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PALEONTOLOGY

Mesozoic mammaliaforms illuminate the origins of

pelage coloration

Ruoshuang Li%, Liliana D'Alba®3, Gerben Debruyn®, Jessica L. Dobson®, Chang-Fu Zhou*®,
Julia A. Clarke®, Jakob Vinther’, Quanguo Li‘*, Matthew D. Shawkey®*

Pelage coloration, which serves numerous functions, is crucial to the evolution of behavior,
physiology, and habitat preferences of mammals. However, little is known about the coloration of
Mesozoic mammaliaforms that coevolved with dinosaurs. In this study, we used a dataset of
melanosome (melanin-containing organelle) morphology and quantitatively measured hair colors
from 116 extant mammals to reliably reconstruct the coloration of six Mesozoic mammaliaforms,
including a previously undescribed euharamiyidan. Unlike the highly diverse melanosomes
discovered in feathered dinosaurs, hairs in six mammaliaforms of different lineages and diverse
ecomorphotypes showed uniform melanosome geometry, corresponding to dark-brown coloration
consistent with crypsis and nocturnality. Our results suggest that the melanosome variation and
color expansion seen in extant mammals may have occurred during their rapid radiation and
diversification after the Cretaceous-Paleogene extinction.

ntegumentary coloration, driven by both
sexual and natural selection, is prevalent
and serves numerous functions in living
organisms, including thermoregulation,
crypsis, aposematism, intraspecies recog-
nition, mate selection, and communication (I-5).
Color variability differs between vertebrate clades:
‘Whereas tropical birds exhibit vivid and variable
plumage coloration, extant mammals are charac-
terized by relatively subdued shades of black,
brown, gray, yellow, or red (4). Although lim-
ited in their color palette, owing in part to the
use of only a single pigment type (melanin)
and limited iridescence (6, 7), extant mammals
have attained distinctive appearances through
the arrangement of those colors in discrete
patterns, with adaptive significance recognized
since the 19th century (8). Despite this impor-
tance, as well as long-standing interest from
scientists and the public, our understanding
of the origin and evolutionary history of mam-
malian coloration has lagged behind that of other
groups, such as birds, because limited data exist
on the color of extinct mammals known only
from fossils, and no such attempt has been
made for Mesozoic mammaliaforms (9).
Reconstructing the colors of fossil organ-
isms was once thought to be impossible. How-
ever, the discovery that melanosomes, the
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melanin-containing organelles that produce
colors in vertebrate integument, can be pre-
served in fossils as three-dimensional (3D) molds
or imprints has revolutionized our understand-
ing of integumentary coloration in deep time
(10). Reconstruction of the colors of dinosaurs
as far back as the Jurassic has elucidated the
function and evolution of early feathers (71, 12).
The same is not true for mammal pelage, even
though exquisite fossils with fur preservation
were discovered more than a decade ago (13, I4).

As in other vertebrates, mammalian mela-
nosomes contain two chemical varieties of me-
lanin: eumelanin, producing blacks and browns,
and pheomelanin, producing yellows and reds
(15). Colors of hair are produced by light ab-
sorption by a mixture of these two forms and
have been associated with the morphology of
the melanosomes themselves (16). Comparison
of fossil and extant melanosomes can therefore
enable reconstruction of fossil colors and, when
coupled with broader analysis across the speci-
men, color patterns (I7). We collected data on
melanosome morphology (using scanning elec-
tron microscopy) and color (using microspec-
trophotometry) from hairs of 116 extant mammal
species (n = 2615 melanosomes), including rep-
resentatives of most clades in crown Mammalia,
and produced a model that accurately predicts
color from morphology. Whereas previous re-
constructions have relied on binary, subjective
color categories (I7), we used spectrophoto-
metric data to more precisely and objectively
describe the spectrum of colors. We then ap-
plied this model to fossilized melanosomes in
six phylogenetically and ecologically diverse
taxa of the Yanliao and Jehol biotas from
northeastern China, thereby reconstructing
the pelage coloration of Mesozoic mammalia-
forms. A previously undescribed fossil, inten-
sively sampled and with the most complete fur
preservation, is diagnosed by its distinctive

dental pattern as a new species of Euharami-
yida (I8), adding to the known diversity in the
Late Jurassic terrestrial ecosystem.

