE
Elephantulus myurus UMZC 2016-histo-Ep1 10 11.5 Masson
Elephantulus myurus UMZC 2016-histo-Ep2 10 16.5 Masson
Elephantulus myurus UMZC 2019-histo-EL1 10 47 alternating HE-Trichrome
Petrodromus tetradactylus UMZC 2016-histo-Pd5 10 15 31 Masson
Procavia capensis NRM 14Gl 10 28 trichrome
Procavia capensis NRM 18Gl 10 26 trichrome
Procavia capensis NRM 19Gl 10 29 trichrome
Procavia capensis NRM 38Gl 20 42 trichrome
Procavia capensis NRM 39Gl 30 60 alternating HE-Trichrome
Procavia capensis NRM 40Gl 40 80 trichrome
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Results

Comparative developmental anatomy: 
macroscelidids and Procavia

Histologically prepared specimens of Elephantulus myu
rus show eight tooth buds originating from the primary 
dental lamina in both the upper and lower dentitions, 
comprising upper and lower di1–3, dc, and dp1–4. Our 
specimen of Petrodromus tetradactylus exhibits these 
same eight, deciduous loci in its lower jaw, but only four 
clearly differentiated tooth buds in the upper. Based on 
their positions relative to the lowers, these are likely 
dC, dP2, dP3, and dP4. Molars are absent in this speci-
men. When evident in our youngest prenatal specimens, 
the dp1 is among the smallest and least developed loci 
(Fig. 2). A small successional lamina is evident attached 
to the di1, dP3, and dP4 in E. myurus (UMZC 2016-histo-
Ep2; Fig. 3), which are also the largest teeth in this spec-
imen. No sign of a successional lamina is evident for dp1 
in any of these specimens, consistent with the interpreta-
tion of Kindahl (1957) that macroscelidids lack a succes-
sional tooth for dp1.

Six histologically prepared specimens of Procavia 
capensis ranged in size from 26 mm to 80 mm CRL (Ta-
ble 3). The smallest three (26, 28, 29 mm CRL) showed 
embryonic teeth corresponding to some but not all of 
their deciduous loci; the largest three (42, 60, 80 mm 
CRL) showed development at all of the antemolars and 
first molar present in postnatal specimens; the largest two 
(60, 80 mm CRL) also showed upper deciduous canines. 
The first premolar locus corresponds to the dp1 and is 
continuous with the primary dental lamina forming the 
other deciduous antemolars, as in macroscelidids.

PTA-stained, CT-scanned specimens of Elephantu-
lus myurus in our sample with a CRL at or over 15 mm 
(Fig. 2; Table 2) also exhibit eight loci per quadrant. These 
do not appear linked to one another via an epithelial, con-

nective primary dental lamina, as seen histologically and 
in smaller specimens. However, based on spatial relation-
ships and relative size, they are deciduous loci and include 
three incisors, one canine, and four premolars, of which 
dp1 is again the smallest (Fig. 2). Our second-smallest 
specimen (CRL 13.4 mm), shows an epithelial primary 
dental lamina from which tooth buds arise in both upper 
and lower jaws. In the upper jaws, tooth buds correspond 
to dI1–3, dC, dP2–4; signs of a dP1 are lacking. Another 
specimen of similar size (CRL 14.2 mm) shows an in-
complete set of early bell stage tooth buds arising from 
both upper and lower dental laminae. No tooth buds are 
evident in our smallest specimen (UMZC 2022.1.1, HL 
5.4 mm). Successional laminae may be present, at least 
in the larger embryos, but are not obvious in any of our 
PTA-stained CT scans.

Except for one specimen showing a pair of supernu-
merary upper teeth (UMZC 2021.38 [w39]), our sample 
of near-term or postnatal Macroscelides proboscideus 
with known age data exhibited the same dental formula 
at varying degrees of eruption. The deciduous generation 
consisted of upper and lower di1–3, dc, and dp1–4, the 
permanent generation i1–3, c, an unreplaced dp1, p2–4, 
and m1–2. All postnatal specimens showed at least partly 
mineralized deciduous first premolars; none of the teeth 
at the first premolar locus exhibited any signs of replace-
ment. Ages ranged from 0 to 1,982 days post-birth; 13 of 
the 16 were between 0–195 days (Table 1).

