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The origin of placental mammal life histories

Gregory F. Funston1,5 ✉, Paige E. dePolo1, Jakub T. Sliwinski2, Matthew Dumont2, 
Sarah L. Shelley1, Laetitia E. Pichevin1, Nicola J. Cayzer1, John R. Wible3, 
Thomas E. Williamson4, James W. B. Rae2 & Stephen L. Brusatte1 ✉

After the end-Cretaceous extinction, placental mammals quickly diversified1, 
occupied key ecological niches2,3 and increased in size4,5, but this last was not true of 
other therians6. The uniquely extended gestation of placental young7 may have 
factored into their success and size increase8, but reproduction style in early placentals 
remains unknown. Here we present the earliest record of a placental life history using 
palaeohistology and geochemistry, in a 62 million-year-old pantodont, the clade 
including the first mammals to achieve truly large body sizes. We extend the 
application of dental trace element mapping9,10 by 60 million years, identifying 
chemical markers of birth and weaning, and calibrate these to a daily record of growth 
in the dentition. A long gestation (approximately 7 months), rapid dental development 
and short suckling interval (approximately 30–75 days) show that Pantolambda 
bathmodon was highly precocial, unlike non-placental mammals and known Mesozoic 
precursors. These results demonstrate that P. bathmodon reproduced like a placental 
and lived at a fast pace for its body size. Assuming that P. bathmodon reflects close 
placental relatives, our findings suggest that the ability to produce well-developed, 
precocial young was established early in placental evolution, and that larger neonate 
sizes were a possible mechanism for rapid size increase in early placentals.

Placentals are the most diverse group of mammals, comprising more 
than 6,000 extant species11 and the largest animals ever. Their success 
may relate to their derived life history8,12, with maternal investment 
shifted prenatally through extended gestation7,13. This adaptation allows 
placentals the unique capability among mammals to produce highly 
precocial young: typically single offspring born at larger masses with 
well-developed dentition, fur and open eyes13,14. Extended gestation may 
have released placentals from developmental constraints associated with 
prolonged lactation in other mammals8,15,16, enabling experimentation 
with new locomotor modes and habitats17,18. However, when extended 
gestation evolved in mammals remains unclear; Mesozoic eutherians 
(mammals more closely related to placentals than marsupials) did not 
grow like living placentals19–21 and it has been hypothesized that ancestral 
placentals gave birth to altricial young21. Nonetheless, immediately after 
the end-Cretaceous extinction, early Palaeocene placentals emerged 
from a 100 million years ago (Ma) lineage of small-bodied ancestors and 
quickly achieved much greater masses as they diversified into various 
niches4. Thus, the early Palaeocene was probably an important interval 
in the eutherian transition to placental-like growth strategies, but the 
life histories of these mammals remain unknown.

Among early placental clades, the Palaeocene–Eocene Pantodonta 
are a key group, because they were among the first large mammalian 
herbivores, becoming the largest mammals ever up to that point in 
time22. The early Palaeocene (approximately 62 Ma) P. bathmodon 
(approximately 42 kg) is represented by multiple skeletons represent-
ing most of its ontogeny, including a small juvenile with deciduous 
dentition and unfused epiphyses (New Mexico Museum of Natural 

History and Science (NMMNH) P-27844; approximately 17 kg at death). 
As one of the largest mammals in its ecosystem23, its life history might 
provide insight into the relationship between life history and body size 
in Palaeocene eutherians.

Life histories of extinct animals can be reconstructed using incre-
mental growth features of mineralized tissues such as bones and 
teeth24–26. Bones preserve evidence of stress and annual cycles27,28, 
and they accurately reflect growth rate throughout life29,30, including 
changes associated with maturity31. In teeth, daily incremental lines 
in the dentine and enamel allow for precise chronologies and faithful 
recording of life history events including birth and nutritional stress 
such as that experienced during weaning32,33, whereas cementum pre-
serves annual growth cycles24,34. Chemical signals of birth and early-life 
diet are recorded in the developing teeth by the abundances of certain 
trace elements, such as zinc (Zn), which is enriched at birth35,36, and 
barium (Ba), which varies according to bioavailability in the diet26. 
When integrated with daily growth increments, trace element maps 
can reveal birth and the timing of weaning, a technique applied to pri-
mates up to 2.6 million years of age9,10,26, but with unrealized potential 
in other fossil mammals.