Systematic paleontology

Mammaliaformes Rowe, 1988 (19)
Euharamiyida Bi et al., 2014 (18)
Arboroharamiyidae Zheng et al., 2013 (20)
Arboroharamiya fuscus Sp. nov.

Etymology. fuscus (Latin): dark, swarthy,
dusky. The specific name fuscus refers to the
dark coloration of pelage as reconstructed in
this research.

Holotype. The holotype (CUGB-P1901, China
University of Geosciences, Beijing, China) repre-
sents a partial skeleton exposed in ventral view
(Fig. 1). The skull is partly preserved, teeth are
dislocated and clustered around the skull, distal
limbs and most of the phalanges are well pre-
served, and vertebrae (except caudal vertebrae)
and integumentary tissues (including patagium
for gilding) are preserved as impressions.

Locality and age. The specimen was col-
lected from the Tiaojishan Formation at
Nanshimen village, Gangou Township, Qinglong
County, Hebei Province, China. The age of the
strata is 158.58 million years within Oxfordian,
Late Jurassic (21).

Diagnosis. Medium-sized euharamiyidan
with a body mass estimated at 156 g. Dental
formula presumed as I1-C0-P2-M2/i1-cO-pl-m2
(I, incisor; C, canine; P, premolar; M, molar;
capital, upper teeth; lowercase, lower teeth)
(Fig. 1). Similar to Arboroharamiya jenkinsi
(20) but differing from other euharamiyidans
in having larger teeth, P4 (ultimate upper pre-
molar) being transversely wider than mesio-
distally long, p4 (ultimate lower premolar) having
simple distal heel with four minor cuspules
distally, and molars bearing more cusps. Differs
from A. jenkinsi in having M1 (first upper
molar) subrhomboidal with longer mesial cusped
ridge, m1 (first lower molar) narrower and with
more cusps on both lingual and buccal rows;
differs from A. allinhopsoni (22) in having four
minor cuspules distally on the distal heel of p4
and more cusps on molars; differs from Xianshou
(18) and Vilevolodon (23) in having larger tooth
size and more cusps on cheek teeth. Further dif-
fers from Mirusodens (24), kermackodontids
Kermackodon (25), and Butlerodon (26) in
lacking heart-shaped P4, lacking secondary
cusp row between the two primary cusp rows
on upper molars, and lacking serrations on the
hypertrophic al of p4. Further differs from
shenshouids Shenshou (18) and Qishou (27) in
lacking p4 submolariform with two cusp rows
on the distal heel and having more cusps on
cheek teeth with hypertrophic Al/al; differs
from Maiopatagium (28) in having enamel
ridges and more conical cusps on cheek teeth
with central basin closed mesially and distally.
Further comparison and description of A. fuscus
are included in the supplementary materials.
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Fig. 1. The holotype specimen and teeth of A. fuscus. (A) The holotype
specimen of A. fuscus (CUGB-P1901). (B) Line drawing of A. fuscus. Red dots
represent sample locations for melanosome analyses. ca, caudal vertebrae; Ife,
left femur; Ifi, left fibula; Ih, left humerus; Ira, left radius; Im, left manus; Ip,

left pes; Iti, left tibia; lul, left ulna; rfe, right femur; rfi, right fibula; rh, right
humerus; rm, right manus; rp, right pes; rra, right radius; rti, right tibia; rul, right
ulna; tr, thoracic ribs. (C) Upper and lower teeth in buccal view. P4, ultimate

