
conditions. Dry fuel accumulation is an indica-
tor of how primed the vegetation is to burn. By 
making this connection, Luo et al. have made 
it possible to predict OBEs using information 
about daytime conditions. This, in turn, could 
allow fire managers to keep firefighters out 
of harm’s way and to warn local communities 
more effectively of an impending fire risk. It 
is not surprising that large fires, which burn 
over multiple days or weeks, are primed by 
long-term drought, but the authors’ work 
demonstrates that overnight burning is also 
implicated in driving these extreme events.

Luo and colleagues’ work increases our 
understanding of how OBEs occur and how 
they affect the next day’s fire activity for tem-
perate and boreal ecosystems. However, there 
remains a need to understand how night-time 
burning is affecting flammable areas across 
the globe (Fig. 1). Burned regions in the United 
States and Canada represented 1.2% of global 
burned area from 2003 to 2020 (ref. 7), with 
most fires occurring in tropical and arid grass-
lands and savannahs.

The GOES data cover most of the Western 
Hemisphere, but Luo et al. considered only 
fires that correspond to event perimeters doc-
umented in US and Canadian records, which 
meant that they were restricted to the large 
events that are delineated in those records. 
Satellite-derived event perimeters are now 
available for almost every country in the 
world8, providing a fuller distribution of fire 
sizes than was used in the authors’ study. These 
new perimeters could be used in conjunction 
with data from other geostationary satellites, 
such as Himawari over East Asia and Meteosat 
over Europe and Africa, to expand the scope of 
OBE research to the countries and ecosystems 
in which most fires occur. This extension could 
provide crucial insights into how fire interacts 
with tropical deforestation and increased agri-
cultural activity. It could also improve our 
understanding of how night-time temperature 
increases are affecting intentional burning and 
Indigenous fire management.

Researchers are only just beginning to 
investigate the temporal nature of wildfires 
on timescales of hours to days. The analysis 
of Luo and colleagues adds to a growing body 
of research2,5,6,9 that demonstrates the impor-
tance of night-time burning — from its role in 
creating extreme events6 to its part in increas-
ing fire intensity2. By linking remotely sensed 
data from multiple sources and associating 
them with a single event, scientists are able to 
understand better how different aspects of fire 
activity are changing. But Luo and colleagues’ 
study highlights the urgent need for satellite 
sensors that match the resolution of the min-
ute and metre scales on which fire operates — a 
conclusion that has been drawn elsewhere10.

There is a clear need to improve under-
standing of the coupling between long-term 
climate changes and weather conditions that 

vary on a daily basis, and how this coupling can 
turn small fires into big ones or increase their 
intensity. Nights are a key factor in this equa-
tion. As nights continue to warm, firefighters 
should expect to fight fires around the clock. 
Moreover, it is not just fire that is changing as 
night-time temperatures increase. A lack of 
night-time cooling has been linked to human 
health consequences11 and to shifts in crop 
production. Luo and colleagues’ study is yet 
another reminder that the impact of climate 
change on nights has knock-on effects for eco-
systems and people.
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What type of skin did early land-dwelling 
vertebrates have? Writing in Current Biology, 
Mooney et al.1 present fossil evidence that 
sheds light on this. Their findings have impli-
cations for scientists’ understanding of the 
evolution of pattern formation and the emer-
gence of scales on body surfaces.

Much of what we know about extinct ani-
mals — how big they were, whether they swam, 
walked or flew, and even whether they were 
prey or predators — comes from their fossil-
ized remains. For invertebrate animals, such 
as the once-abundant, ocean-dwelling trilo-
bites, the exquisitely preserved exoskeletons 
that formed their outer layer provide us with 
a detailed picture of their oval segmented 
shape, similar to that of a woodlouse. In the 
case of vertebrates, such as dinosaurs, which 
mainly leave behind fossilized bones, a fair 
amount of imagination is needed to envision 
what they might have looked like when they 
were alive.