Here we combine palaeohistological and geochemical evidence to 
reconstruct the life history of P. bathmodon on a daily scale and evalu-
ate the physiology of a key group in the rise of mammals following the 
end-Cretaceous mass extinction. These data provide unprecedented 
insight into the life history of a fossil mammal, revealing that char-
acteristic placental reproductive strategies were established early 
in their evolution.
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Dental development, birth and weaning
Incremental growth features are well preserved in the teeth, espe-
cially the enamel, and are clearly visible in histological thin sections 
(Fig. 1b–g and Extended Data Fig. 1). Daily laminations in the dentine 
and enamel37 (Fig. 1b,c,e) track the successive growth of the tooth 
crown (Extended Data Table 1). High-resolution trace element map-
ping of several teeth (Extended Data Table 1 and Supplementary 
Figs. 1–7) reveals patterns in Zn and Ba that correspond to these incre-
mental growth patterns and provide evidence of birth and weaning in 
P. bathmodon (Fig. 2), extending the viable window for dietary trace 
element mapping by roughly 60 million years compared with previous 
studies10. The most complete record of early life comes from a second 
lower molar of an adult individual (NMMNH P-19541), in which both 
the neonatal event and the weaning transition are preserved (Fig. 2).

Birth is recorded in the enamel by a prominent neonatal line (Figs. 1g 
and 2b), a discontinuity in the enamel prisms reflecting developmental 
disruptions in response to the physiological stress of birth38. The neona-
tal line is Zn-enriched (Fig. 2b and Extended Data Fig. 2), as observed in 
modern teeth, in which this results from changing levels of Zn in serum 
over the birth interval and the ingestion of Zn-rich colostrum35,36. The 
neonatal line is Zn-enriched in multiple cusps of the tooth, and no other 
accentuated lines in the enamel of this or other teeth are Zn-enriched 
(Fig. 2b; see Supplementary Information). This suggests that analysis 
of Zn may be useful as an independent criterion for distinguishing 
neonatal lines from other accentuated lines in fossil mammals36.

Concentrations of Ba in the enamel were elevated postnatally, but 
decrease sharply after a short period (Fig. 2c). This pattern is present 
in both the protoconid and the paraconid of the second lower molar, as 
well as in the first lower molar of the same individual (Fig. 2d), indicating 
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Fig. 1 | Palaeohistology of P. bathmodon. a, Skeletal reconstruction of adult, 
with sampled elements in blue. The boxes show the representative locations of 
palaeohistological images, and the silhouette shows the relative size of juvenile 
NMMNH P-27844. b–g, Dental features used for reconstruction of life history 
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molar of NMMNH P-19541 (b); lines of von Ebner in the deciduous ultimate upper 
premolar of NMMNH P-27844 (the white dots mark five lines and the arrowheads 
show the orientation of the lines) (c); cementum annulations (one light and one 
dark band) in the first lower premolar of NMMNH P-69919 (d); daily laminations 
(arrowheads) in the lower incisor of NMMNH P-69918 (e); the neonatal line  
(NNL; arrowhead) in the dentine of the deciduous ultimate upper premolar  
of NMMNH P-27844 (f); and the NNL (arrowhead) in the enamel of the second 
lower molar of NMMNH P-19541 (g). h–k, Osteohistological features used for 
reconstruction of life history (all transverse midshaft diaphysis sections): the 
lines of arrested growth (arrowheads) in the outer cortex of the rib of NMMNH 