Integumentary impressions are preserved
in the holotype specimen of A. fuscus, distrib-
uted as deep colored patches around the limb
bones, torso, and caudal vertebrae (Fig. 1, A
and B). Well-arrayed hairs are distinguish-
able in the matrix (Fig. 2, D and E, and fig. S2);
these are thicker around the body and thinner
in the outer area. There is no clear membrane
edge preserved, but the extension of fine hair
impressions in the area spanning between the
wrists and ankles, along with thick hair im-
pressions in the caudal area, suggests the loca-
tion of the plagiopatagia and uropatagia (Fig. 2,
Cto E). X-ray fluorescence imaging (XRF) shows
Ca and Cu enrichment correlated to hair im-
pressions (Fig. 2C and fig. S4). Further examina-
tion under the scanning electron microscope
revealed dense fossil melanosomes preserved
both in 3D and in impression (Fig. 2, F and G,
and fig. S3).

In addition to A. fuscus, we analyzed mela-
nosomes of five other Mesozoic fossils preserved
with integumentary impressions from the Yanliao
and Jehol biotas of northeastern China (Fig. 2A
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and fig. S1; see supplementary materials, sup-
plementary text section E). Three of the fossils
[A. fuscus, Megaconus mammaliaformis (PMOL-
AMO00007), and Vilevolodon diplomylos (SDUST-
VO0010)] are placed in “Haramiyida,” a taxon
including the earliest gliders (29). Two fossils
(SDUST-V0006 and SDUST-V0007) are assigned
to Docodonta, a clade with species assessed to
occupy diverse niches (e.g., fossorial, arboreal, or
swimming) (13, 30, 3I). The last fossil (SDUST-
V0008) from the Lower Cretaceous is eutherian,
placed in crown Mammalia. The phalangeal
proportions and skeletal characteristics of the
six fossils suggest that they belonged to distinct
ecomorphotypes (Fig. 2B and fig. S5; supple-
mentary materials, supplementary text section F).
A. fuscus and V. diplomylos have patagia and
prehensile claws, indicating an arboreal lifestyle
and gliding ability. M. mammaliaformis and
docodontan SDUST-V0006 are terrestrial and
ground-living, whereas docodontan SDUST-
V0007 shows heavy molar abrasion and thick
bone walls, suggesting a ground-living habitat
with fossorial ecology. Eutherian SDUST-V0008
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upper premolar; M1, first upper molar; il, lower incisor; p4, ultimate lower premolar;
ml, first lower molar. All teeth are from left dentition except M1, which is mirrored
from the right first upper molar. (D) Occlusal views of teeth. All teeth are from

left dentition except ML The cusp tips on the buccal half of P4 and the lingual half of
ML were incomplete; cusp tips were reconstructed on the basis of preserved dentin
and the outline of the tooth crown. brd, buccal ridge; drd, distal ridge; Ird, lingual
ridge. Detailed description is included in the supplementary materials.

has a pedal phalangeal index close to that of
Eomaia scansoria (32), suggesting a scansorial
or arboreal ecology (32, 33). Among analyzed
fossils, M. mammaliaformis (PMOL-AM00007),
from the Middle Jurassic Tiaojishan Forma-
tion, is one of the oldest fossils reported with
fur impression surrounding its body (I14).
Close examination shows that the fur of
M. mammaliaformis was differentiated into
thick guard hair and thinner underfur (74), but
four other fossils from the Upper Jurassic
(A. fuscus, V. diplomylos, SDUST-V0006, and
SDUST-V0007) show no differences in hair
diameter, with all hairs measuring between
0.02 and 0.04 mm (fig. S2). Although the hair
impressions in eutherian SDUST-V0008 are
scarce, a few of its distinguishable hairs also
measure between 0.02 and 0.04 mm (fig. S2).
Samples from hair impressions in all fossils
show preservation of melanosomes (fig. S3).

