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Crocodile Head Scales Are Not
Developmental Units But Emerge
from Physical Cracking
Michel C. Milinkovitch,1* Liana Manukyan,1 Adrien Debry,1 Nicolas Di-Poï,1 Samuel Martin,2

Daljit Singh,3 Dominique Lambert,4 Matthias Zwicker3

Various lineages of amniotes display keratinized skin appendages (feathers, hairs, and scales) that
differentiate in the embryo from genetically controlled developmental units whose spatial
organization is patterned by reaction-diffusion mechanisms (RDMs). We show that, contrary to skin
appendages in other amniotes (as well as body scales in crocodiles), face and jaws scales of
crocodiles are random polygonal domains of highly keratinized skin, rather than genetically
controlled elements, and emerge from a physical self-organizing stochastic process distinct from
RDMs: cracking of the developing skin in a stress field. We suggest that the rapid growth of the
crocodile embryonic facial and jaw skeleton, combined with the development of a very keratinized
skin, generates the mechanical stress that causes cracking.

Amniotes exhibit a keratinized epidermis
preventing water loss and skin append-
ages that play major roles in thermoregu-

lation, photoprotection, camouflage, behavioral
display, and defense against predators. Whereas
mammals and birds evolved hairs and feathers,
respectively, reptiles developed various types of
scales. Although their developmental processes

share some signaling pathways, it is unclear
whether mammalian hairs, avian feathers and
feet scales, and reptilian scales are homologous
or if some of them evolved convergently (1). In
birds and mammals, a reaction-diffusion mech-
anism (RDM) (2) generates a spatial pattern of
placodes that develop and differentiate into fol-
licular organs with a dermal papilla and cycling

growth of an elongated keratinized epidermal
structure (hairs or feathers) (3). However, scales
in reptiles do not form true follicles and might
not develop from placodes (4). Instead, reptilian
scales originate in the embryo from regular dermo-
epidermal elevations (1). Whereas the regular
spatial organization of scales on the largest por-
tion of the reptilian body is determined by a RDM,
additional positional cues are likely involved in
the development of the scale plates present on
the head of many snakes and lizards. These head
scales form a predictable symmetrical pattern
(Fig. 1A) and provide mechanical protection.

The face and jaws of crocodilians are covered
by polygonal scales (hereafter called“head scales”)
that are strictly adjoining and nonoverlapping,
but these polygons are irregular and their spatial
distribution seems largely random (Fig. 1, B
and C). Using high-resolution three-dimensional
(3D) geometry and texture reconstructions (5–7),
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Fig. 1. Spatial distribu-
tion of head scales. (A)
Headscales inmostsnakes
(here, a corn snake) are
polygons (two upper pan-
els) with stereotyped spa-
tial distribution (two lower
panels): left (yellow) and
right (red) scale edges
overlap when reflected
across the sagittal plane
(blue). (B) Polygonal head
scales in crocodiles have
a largely random spatial
distribution without sym-
metrical correspondence
between left and right.
(C) Head scales from dif-
ferent individuals have
different distributions of
scales’ sizes and localiza-
tions (blue and red edges
from top and bottom croc-
odiles, respectively).
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