P-22012; dashed yellow line indicates boundary between compact coarse 
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transition (arrowheads and yellow dotted line) in the outer cortex of the tibia of 
NMMNH P-27844 under plane polarized light ( j) and cross-polarized light with a 
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that it represents a consistent biogenic signal. Temporary postnatal Ba 
enrichment in P. bathmodon is identical to that reported in modern and 
fossil primates9,10,26, in which it reflects the increased bioavailability of Ba 
in breastmilk26. The decreased levels in Ba presumably mark the onset 
of weaning and indicate a minimum suckling period of about 31–56 days 
in P. bathmodon. Further independent evidence for a short suckling 
period also comes from mesowear and microwear in the dentition of a 
young juvenile (NMMNH P-27844; Extended Data Fig. 3), where growth 
increments in the dentine of the deciduous teeth are exceptionally well 
preserved (Fig. 1c and Extended Data Fig. 1). Like in the enamel, a birth 
signature appears to be recorded in the dentine by a neonatal line, 
and in this individual, the postnatal dentine is Zn-enriched (Extended 
Data Fig. 4). Dentine continues to infill the pulp cavity throughout life,  
providing a record of growth both before and after eruption of the tooth 
and allowing precise estimation of age at death24. Approximately 75 
daily growth increments separate the neonatal line and the pulp cavity  
in each tooth of this juvenile skeleton, indicating an age at death of 
approximately 2.5 months for this individual. Despite its young age, 
the presence of dental mesowear and microwear39 (Extended Data 
Fig. 3) in this individual shows that solid foods (not only milk) were 
being ingested, providing an upper constraint of 75 days on the onset 
of weaning.

Aligning daily growth records in the teeth based on the neonatal 
lines enabled the reconstruction of a dental chronology (Fig. 1l). Crown 
formation times in the teeth were rapid, ranging from 68 to 183 days 
(approximately 2–6 months; Extended Data Table 1). All of the decidu-
ous teeth were complete and began erupting before birth, and the first 
and second adult molars had begun mineralizing. The adult molar 
crowns were completed within 4 months after birth and would have 
begun erupting in the first year. On the basis of the eruption sequences 
in other pantodonts40–42, in which the third molar erupts last, it is there-
fore likely that all of the adult teeth of P. bathmodon erupted within the 
first year (see Supplementary Information).

In the permanent teeth of mammals, age at death can be estimated 
from annual bands in the cementum that anchors the tooth to the 
jaw24,34. Cementum annulations were clearly present in the acellular 
cementum of most teeth in our sample (Fig. 1d). Most individuals 
had between two and four annual pairs (Extended Data Table 1), but 
three individuals with highly worn dentitions compared with other 
Palaeocene pantodonts had five, seven and possibly as many as 11 pairs, 
respectively (Extended Data Fig. 5; see Supplementary Information).

Skeletal growth
The bone microstructure of the juvenile skeleton (NMMNH P-27844) 
exhibits densely vascularized fibrolamellar bone, indicating relatively 
rapid growth (Fig. 1i–k). No annual growth marks are present, consist-
ent with its dental age of approximately 2.5 months, but a band of more 
organized, slowly growing parallel-fibred bone occurs towards the 
outer surface of the radius and tibia (Fig. 1i and Extended Data Fig. 6), 
at an estimated mass of 9 kg (see Supplementary Information). External 
to this band, the bone shows reduced vascularity and relatively slower 
growth, on the basis of a higher proportion of parallel-fibred matrix 
(Fig. 1j,k), although laminations in this tissue are not as well developed 
as in the lamellar bone of the adult individual. This transition probably 
corresponds to changes in growth rate associated with weaning, as in 
living ungulates, a similar transition occurs in some individuals over this 
interval43 (see Supplementary Information). The position of this transi-
tion partway through the cortex provides evidence for weaning in this 
individual before death at 2.5 months of age, supporting the 1–2 month 
suckling period suggested by dental trace elements and tooth wear.

In a skeletally mature adult (NMMNH P-22012), seven annual growth 
marks were discernible in the exterior cortical bone, matching the 
number of cementum annulations in its teeth and demonstrating 
that it was 7 years of age when it died. The exterior cortex is formed 

of highly organized lamellar bone, indicating slow growth (Fig. 1h). 
The earliest annual growth mark is within the slowly growing exterior 
cortex (Extended Data Fig. 7), indicating that growth rate decreased 
substantially before the end of the first year of life. This probably cor-
responds to the achievement of sexual maturity31, suggesting that  
P. bathmodon probably reached sexual maturity and approached maxi-
mum body size in its first year.