With precautions to rule out influences of
nonintegumentary tissues and shrinkage during
diagenesis (see supplementary materials), we
measured the geometry of fossil melanosomes

2 of 6



RESEARCH | RESEARCH ARTICLE

Cenozoic
T —_—

T T
250 201 1“15 66 0 Ma

[ Thrinaxodon

Triassic Jurassic Cretaceous

A

Morganucodon
Hadrocodium

——— Docodontiformes <—
Haramiyavia

Thomasia

Megaconus mammaliaformis —<—
Maiopatagium

Shenshou lui

Mirusodens caii

Arboroharamiya jenkinsi
Arboroharamiya allinhopsoni
Arboroharamiya fuscus <—
Vilevolodon diplomylos —«—
Xianshou linglong
Xianshou songae

Mammalg+—| ¢

 J
First appearance
of fur

Euharamiyida

Prototheria <—
Eutheria =—
Metatheria <—

B Pedal ray 3 phalangeal
proportions 10

Flight/roost

Gliding
Terrestrial/semifossorial
Arboreal

Mesozoic taxa
Arboroharamiya fuscus
Vilevolodon diplomylos
SDUST-V0006
SDUST-V0007
SDUST-V0008

4OOPDO e e e o

20 30 40 50 60 70
Metatarsal (%)

Fig. 2. Phylogenetic position of A. fuscus, phalangeal proportion analysis
of five fossils, the Ca and Cu distribution, and hair and melanosome
preservation in A. fuscus. (A) Phylogenetic position of A. fuscus in
Euharamiyida (blue shaded rectangle); large-scale phylogeny tree is adopted
from (50). Blue arrows, investigated fossils or the clade; black arrows,
investigated extant mammalian clades; blue dot, the chronological position of
SDUST-V0008. (B) Pedal ray 3 phalangeal proportion analysis of five fossils.
Aj, Arboroharamiya jenkinsi; As, Agilodocodon scansorius; Es, Eomaia scansoria;
Jj, Jeholodens jenkinsi; Mf, Maiopatagium furculiferum; Ms, Maotherium sinsensis;

Re, Rugosodon eurasiaticus; Slu, Shenshou lui; S|, Sinobaatar lingyuanensis;

Ss, Sinodelphys szalayi; Va, Volaticotherium antiquus; Xs, Xianshou songae.

(C) Calcium distribution in A. fuscus is correlated with skeleton, and copper
distribution is correlated with hair impressions. Dashed yellow lines represent
the extension of patagium, and the two yellow arrows indicate magnified areas
corresponding to (D) and (E). (D) Hair impressions preserved in the marginal
area of the left plagiopatagia. (E) Dense hair impressions preserved in the
caudal area. (F) Melanosomes in A. fuscus preserved as impressions.

(G) Melanosomes in A. fuscus preserved as 3D molds.

in the six fossils, which exhibits high consistency
both between and within fossil specimens and
falls within the range of extant mammal melano-
some measurements (Fig. 3). Extant mammal
melanosomes are diverse in size and shape.
Length varies within a range of ~1800 nm (346 to
2129 nm), and width varies within ~700 nm (219
to 921 nm). Thus, their aspect ratios range
from 1.01 to 4.78 (i.e., almost spherical to highly
tubular). By contrast, fossil melanosome geo-
metries are confined to the upper end of extant
melanosome size range, with lengths and widths
varying by only ~500 and ~400 nm, respec-
tively (Fig. 3), and all approximate an oval
shape. Extreme melanosome shapes (either
extremely round or elongated) as seen in ex-
tant mammals were not recovered from any
of the fossils. Together, these data suggest that
ancestral hair melanosomes are low-aspect-ratio
(length/width < 2) with limited diversity, which