Asher and Olbricht (2009) referred to the upper and 
lower first premolar in macroscelidids as a “p1”, implying 
without further justification that this was a replacement 
tooth. They did not actually test first premolar homolo-
gy, but the eruption sequence they outlined is supported 
here with the addition of more specimens of known age. 
Specimens from birth to three days (Fig. 4A, 4B) have in-
completely erupted deciduous teeth; except for dp1 with 
only a partly mineralized apex, deciduous crowns are 
largely mineralized. Molars are not evident. By 16 days 
(Fig. 4C), deciduous teeth are at or near full eruption ex-

Figure 2. Soft-tissue stained CT reconstruction of an embry-
onic Elephantulus myurus (UMZC 2022.1.5, CRL 21.4, HL 
17.25mm) showing sagittal section through head with exposed 
left lower and partial upper dentition. Square indicates dp4 and 
circle dp1. Scale bar = 1mm

DL

SL

G

MC dP4
dp4

Figure 3. Coronal slice through UMZC 2016-histo-Ep2, Ele-
phantulus myurus (slide 29, section 34) showing the oral cavity 
with developing tooth buds of dp4 and dP4. DL = dental lamina, 
G = genioglossus, MC = Meckel’s cartilage, SL = successional 
lamina.
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cept dp1. Among the permanent teeth, only m1 has begun 
to mineralize and there are no signs of any replacement 
teeth. By 38 days (Fig. 4D), dp1 has erupted, m1 is min-
eralized in its crypt; m2 and all replacement antemolars 
except the apex of the canine crown remain unmineral-
ized. By 69 days (Fig. 5A), di3 and dc have been shed 
with their permanent replacements partly (c) or fully (i3) 
erupted; p4 has approached full-mineralization followed 
by mineralized apices of p2 and p3; a high-crowned m1 

has partly but not fully erupted and m2 has mineralized 
(Fig. 5A). By 101 days (Fig. 5B), di1–2 have been re-
placed and both molars have erupted; p2–4 are fully min-
eralized and have begun to pierce the alveolar plane. By 
122 days (Fig. 5C), dp4 has been shed and dp2–3 nearly 
so. By 145 days, the complete permanent dentition (in-
cluding a retained dp1) is fully erupted and functional. 
One specimen (UMZC 2021.38, field number w39, with 
a full adult dentition at 326 days of age) exhibited a bilat-

w57 3 days

w60 0 days
dp1

dp4

w53 16 daysm1

w43 38 daysm1
dp4 dp3

dp2
dp1 dc di3 di2

di1

A

B

C

D

Figure 4. Occlusal (top) and lingual (bottom) views of M. proboscideus jaws of known age post-birth. All teeth are deciduous except 
as noted. Scale bars = 5mm. Scale bar in D applies to lingual view. Occlusal view is not to scale.
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eral, supernumerary, single-rooted tooth wedged between 
P3 and P4 in its maxilla.

Comparative developmental anatomy: 
canids

Our histologically prepared specimen of Canis (Table 3) 
showed seven tooth buds emanating from the primary 
dental lamina in each quadrant: dI1–3, dC, and dp2–4 
(Fig. 6). The third and fourth premolar loci are the larg-

est, followed by the dC, dI3, dI2, dP2 and dI1. No sign 
exists of any emargination that might correspond with a 
deciduous first premolar, consistent with the results from 
Williams and Evans (1978).

CT scans of the youngest two specimens in our sam-
ple with known ages (C. lupus familiaris of the “point-
er” breed) at 1 (Fig. 7A) and 5 (Fig. 7B) days post-birth 
lack any sign of a mineralized first premolar. By 5 days, 
two deciduous incisors, dc, dp2–4 and the apex of m1 
are mineralized. The p1 locus remains unmineralized in a 
specimen 10 days of age (Fig. 7C). The apex of p1 shows 

Figure 5. Occlusal (top) and lingual (bottom) views of M. proboscideus jaws of known age post-birth. Scale bars = 5mm. 