Admittedly, palaeontologists often get 
things wrong when interpreting fossils. For 
example, people who watched the 1993 block-
buster film Jurassic Park might remember 
the velociraptor dinosaurs as particularly 

intelligent and cold-hearted predators, cov-
ered by fittingly chilling-looking scaly skin. 
Yet, thanks to subsequently discovered fos-
silized imprints of skin, it has emerged that 
velociraptors had feathers2, just like some of 
their dinosaur relatives, including the earli-
est known bird-like relative called Archaeop-
teryx3 and the startling four-winged creature 
described as ‘microraptorine’ (Changyuraptor 
yangi)4. This fluffy and much less terrifying 
image of predatory dinosaurs might have sat 
poorly with Hollywood producers. However, 
even they eventually caved under the mount-
ing scientific evidence and introduced a feath-
ered Pyroraptor in Jurassic World Dominion 
(2022), although it was depicted as being sev-
eral times larger than it probably was. It took 
more than 20 years after the emergence of evi-
dence of feathered dinosaurs5 in 1998 for the 
movie franchise to correct its ‘scaly’ mistake.

Fossil skin finds have a profound effect on 
our understanding of what extinct animals 
really looked like and how they adapted to 
their natural surroundings. Yet, we have very 
little skin to go by for one of the most conse-
quential evolutionary periods in vertebrate 
history — the time between 350 million years 
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Intricately patterned 
scales of ancient skin
Maksim V. Plikus

The discovery of 285-million-year-old fossils of intricately 
patterned animal scales indicates that evolutionary tinkering 
of armoured skin started at the dawn of life on dry land as 
aquatic vertebrates adapted for terrestrial survival. 
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Figure 1 | Vertebrate adaptations to life on land. a, Approximately 350 million 
years ago, some animals living in the water were on the verge of evolving to 
live on land. b, This transition required the innovation of forming hard-shelled 
eggs that enabled embryos to develop outside an aquatic environment. Other 
features suited to life on land included protective scales. It is plausible that 
embryonic skin underwent rapid patterning into spot-like areas corresponding 
to sites where scales would subsequently form. On hatching, such developing 
scales probably hardened rapidly by cell differentiation in a manner distinct 

from that of the surrounding tissue. Embryonic patterning and post-embryonic 
maturation might give rise to mechanically resilient yet flexible waterproof skin, 
containing scales and offering protection against damage by ultraviolet light. 
This hypothetical scenario is supported by observations of highly patterned 
mini scales in fossilized skin samples, reported by Mooney et al.1, attributed to 
285-million-year-old early land-dwelling vertebrates called amniotes. c, Scales 
evolved that fully covered the body of early amniotes, such as members of the 
Varanopid family of amniotes12.
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ago, when descendants of amphibian ani-
mals (amniotes) started leaving their watery 
world for life on land (Fig. 1), and the Permian–
Triassic extinction event 100 million years 
later. The extinction was caused by a rapid rise 
in global temperature, which put all adapta-
tions for land-dwelling life to the ultimate test.

The conquest of solid ground by animals 
relied on two innovations. These were pro-
ducing waterproof eggs, in which embryos 
develop, suspended in a fluid-filled amniotic 
sac (hence the name ‘amniotes’), and having 
watertight skin to protect hatched animals 
against desiccation.

Intuitively, a prototypical drought-resistant 
skin would be thick and scaly, similar to the 
skin of modern snakes and lizards. But was 
reptile-like skin really the evolutionary prefer-
ence, and if so, how did scales evolve and why? 

The evidence presented by Mooney and col-
leagues helps to answer these questions. The 
authors report exquisitely preserved pieces 
of fossilized skin of unknown amniotes — so 
described because of a lack of accompany-
ing bone remains. The fossils are the oldest 
of their kind that scientists have discovered, 
dating back approximately 285 million years. 
All nine ancient skins feature intricately pat-
terned scales, which strikingly resemble the 
scales of a crocodile, just on a smaller scale. 
Each ancient scale is no wider than a human 
hair, less than 0.1 millimetres. The diminutive 
size, although unusual for scales, is not with-
out precedent. Skin of the Thumbelina-sized 
chameleon Brookesia nana from northern 
Madagascar is also covered in microscopic 
scales, each less than 0.1 mm in width6.

Can we guess how ancient scales formed 
by just looking at them? Unlike in modern 
reptiles, whose scales are typically polygo-
nal in shape and fit closely together similar 
to a mosaic, the fossilized scales found by 

Mooney and colleagues look like raindrops 
on a window, rounded at the edges and not 
touching one another. In at least two of 
the skins, the scales appear elongated and 
polarized towards a common orientation, 
similar to streaks of rain on the windscreen 
of a moving car.