Li et al., Science 387, 1193-1198 (2025) 14 March 2025

is possibly linked with lower basal metabolic
rates (fig. S7) (34). Our MCMCglmm analysis
revealed a direct correlation between melano-
some shape and hair color in extant mammals:
Colorfulness (as measured by the first principal
component of microspectrophotometric data)
is negatively correlated with increasing length
at a given width (P < 0.005) and positively
correlated with width (P < 0.005) of melano-
somes. That is, melanosomes of brightly colored
hairs (such as red and orange) are more sphe-
rical, whereas melanosomes of dull-colored hairs
(black, brown) are more elongated in shape.
Furthermore, melanosome density, but not
morphology, was significantly associated with
the second principal component of color, which
differentiates reds from yellows, suggesting
higher melanosome densities in redder hairs
than in less red hairs (P = 0.005). However,
the melanosome density of fossil hair is not

measurable, owing to the mixing of melano-
somes from multiple hairs during fossilization.
Surprisingly, no other variable, such as hair
thickness or melanosome size variance, pre-
dicted coloration as they do in birds (see mate-
rials and methods), and microspectrophotometric
data show that most individual mammalian hairs
are brownish (even those perceived as black)
and that true black or gray hairs are rare (fig. S6).

‘We reconstructed reflectance curves of fossil
hairs for the assessed six taxa on the basis of
the geometry of their melanosomes. All mea-
surements from all sample locations on all
fossils had predicted principal component
1 values corresponding to low reflectance and
unsaturated coloration (Fig. 3 and table S5).
XRF results of the fossils showed no evidence
of Zn associated with pheomelanin (35) but
high concentration of Cu associated with eu-
melanin in the integumentary impressions

3of6



RESEARCH | RESEARCH ARTICLE

A 8 - >
™, k =

900 ‘

z £ 05 * -

(= (=
= = 600
= =
2 oo 2
s N s

300

300

0
1000 201 3000
(o Length (nm)

2000 <> Arboroharamiya fuscus k
100 &> Megaconus mammaliaformis w
t=
= — —— S e —— QO Vilevolodon diplomylos j/

B 1000
5 A Docodonta SDUST-v000s <

500 k [ Docodonta SDUST-V0007 ‘

0 N .’/ ”» !l !l! 5 & v/ Eutheria SDUST-V0008 &
D E

40
g 2
Q
o
c
£ 2
8
=
Q
€ 10

0
400 500 600 700 200 500 600 700
Wavelength (nm) Wavelength (nm)

Fig. 3. Melanosome diversity and pelage coloration across extant mammals
and Mesozoic mammaliaforms. (A) Scatterplot of individual melanosome
measurements from 116 extant mammals and six fossils; dot color shows RGB
values derived from spectral curves measured at specific hair locations. Extant
hair melanosomes, n = 2615; A. fuscus, n = 760; M. mammaliaformis, n = 103;
V. diplomylos, n = 395; docodontan SDUST-V0006, n = 289; docodontan
SDUST-V0007, n = 407; eutherian SDUST-V0008, n = 205. (B) Width variation of

melanosomes. (C) Length variation of melanosomes. (D) Measured reflectance
spectra of selected extant mammals [Vulpes vulpes (orange), Ailurus fulgens
(red), Cephalophus dorsalis (brown), Pelomys fallax (darker brown), and
Mephitis mephitis (black)] and predicted reflectance curves for six Mesozoic
mammaliaforms (browns), highlighting their constrained brown coloration and
minimal variation. (E) Detailed view of the predicted reflectance curves for the
six Mesozoic mammaliaforms.

(Fig. 2C and fig. S4) (36), supporting a dark
coloration dominated by eumelanin. Together,
these data indicate that the assessed six Meso-
zoic mammaliaforms had uniformly dark brown
coloration with minor differences (Figs. 3 and 4).