w3 69 days
dp4 dp3m1m2

dp2 dp1

c di2 di1
i3

w11 101 days
dp4

p4

w15 122 days
dp3

p3

dp2

p2

m2

A

B

C

dp3 dp2

p2

i1i2
i3cdp1
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some mineralization in specimens of 18 (Fig. 8A) and 33 
(Fig. 8B) days, specimens which have a symphysis-con-
dyle length of 53 mm and 69 mm, respectively. The p1 
crown is not fully mineralized in any of our specimens of 
known age (Figs. 7, 8); it is mineralized but still not fully 
erupted in another pointer specimen (Fig. 8C) with a lon-
ger symphysis-condyle length (115 mm) than our oldest 
age-documented pointer (69 mm, Fig. 8B). The miner-
alized but incompletely erupted p1 appears alongside an 
erupted deciduous dentition (Fig. 8C) as well as nearly all 

permanent teeth still in their crypts: m1, a partly miner-
alized m2, p2, p3, p4, c and i1–3 (Fig. 9A). The smallest 
Canis in our sample with a fully erupted dentition, in-
cluding p1, is a coyote (C. latrans, UMZC K3341) with 
a jaw length of 149 mm. Unlike Macroscelides (Fig. 9B), 
first premolar mineralization and eruption in Canis cor-
responds more with the development of the replacement 
than deciduous teeth (Fig. 9A), supporting the inference 
of Williams and Evans (1978) that Canis lacks a function-
al, deciduous precursor at the p1 locus.

dp4

dp3

dp2

dc

di3
di2di1

Figure 6. Reconstructed tooth buds 
of primary dental lamina of the 
lower jaw from Canis histological 
sections (UMZC 2016-histo-Cd1, 
60mm CRL).

Figure 7. Occlusal (top) and lin-
gual (bottom) views of C. famil-
iaris (pointer) jaws of known age 
post-birth.

1919-7-7-3633 1 day

dp4 dp3
dp2

dc

1919-7-7-3635 10 days

1919-7-7-3634 5 days

A

B

C dp4
dp3

dp2
dc
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Area predictions from the inhibitory 
cascade

Some fossil hyracoids simultaneously exhibit an erupting 
p1 below their dp1 (Gheerbrant et al. 2007; Asher et al. 
2017), although we have yet to observe a Procavia spec-
imen simultaneously exhibiting a dp1 with an erupting 
p1 below it. Nonetheless, both fossil and living hyracoids 
show clear anatomical differences in dp1 vs. p1 morphol-
ogy (Fig. 10). It is therefore possible to contrast predicted 
vs. actual size for both p1 generations. In the fossil genera 

in our sample (Thyrohyrax and Saghatherium), areas of 
dp2 and dp3 (in the form of 2B–C as discussed above) 
more accurately predict dp1 area than p1 area (Fig. 11); 
for one specimen of T. litholagus (DPC 20624), the pre-
diction is very close (15.4 mm2 observed, 15 mm2 pre-
dicted). Predictions are less accurate for specimens of 
Saghatherium; these range from 1.8 to 4.8 mm2 and show 
no overlap with observed dp1 areas (7.2 to 8.7 mm2). One 
predicted dp1 area of T. meyeri (5.9 mm2) falls slightly 
short of its observed (7.4 mm2). For other specimens of 
T. meyeri and S. bowni (our three T. litholagus specimens 

1919-7-7-3644 33 days

dp2dp3dp4

m1

dcp1 di3
di2

di1

UMZC K3014 age unknown

1919-7-7-3636 18 days

p1dp2dp3
dp4

m1

dc

A

B

C dp2
dp3dp4

dc

p1

di3
di2

i1
m1

p1

p1

Figure 8. Occlusal (top) and lin-
gual (bottom) views of C. familiaris 
(pointer) jaws of known age post-
birth (A, B) and another pointer (C) 
of unknown age but at a slightly 
later stage of dental development. 
Boxed Inset in A shows closeup of 
dp2 and mineralized apex of p1. 
Scale bars = 5mm.
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lack measurable p1 crowns), observed dp1 areas are 
50%–100% smaller than p1 areas and closer to inhibitory 
cascade estimates (Fig. 11).

Extant Procavia variably exhibits a tooth at the first pre-
molar locus. When present, the tooth may exhibit a narrow 
crown and two widely spaced roots typical of the decid-
uous generation, or it may have a more hypsodont crown 

and a single or narrowly divided root, like a replacement 
anterior premolar (Fig. 10 and Asher et al. 2017: fig. 6). 
Hence, dp1 vs. p1 crowns of Procavia are anatomically 
distinguishable, but they overlap in terms of area, from 
4.8–5.6 mm2 (dp1) to 3.8–8.9 mm2 (p1). Assuming crown 
and root anatomy reliably indicate first premolar homolo-
gy, the inhibitory cascade does not better predict dp1 than 

A

B

p1
dp2dp3

dp4 dc

di1
di2di3

m2

m1

m1
dp1dp2

dp3
dp4

dc

di1di2
di3

Figure 9. Virtually dissected jaws, both 
erupting the tooth at the first premolar locus, 
of A) Canis lupus familiaris (UMZC K3014, 
pointer) in anterobuccal view and B) Macro-
scelides proboscideus (UMZC 2011.1.4) in 
buccal view showing advanced mineraliza-
tion of replacement teeth in Canis and lack 
thereof in Macroscelides. Scale bars = 5mm. 