Life history in P. bathmodon
Correcting for the onset of tooth mineralization partway through fetal 
development (see Supplementary Information), the prenatal growth 
record in the deciduous teeth indicates a gestation period of roughly 
207 days or 29.5 weeks. This is an order of magnitude longer than in 
marsupials or monotremes, but falls close to extant placentals of similar 
body size (Fig. 3b). Within placentals, gestation length is dichotomous 
between species that give birth to single or multiple young in each 
litter44 (Fig. 3c). The long gestation period in P. bathmodon suggests 
that it was likely (posterior probability = 0.96) to have given birth to 
singleton offspring (see Supplementary Information).

Multiple independent lines of evidence from two individuals indicate 
the onset of weaning between 1 and 2 months after birth in P. bathmodon. 
Postnatal enrichment in enamel Ba for 1–2 months after birth in an adult 
individual (Fig. 2c,d) is consistent with the development of abrasive 
microwear and mesowear on the dentition of the juvenile 2.5 months 
of age (Extended Data Fig. 3) and with the transition recorded in its limb 
bones (Extended Data Fig. 6), identical to weaning transitions recently 
described on the basis of fluorescent labelling43. Together, these lines 
of evidence constrain weaning in P. bathmodon to between 31 and  
75 days after birth, with the weight of evidence supporting cessation of 
suckling by 2 months after birth. The age (31–75 days) and mass (9 kg) at 
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weaning in P. bathmodon were shorter and smaller than expected for a 
placental of its adult body mass, but its gestation period (207 days) was 
slightly longer (Fig. 3a,b). This indicates greater prenatal than postnatal 
investment in the young, characteristic of placental mammals7, but also 
suggests a distinct life history for these early Palaeocene placentals, 
consistent with other unusual aspects of their biology45.

Most individuals within our sample died between 2 and 5 years of 
age (Fig. 1l), suggesting high mortality in young animals. The oldest 
specimen in our sample (estimated to be approximately 11 years of 
age) lived only half the expected lifespan for a mammal of its body mass  
(20 years; Fig. 3d). This high mortality, in conjunction with its short 
suckling period and rapid onset of sexual maturity (Fig. 3a,e), suggests 
a fast pace of life in P. bathmodon, despite its relatively large size (42 kg).

Combined with its rapid dental and skeletal development, these life 
history parameters indicate a highly precocial lifestyle in P. bathmodon, 
comparable with the most precocial extant mammals (for example, deer, 
giraffes and sheep), which give birth to young with hair and open eyes13,14. 
After a long gestation—the hallmark of the typical placental reproductive 
mode—a mother P. bathmodon probably gave birth to a single, haired 
offspring with open eyes and well-developed dentition, which was nursed 
for 1–2 months. At approximately 62 Ma, this constitutes the earliest 
example of a placentalian-grade physiology in the fossil record.

Growth in early placentals
The growth pattern and rate of P. bathmodon differs from those of both 
Mesozoic mammaliaforms19,34 and other Cenozoic mammals46,47. The 

mammaliaform Morganucodon grew at a much slower rate and for a 
longer period, evidence of a protracted life history more like that of 
reptiles than of mammals19,34. Late Cretaceous multituberculates and 
some eutherians had faster growth rates than Morganucodon, but these 
were still not as rapid as extant mammals19. By contrast, P. bathmodon 
exhibits fast growth rates and a rapid developmental schedule, more 
similar to living precocial placentals. Nonetheless, P. bathmodon lived 
and died faster than expected for a mammal of its body size, outpacing 
extant mammals and even other extinct mammals from later in the 
Cenozoic46,47. The closest living analogues for Pantolambda, independ-
ent of mass (Extended Data Fig. 8a), are small antelope, such as the 
neotragines Madoqua (Dik-dik) and Raphicerus (Steenbok). However, 
when adult body mass is considered, Pantolambda is unique among 
terrestrial mammals (Extended Data Fig. 8b). This life history strategy 
would have enabled P. bathmodon to proliferate at a rapid rate for an 
animal of its size, which may have been advantageous in the recovering 
ecosystems of the Palaeocene. Perhaps, as was the case with locomo-
tion45 and brain size48, placental life history strategies became limited 
to their modern range later, as ecosystems saturated.