Reconstructing the paleocolors of the six fos-
sils provides physical evidence that pelage col-
oration in Mesozoic mammaliaforms was limited
in diversity and darkly colored. The consistency
in melanosome geometry of fossils suggests that,
despite distinct variation in phylogeny and ecol-
ogy, the melanin color system in Mesozoic mam-

Li et al., Science 387, 1193-1198 (2025) 14 March 2025

maliaforms was largely invariant. This contrasts
with the high diversity of melanosomes in feathered
dinosaurs, early birds, and pterosaurs (34, 37, 38),
indicating a different and unique evolutionary
pattern of mammaliaform melanin color sys-
tem after the sauropsid-synapsid split.
Samples taken from different integumentary
locations of each fossil resulted in uniformly
dark brown color, with no evidence of color
patterns such as striping, spots, or counter-
shading as seen in extant mammals, indicat-
ing that color patterns on the pelage might

be a derived trait. Although the sex of fossils
is difficult to determine, the highly confined
reconstruction results suggest the absence of
sexual dichromatism. The pelage coloration
scheme in Mesozoic mammaliaforms was
therefore unlikely for recognition or sexual dis-
play purposes but mostly for thermoregulation,
for enhancing tactical sensory perception (39),
for abrasion resistance, and for crypsis.

Most small Mesozoic mammaliaforms were
likely nocturnal, as suggested by ancestral re-
construction of eye shape of extant mammals
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(40, 41) and phylogenetic inference of the genes
involved in color perception and phototrans-
duction (42). The compensatory sensory func-
tions result from a combination of enhanced

olfactory function, enhanced hearing by changes
in the inner ear, and tactile sensation from fur
(39, 43). A nocturnal lifestyle may have en-
abled these species to avoid predation by di-

Fig. 4. Artistic reconstruction of pelage coloration of five Jurassic mammaliaforms. (Top to bottom)
A. fuscus (CUGB-P1901), V. diplomylos (SDUST-V0010), M. mammaliaformis (PMOL-AM00007), and
docodontans SDUST-V0006 and SDUST-VO007. The green eyes of A. fuscus are an artistic license of the
tapetum lucidum, an intraocular reflecting structure that enhances visual sensitivity, indicating nocturnality.
Eutherian SDUST-V0008 from the Lower Cretaceous is not included in this artistic reconstruction.

Li et al., Science 387, 1193-1198 (2025)
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urnal carnivores and, furthermore, may have
helped them to survive mass extinction (44).
Our reconstruction results support the hypoth-
esis that nocturnality might be ubiquitous in
Mesozoic mammaliaforms, as dark-colored,
uniformly dull pelage [which is mostly seen in
nocturnal extant mammals (4)] is present in
species occupying very different ecological
niches. Additionally, highly melanized hairs
could also be advantageous for thermoregu-
lation and mechanical strength (45, 46). Melani-
zation increases heating speeds of materials (45),
and darker hairs could help small mammalia-
forms to reduce heat loss through insulation.
Melanized materials are also stronger and
abrasion-resistant (46), potentially enabling
hairs to withstand wear and provide protection
for the skin.

Extant mammals that inhabit ecological
niches similar to the six fossils, such as fossorial
moles (Scalopus aquaticus), mice and rats
(Lemniscomys griselda, Pelomys fallazx), and
nocturnal bats (Myotis myotis, Vespertilio
murinus), show a similar, very limited, color
palette with mostly dark gray or brown colo-
rations. However, diurnal or crepuscular spe-
cies such as the Indian giant squirrel (Ratufa
indica), red panda (Ailurus fulgens), and yellow-
throated marten (Martes flavigula) exhibit
vibrant purples, reds, and yellows, respectively.
Daytime activity patterns may have enhanced
the significance of sexual selection and intra-
specific visual communication for the evolution
of color and color patterns in extant groups.
Melanosome diversity is also linked to the
melanocortin system that affects not only
melanin production but also numerous phy-
siological and behavioral traits such as meta-
bolic rate and appetite (7). Shifts in this system
toward, for example, higher metabolic rates
may have also led to the rapid evolution of
melanosome shape within crown mammals
(48). In any case, these changes of color em-
ployment through evolution likely developed
under different pressures than for camouflage
alone. After the Cretaceous-Paleogene event,
mammals rapidly diversified into vacant niches
previously occupied by dinosaurs (49), which
could have simultaneously propelled the rapid
radiation and diversification of pelage color
strategies in new and diverse environments.
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