Figure 10. Procavia capensis specimens 
with (A, UMZC H4981E) a deciduous 
dentition including upper and lower dp1 
and upper dC and (B, UMZC H5081A) a 
permanent dentition including replacement 
first premolar. Asterisks indicate p1 locus, 
shown also in lingual view by the inset with 
dotted arrows. Scalebar in inset = 1mm; 
scalebars in main figure = 5mm.
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p1 areas in Procavia. All predicted areas fall within the 
range of observed, permanent p1 areas; only two speci-
mens approach the range evident in observed, deciduous 
p1 areas (UMZC 4981E, 4981C, both of which are pre-
dicted to have an area of 5.6mm2; see Fig. 11).

Supplementary Fig. S1 summarizes predicted vs. ac-
tual tooth areas for each genus. As a proportion of the 
observed first premolar area (and without distinguishing 
deciduous and replacement p1s in non-hyracoids), speci-

mens of two of the three hyracoid genera (Thyrohyrax and 
Procavia) and one carnivoran (Nasua) came closest to 
matching expectations of first premolar area based on the 
inhibitory cascade (Fig. 12). These taxa showed at least 
one specimen with a predicted area 86% or more of the 
observed. The fossil hyracoid Saghatherium and extant 
carnivoran Nandinia follow with at least one specimen 
with a predicted area comprising 59% of the observed. 
The genera in our sample with the least congruent predic-
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Procacap Saghabow Thyrolit Thyromey
taxon

dp
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Figure 11. Predictions of dp1 area (y-ax-
is) based on the inhibitory cascade (orange 
circles) in living and fossil hyracoids with 
distinct deciduous (green) and permanent 
(blue) generations at the first premolar locus. 
Procacap = Procavia capensis, Saghabow = 
Saghatherium bowni, Thyrolit = Thyrohyrax 
litholagus, Thyromey = Thyrohyrax meyeri.
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Figure 12. Predictions of dp1 area (y-axis) 
based on the inhibitory cascade, expressed 
as a percentage of the observed area of the 
first premolar (using dp1s in hyracoids). 
The area between the horizontal blue lines 
represents 90–110% of the observed first 
premolar area. Circles represent individual 
specimens, boxes middle quartiles, whiskers 
range.
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tions of first premolar areas are Canis, Macroscelides and 
Viverra. One specimen of Canis (UMZC K3014) has a 
predicted first premolar area 29% of the observed. Three 
specimens of Macroscelides and one Viverra yield zero 
or negative area predictions using the inhibitory cascade 
(Fig. 12). According to area predictions from the inhib-
itory cascade, the first premolar of Macroscelides (as a 
dp1) should be closer to predicted values than the first 
premolar of Canis (as a p1). However, the area prediction 
expressed as a proportion of the observed in Canis falls 
within the range exhibited by Macroscelides. The closest 
prediction to an observed area in Macroscelides is speci-
men UMZC 2021-37 (field number w3) with 42%.

Across the deciduous and molar toothrow, the taxa 
examined here vary in the extent to which predicted val-
ues approximate observed. The closest matches are hyr-
acoids, and many individual area measurements fall on 
or close to the line indicating a 1:1 ratio of predicted to 
observed (Figs. 13, S1), particularly in the three speci-
mens of the taxon with the largest body size, Thyrohyrax 
litholagus. The largest proportional deviations from this 