In contrast to its distinctly rapid pace of life, the gestation period 
of P. bathmodon is remarkably similar to living placentals of its body 
mass (Fig. 3b and Extended Data Fig. 8), suggesting a more constrained 
relationship between size and gestation. Indeed, neonate weight and 
adult body mass are more tightly correlated than other life history 
parameters in extant placentals (Extended Data Fig. 9), suggesting 
that neonate weight drives and/or is constrained by adult body mass. 
As longer gestation enables the larger neonate sizes required for larger 
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adults (Extended Data Fig. 9c), extended gestation periods such as that 
in P. bathmodon may have contributed to the rapid increase in body 
mass in early Palaeocene placentals. The option of extended gesta-
tion may have reduced developmental constraints on body size and 
allowed placentals to expand into vacant niches after the extinction 
of the non-avian dinosaurs, reaching larger sizes than any Mesozoic 
mammal22 and culminating in the largest animals ever49.

The excellent preservation of daily incremental structures and die-
tary trace element signatures in a fossil approximately 62 million years 
of age unlock a new perspective for studying the life history of extinct 
mammals. Our results suggest that biogenic trace element signals can 
be retained much longer than previously realized, providing new tools 
for inferring birth and early-life diet in ancient fossil mammals. Rather 
than being a limitation for studying reproduction, the abundantly 
preserved isolated teeth of Mesozoic mammals may enable combined 
palaeohistological and geochemical approaches to directly address 
the evolution of reproduction in mammals, including its role in their 
survival at the end-Cretaceous extinction and their radiation thereafter. 
Indeed, the highly precocial life history of P. bathmodon shows that the 
physiology of at least some close placental relatives had diverged from 
other mammals by at least the Palaeocene, early in their evolutionary 
history21, and suggests that the capacity to increase body size had a role 
in their ascent from humble Mesozoic beginnings to the dominant role 
they have in global ecosystems today.
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Methods

We prepared thin sections (see Supplementary Information) of the 
teeth and bones of 12 specimens of P. bathmodon, including two 
partial skeletons and totalling 45 elements (23 bones and 22 teeth), 
collected from the Torrejonian NALMA of the Nacimiento Formation  
in the San Juan Basin of New Mexico, USA51. The specimens were 
selected to represent as much of the skeleton and as many tooth 
positions as possible and to capture varying degrees of dental wear, 
presumably attributable to individuals of different ages. No statistical  
method was used to determine sample size and specimen analysis 
was not randomized or blinded. The minimum number of individu-
als based on skeletal overlap a priori was three, but age variation 
indicated a minimum of seven individuals in our palaeohistological  
sample.

Incremental marks in the cementum, dentine and enamel were 
counted from thin sections to assess the timing and pace of tooth 
development. Cementum annulations, lines of von Ebner in the den-
tine and cross-striations in the enamel were each clearly visible under 
cross-polarized light. Pairs of one light and one dark band in the acellular 
extrinsic fibre cementum near the cervix of the tooth were counted as 
growth layer groups representing annual growth cycles24,52,53. Lines of 
von Ebner in the dentine, clearly distinct from more broadly spaced 
Andresen lines24,54, were counted from high-magnification photomon-
tages as daily increments of growth. Likewise, cross-striations in the 
enamel were interpreted as daily increments of growth54,55. In every speci-
men, enamel cross-striations were aligned into clearly visible growth 
laminations, which have a daily periodicity37,56. The neonatal line in the 
enamel was identified as a prominent, Zn-enriched35 accentuated line 
formed by discontinuities in the enamel prisms. In the dentine of the 
deciduous teeth, the earliest accentuated stress line was identified as 
the neonatal line24, which was supported by consistent changes in Zn 
concentration across the neonatal boundary35,57 (Extended Data Fig. 4). 
The neonatal line was used to demarcate prenatal and postnatal devel-
opmental periods, and to align sequences from different tooth positions 
within and between individuals. Daily growth increments in the enamel 
were traced from high-resolution photomontages to create temporal 
maps of daily dental development for each tooth. Enamel secretion, 
crown extension and crown formation rates were estimated using previ-
ously published methods47.

Dietary trace element concentrations were assessed using laser 
ablation inductively coupled plasma mass spectroscopy (LA–ICP–
MS) at the University of Edinburgh and the University of St Andrews 
Isotope Geochemistry (STAiG) laboratory. After pilot runs using an 
ATLEX-I-LR Analyte Excite 193 nm ArF excimer coupled to an Attom 
ICPMS, Nu Instrument at the University of Edinburgh, to assess the 
suitability of the material for analysis, a broad array of trace element 
concentrations (11B, 23Na, 25Mg, 27Al, 31P, 43Ca, 46Ca, 55Mn, 59Co, 60Ni, 63Cu, 
66Zn, 88Sr, 89Y, 138Ba, 208Pb and 238U) in the enamel and dentine of six teeth 
were mapped using LA–ICP–MS on an Agilent 8900-QQQ at the STAiG 
laboratory. Entire enamel sequences of three teeth (the paraconid of a 
lower first molar (NMMNH P-19541), the protoconid of a lower second 
molar (NMMNH P-19541) and the labial enamel of an incisor (NMMNH 
P-69918)) were scanned at high resolution (20-µm spot size, 10 µm s−1 
scanning speed and inductively coupled plasma cycle time of 0.2889 s), 
with an effective pixel size of 60 µm2 (Supplementary Figs. 1–4). Small 
regions of interest in the deciduous teeth (NMMNH P-27844) were also 
scanned at high resolution (38-µm spot size and 38 µm s−1 scanning 
speed; Supplementary Figs. 5–7). LA–ICP–MS data were processed 
and rasterized in Iolite v4.5.5.4 (ref. 58). Concentrations were normal-
ized to and drift-corrected by a National Institute of Standards and 
Technology 612 glass standard after gas blank subtraction, and stand-
ardized to approximately 40% Ca. Elemental maps and transects were 
registered to temporal maps of dental development to evaluate daily 
changes in diet.

Dental microwear was evaluated using scanning electron microscopy 
using a Carl Zeiss SIGMA DH VP field emission scanning electron micro-
scope at the University of Edinburgh operated at 15 kV for secondary 
electron imaging of the fine-scale features of the occlusal surface of 
the first upper molar of NMMNH P-27844.

Reconstructed life history parameters for P. bathmodon were plotted 
alongside data from the PanTHERIA dataset50 for comparison. Because 
the PanTHERIA dataset includes mostly captive individuals, which 
are likely to have greater maximum lifespans than wild individuals, 
the estimated maximum lifespan of P. bathmodon was also compared 
with a recent wild-only dataset of mammal maximum lifespan34. Rela-
tive importance of life history parameters for predicting body size 
was evaluated using multiple regression, and litter size was predicted 
using linear discriminant analysis based on gestation period. Principal 
components analysis was used to identify the closest living analogues 
of P. bathmodon.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
Fossil specimens in this study are housed at the NMMNH, and the pal-
aeohistological thin sections underlying the analyses are accessioned 
at the University of Edinburgh but will be returned to the NMMNH for 
permanent curation upon completion of our research. The living mam-
mal datasets are available from Jones et al.50 (https://doi.org/10.6084/
m9.figshare.c.3301274.v1) and Newham et al.34 (https://www.nature.
com/articles/s41467-020-18898-4#Sec18). Overview images of pal-
aeohistological slides and LA–ICP–MS data are deposited at Figshare 
(https://doi.org/10.6084/m9.figshare.20272737). Source data are pro-
vided with this paper.