line among hyracoids include a prediction of dp3 area 
that is half the observed (DPC 17844), and a prediction of 
dp2 area that is nearly twice the observed (DPC 16845). 
The closest predicted values in Macroscelides are for dp4 
and m2, which deviate less than 10% of the observed 
(Fig. 13). Deviations at other loci are large, reaching as 
much as 3.6 times more than the observed for dp3 (Fig. 
13) and showing zero or negative area estimates for dp1, 
as noted above (Fig. 12). Among non-Canis carnivorans, 
Viverra shows the largest deviations, with estimates for 
dp4 and m2 areas that are (respectively) more than three 
and five times greater than observed values. Predicted 
areas derived from one specimen of Nandinia (BMNH 
26.7.6.162) are within 0.1mm2 of its observed areas for 
dp2, dp3, and dp4. An Otocyon specimen (one of the only 
mammals that typically erupts four molars in each quad-
rant) shows similarly close predicted/observed values for 
m1, m2, and m3 (within 3% of observed), but has an m4 
area roughly 50% smaller than expected. Nasua is the 
only carnivoran with at least one occurrence of a predict-
ed dp1 area within 10% of the observed (Fig. 13).
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Discussion and Conclusions

Homology determination based on origin of a given lo-
cus from the primary dental lamina has been considered 
sufficient evidence for identification as a deciduous lo-
cus. Indeed, as originally proposed (see Luckett 1993a), 
origin from the primary and not successional dental lam-
ina is the definition of a deciduous tooth. Based on this 
criterion alone, the first premolar locus in Canis should 
be a dp1. Two lines of ontogenetic evidence arising from 
our dataset, also reflected in the conclusions of Kindahl 
(1957) and Williams and Evans (1978), lead us to regard 
this definition of deciduous teeth as insufficient: 1) the 
relatively early appearance of an embryonic first premo-
lar toothbud in macroscelidids compared to Canis and 2) 
eruption of the functional tooth at the first premolar lo-
cus after mineralization of other functional teeth in Canis 
(Fig. 9A) and before in macroscelidids (Fig. 9B).

Van Nievelt and Smith (2005) identified permanent 
antemolars in the didelphid marsupial Monodelphis as 
successional, not deciduous. As in other marsupials, its 
only mineralized deciduous tooth is the last premolar or 
dp3, from which a successional lamina develops into the 
replacement p3. Like the tooth at the first premolar lo-
cus in Canis, other antemolars in Monodelphis appear to 
develop from the primary dental lamina without obvious 
successional laminae. Van Nievelt and Smith (2005: 338) 
wrote that “the apparent absence of even transitory, ves-
tigial teeth in [Monodelphis] makes unambiguous iden-
tification of the generational homology of these perma-
nent teeth difficult.” A lack of an obvious origin from a 
successional lamina in Monodelphis “would imply that 
the permanent teeth in [Monodelphis] are not homolo-
gous with those of [other] marsupials.” Yet marsupials 
such as Dasyurus (Luckett and Wooley 1996) and Cal-
uromys (Van Nievelt and Smith 2005) show bud-stage 
rudiments in the primary dental lamina of at least some 
loci, from which successional laminae develop to even-
tually form the functional teeth. Hence, rather than iden-
tify permanent antemolars in Monodelphis as deciduous 
and Dasyurus as successional, Van Nievelt and Smith 
(2005:338) argued that “it is far more parsimonious … to 
assume that in some marsupial taxa … the vestigial first 
generation seen in other marsupials has been lost entire-
ly. Therefore, the functional, permanent teeth observed 
in [Monodelphis] can most reasonably be interpreted as 
being homologous with the functional permanent teeth 
observed in other marsupials.” This implies that as-yet 
unobserved clusters of transient odontogenic cells in 
Monodelphis actually do appear during ontogeny, from 
which their replacements arose as a successional lamina. 
We agree with this interpretation.

The comparative anatomy and developmental timing 
of odontogenesis in macroscelidids and Canis supports 
the identification of their first premolars as, respectively, 
dp1 and p1. Our histologically prepared and CT-scanned 
specimens of macroscelidids, at the relevant develop-
mental stages, consistently show a tooth developing from 
the primary dental lamina that corresponds to the dp1, 

also evident in Procavia. As Kindahl (1957) noted, at no 
point do we observe a successional lamina arising from 
the macroscelidid first premolar locus. As Williams and 
Evans (1978) noted among Canis specimens, at no point 
do we observe a toothbud arising from the primary dental 
lamina that likely corresponds to a first deciduous pre-
molar. Moreover, there is a substantial difference in the 
timing of post-birth mineralization in sengis compared 
to Canis, differences which correspond to the homology 
inferences made by Kindahl (1957) and Williams and Ev-
ans (1978). The first premolar in sengis mineralizes only 
slightly after the other deciduous teeth, and the mineral-
ized apex of the dp1 crown is evident in CT scans of new-
born specimens (Fig. 4A). No replacement teeth appear 
adjacent to their deciduous precursors during the first two 
weeks of development in Macroscelides (Figs 4, 9). At 16 
days, Macroscelides with a nearly-erupted first premolar 
shows no sign of mineralized antemolars and just the api-
ces of the m1 are evident in its crypt (Fig. 9B). Even at 38 
days post-birth (Fig. 4D), when the dp1 is fully erupted, 
replacement antemolars are still not fully mineralized and 
at 69 days they are still not fully erupted (Fig. 5A).