Code availability
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Extended Data Fig. 1 | Incremental features of the teeth of Pantolambda 
bathmodon. (a) Overview of coronal section of deciduous ultimate upper 
premolar of NMMNH P-27844 under plane-polarized light (left) and 
cross-polarized light with a lambda filter (right), showing locations of inset 
images. (b,c) Photomontages of the protocone exposed for the enamel (b)  
and the dentine (c), showing excellent preservation of incremental  
features, neonatal line (dashed line), and locations of close-up images.  
(d) Contrast-enhanced close-up of lines of von Ebner preserved in the dentine 
(arrows), extending parallel to the dentinoenamel junction and perpendicular 
to dentine tubules, and neonatal line (large arrow). (e) Contrast-enhanced 
close-up of enamel cross-striations and daily laminations (arrows) in the 
enamel, extending sub-parallel to the dentinoenamel junction and 
perpendicular to the enamel prisms. Images in b–e are under cross-polarized 
light. Abbreviations: NNL, neonatal line. Scale bars: 1 mm (a), 200 µm (b, c), 
100 µm (d, e).



Extended Data Fig. 2 | Zn-enrichment of the neonatal line in the enamel of 
lower second molar of NMMNH P-19541. (a, c) coronal sections of enamel  
of paraconid (a) and protoconid (c) under cross-polarized light. Insets show 
location on coronal sections of entire tooth. (b, d), LA-ICP-MS trace element 
maps, showing higher concentrations of Zn in discrete areas corresponding to 
the neonatal line (white arrows). Abbreviations: DEJ, dentinoenamel junction; 
NNL, neonatal line; OES, outer enamel surface. Scale bars: 1 mm (insets), 
100 µm (a–d).
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Extended Data Fig. 3 | Microwear on the dentition of NMMNH P-27844. (a) 
Right maxilla with three deciduous premolars and adult first molar in occlusal 
view, showing location of scanning electron microscopy (SEM) scan. (b) 
Overview secondary electron (SE) image of protocone of adult first molar, 
showing development of mesowear and location of close-up image. (c) Close-up 
SE image of scratches and gouges attributable to abrasive microwear; black 
arrows highlight curved scratches resulting from chewing motion. White 
arrows in (a) and (b) indicate lingual direction. Abbreviations: d, deciduous; M, 
upper molar; P, upper premolar.



Extended Data Fig. 4 | Changes in zinc associated with birth in the 
deciduous upper premolars of NMMNH P-27844. Postnatal dentine is 
enriched in Zn in the deciduous upper ultimate premolar (a, b) and the 
deciduous upper second premolar (c, d). (a) Overview of thin section showing 
location of close-up image. (b) Mosaic image showing protocone in 
cross-polarized light, with trace element map overlain, showing change at 
histologically-inferred neonatal line (dashed line; NNL). (c) Overview image of 
embedded block showing location of trace element map. (d) Trace element 
map showing increased postnatal Zn. Scale bars: 1 mm (a, c), 500 µm (b, d). 
Abbreviations: NNL, neonatal line.
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Extended Data Fig. 5 | Dental wear, cementum annulations, and maximum 
lifespan in the oldest sampled individuals. (a) Right first upper molar of 
NMMNH P-19625, showing extensive wear and erosion of enamel in most areas 
of the crown. (b) Anterior root of lower molar (tooth position unknown)  
from another individual of NMMNH P-19625, showing the location of the thin 
sections. (c) Overview transverse section of cervical root area, showing clear 
demarcation of cementum and dentine, and location of close-up. (d) Close-up 
of acellular extrinsic-fiber cementum in transverse section, showing six pairs 

of dark and bright bands comprising annual growth layer groups and  
alteration of external cementum; bright bands indicated with blue arrows.  
(e) longitudinal section of the same tooth, showing thick external layer of 
cementum, continuity of growth layer groups, and location of close-up. (f) 
close-up image of acellular extrinsic-fiber cementum in longitudinal section, 
showings six annual growth layer groups and alteration of external cementum; 
bright bands indicated with orange arrows. Images c–f under cross-polarized 
light. Scale bars: 1 mm (a–c, e), 200 µm (d, f).