Canis, in contrast, shows no sign of any mineralized 
tooth at the p1 locus until over two-weeks post-birth (Fig. 
8A). At 18 days, the p1 and permanent canine have begun 
to mineralize. When it is finally mineralized and part-
ly-erupted at 33 days, the first premolar is surrounded by 
mineralized crowns of most permanent teeth in a pointer 
specimen that is of uncertain age but likely more than 33 
days post-birth (Figs. 8C, 9A). These patterns of miner-
alization and eruption support the conclusions of Kindahl 
(1957) that the first premolar in macroscelidids belongs 
to the deciduous generation and is never replaced, and 
of Williams and Evans (1978) that the first premolar in 
Canis is a successional tooth without a deciduous prede-
cessor.

While the anatomical data are reasonably clear, there 
is nonetheless still a possibility that a key ontogenetic 
stage is missing that might overturn these conclusions 
about homology. The inhibitory cascade hypothesis has 
previously been discussed in terms of the posterior-most 
teeth of the primary dental lamina, the molars, and has 
been able to predict molar areas in a number of cases (Ka-
vanagh et al. 2007; Evans et al. 2016). Our application of 
the IC model to more anterior loci is novel and based on 
the possibility that IC area estimates could help resolve 
the question of p1 homology. At least as quantified here, 
it does not. Neither Macroscelides nor Canis exhibited 
first premolar crown areas expected by the inhibitory cas-
cade model; indeed, for some specimens of the former, 
predicted areas based on 2B-C (i.e., twice the area of dp2 
minus dp3 to infer predicted area for dp1) yielded values 
at or below zero (Fig. 12).

With the linear representations of crown size used 
here, hyracoids deviate less from inhibitory cascade pre-
dictions across their toothrow compared to macrosceli-
dids and carnivorans (Figs. 13, S1). The largest hyracoid 
in our sample, the fossil Thyrohyrax litholagus, exhibits 
particularly close matches of predicted to observed areas 
over most of its toothrow (Fig. 13). This is not simply 
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due to reduced measurement error in larger vs. smaller 
specimens, as taxa with comparably-sized or larger teeth 
(e.g., some loci in Saghatherium and Canis) depart more 
from predicted areas than does T. litholagus. However, 
even in Thyrohyrax, most individuals have dp1s outside 
of the range predicted by the inhibitory cascade (Figs. 11, 
12). Of course, areas calculated here using simple rect-
angles do not do justice to the diversity of crown size 
and shape, and improved methods for representing this 
diversity may yield different results. Until such methods 
are forthcoming, and at least for our sample, the inhibi-
tory cascade hypothesis does not reliably distinguish first 
premolar homology based on predicted areas.

It is still worth noting that the four of the five taxa 
with the closest matches of observed to predicted first 
premolar area (Thyrohyrax, Procavia, Nasua, and Sagha-
therium; see Fig. 13) show, on average, steadily increas-
ing areas from anterior to more posterior deciduous and 
molar cheek teeth. The two most widely divergent esti-
mates (Viverra and Macroscelides) correspond to taxa 
with a substantial change in the midst of the toothrow, 
with dp4<m1>m2 in Viverra and dp3<dp4>m1 in Macro-
scelides (as noted in hominins by Evans et al. 2016). The 
possibility that selection acting on such size differences in 
the midst of a toothrow could override IC-predictions is 
worth further investigation.

In summary, and in contrast to our application of the 
IC model to infer generational homologies of mammalian 
teeth, anatomical data over the course of ontogeny sup-
port the first premolar homologies previously inferred for 
macroscelidids and Canis. Our data are consistent with 
the conclusions of Kindahl (1957) that macroscelidids 
retain a functional dp1 into adulthood which is never re-
placed. They also support the interpretation of Williams 
and Evans (1978) that canids erupt a successional tooth at 
the p1 locus which lacks a deciduous precursor.
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