Extended Data Fig. 6 | Weaning transition recorded in the postcranial 
bones of NMMNH P-27844. (a) Transverse section of right humerus diaphysis 
under cross-polarized light, showing arrangement of tissues and large 
medullary cavity and location of close-up image. (b) Close-up of cortex of right 
humerus under cross-polarized light, showing increase in proportion of 
parallel-fibered bone (brighter tissues) later in growth (arrow), indicative of a 
decrease in growth rate. (c) Transverse section of right tibia diaphysis under 
plane polarized light, showing location of close-up image. (d) Close-up of 
cortex of right tibia under cross-polarized light with a lambda filter, showing 
transition (arrow) from highly-vascularized fibrolamellar bone with a high 
proportion of woven-fibered matrix (upper right) to more slowly-growing 
parallel-fibered bone with reduced vascularity (lower left). (e) Transverse 
section of right radius diaphysis under cross-polarized light, showing location 
of close-up image. (f) Close-up image of cortex of right radius under cross- 
polarized light with a lambda filter, showing annulus of parallel-fibered bone 
(arrow) separating region of highly-vascularized fibrolamellar bone (lower 
right) from region of less-vascularized fibrolamellar bone with a higher 
proportion of parallel-fibered bone (upper left). Scale bars: 1 mm (a, c, e), 
500 µm (b, d, f).
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Extended Data Fig. 7 | Transition to slower growth likely reflecting sexual 
maturity. (a) Coronal section of posterior dentary of NMMNH P-22012 under 
cross-polarized light with a lambda filter, showing locations of close-up 
images. Dark regions have been diagenetically altered by the deposition of 
opaque minerals. (b, c) Close-up of transition (dashed line) between 
faster-growing fibrolamellar bone (flb) and slower-growing lamellar bone (lb), 
indicative of sexual maturity, under cross-polarized light (b) and cross- 
polarized light with a lambda filter (c). Arrows indicate first line of arrested 
growth, deposited after the transition to slower growth. Scale bars: 1 mm (a), 
200 µm (b, c).



Extended Data Fig. 8 | Life history of P. bathmodon compared to living 
mammals. (a, b) principal components analyses using the PanTHERIA dataset 
(placentals, green; marsupials, blue; monotremes, purple) incorporating 
suckling interval, gestation period, maximum lifespan, and age at sexual 
maturity, with adult body mass excluded (a) or included (b) as a variable; close 
living analogues to P. bathmodon indicated by silhouettes. (c–f) regressions of 
life history variables in placental mammals with 95% confidence intervals (thin 
black lines) centred on the generalized linear model regression trendline for 
suckling interval (c), gestation period (d), maximum lifespan (e), and age at 

sexual maturity (f), showing that P. bathmodon is within the 95% confidence 
interval of placentals in all parameters. Silhouette of Pantolambda bathmodon 
created by SLS. Silhouettes of Orycteropus and Priodontes adapted from 
Phylopic images (CC0 1.0 https://creativecommons.org/publicdomain/
zero/1.0/), silhouette of Leptonychotes is original artwork by GFF, silhouette of 
Phoca was generated from a photograph taken by GFF, and all others were 
generated from public domain images (CC0 1.0 https://creativecommons.org/
publicdomain/zero/1.0/).
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Extended Data Fig. 9 | Relationship between neonate mass and adult body 
mass in extant mammals. (a) Generalized linear model regression of neonate 
body mass against adult body mass for all species in the PanTheria dataset, 
showing clear separation of placental mammals (green, p-value < 2.2x10−16) 
from non-placental mammals (p-value: 4.07x10−6); 95% confidence interval for 
regression slope shown as shaded envelope. (b) Neonate body mass plotted 
against adult body mass for placental species, showing tight correlations of 
neonate mass and adult mass (p values both < 2.2x10−16); 95% confidence 

interval for generalized linear model regression slope shown as shaded 
envelope. (c) Gestation period plotted against neonate body mass; 95% 
confidence interval for generalized linear regression slope shown as shaded 
envelope. (d) Relative importance of multiple regression of adult body mass 
against neonate weight, gestation period, maximum lifespan, time to sexual 
maturity, and suckling period, showing relative contribution of factors to adult 
body mass; confidence intervals derived from 1000 replicates of 
bootstrapping.



Extended Data Table 1 | Quantitative dental histological data for Pantolambda bathmodon

Note: *estimate, see Supplementary Information for further details. For teeth with a neonatal line, †prenatal, ‡postnatal. §counted as a pair of light and dark bands; - inapplicable or not available
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