Developmental biologists reading this will 
be quick to realize that patterns such as these 
are strikingly similar to those that emerge 
across developing animal skin before embry-
onic hairs, feathers or scales form7. Compu-
tational biologists will probably comment 
that self-organization of initially identical 
skin cells into groups of molecularly distinct 
‘spots’ and ‘spaces’ is the most plausible expla-
nation for how such periodic patterns could 
have emerged8. Indeed, molecular studies 
of the developing skin of crocodiles, lizards 
and snakes strongly support periodic distri-
bution of signalling molecules as the drivers 
of scale patterning9. Therefore, it is tempting 
to speculate that early amniotes implemented 
a pattern-forming molecular mechanism that 
partitioned their developing skin with many 
repetitive scales, in the same way as their 
relatives do today.

What advantages might scales have brought 
to their owners? Insightful clues come from 
the case of scaleless reptiles, such as the silk-
back bearded dragon (Pogona vitticeps), which 
fails to develop scales as the result of a muta-
tion in the ectodysplasin A gene9. Unlike their 
scaly cousins, silkbacks require habitats with 
high levels of humidity and low ultraviolet light 
intensity. One should avoid breeding them, 
because their biting behaviour, common 
during mating rituals, can result in severe, 
life-threatening lacerations on lizard skin. 
Therefore, scales endow reptiles with pro-
tection against solar burns, dehydration and 
mechanical injury.

The skin of land-dwelling animals becomes 
watertight and mechanically hardened 
through a process called epidermal cornifi-
cation. Upward-moving stacks of cells in the 
skin’s outermost layer, the epidermis, enter 
an elaborate cell-death pathway in which 
they shed their nucleus and turn into hard-
ened ‘ghost’ cells, packed with crosslinked 
cable-shaped keratin proteins and cement-
like proteins10. It is these ghost cells, termed 
corneocytes, which endow the skin with its 
protective barrier properties. Evolution of 
epidermal cornification was driven in part by 
by diversification of the cement-like proteins 
encoded by a genetic region called the epider-
mal differentiation complex (EDC).

In modern mammals, two major cementing 
EDC proteins — loricrin and involucrin — pro-
duce fairly pliable corneocytes that can flake 
off the skin surface one at a time. Meanwhile, 
β-keratin proteins have evolved only in the 
reptilian EDC to strongly join cells and pro-
duce a hard epidermis11. It is probable that 
early reptilian ancestors adopted periodic 
spatial patterning during their embryonic 
development to partition an otherwise 
desirable, tough epidermis into a pliable 
lattice of interconnected scales.

This mathematically precise solution has 
stuck around. However, nature did not stop 
optimizing the pattern-forming formula, 
and the next time a definitive fossil skin of a 
tree-climbing amniote from the Varanopid 
family — an extinct sister clade to modern rep-
tiles and mammals — turned up in an approx-
imately similarly aged rock to those reported 
by Mooney and colleagues, it already featured 
large and highly uniform scales that were 
stacked on top of one another similar to the 
arrangement of terracotta tiles12. Thus, soon 
after a general scale-forming mechanism 
arose in the process of skin development, early 
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Micrometre-sized particles are key elements 
of several technologies ranging from 
drug-delivery vehicles to microelectronics, 
which makes optimizing the fabrication of 
these particles big business. One production 
strategy involves a bottom-up approach1–3, in 
which particles come together from smaller 
components, through self-assembly, for exam-
ple. Although bottom-up techniques enable 
high-throughput production, they offer 
limited control over particle geometry. By 
contrast, top-down strategies4–7 produce par-
ticles by breaking down bulk materials, using 
moulds, for example. Top-down approaches 
can overcome the shortcomings of bottom-up 
techniques, providing pathways towards 
improved shape control, but such methods 
produce only 2D or simple 3D particles. On 
page 306, Kronenfeld et al.8 present an inno-
vative high-throughput fabrication method 
that enables microparticles to be 3D printed 
rapidly, and with complex geometries.

The technique of 3D printing is widely 
regarded as being a versatile way to man-
ufacture complicated 3D objects, so it 
would seem to be an ideal candidate for 
circumventing the limitations of existing 
microparticle-fabrication techniques. The 
same research group as Kronenberg et al. pre-
viously developed a light-based 3D-printing 
method called continuous liquid interface 
production (CLIP)9,10, which offers fast, 
accurate printing of microscale particles in 
a variety of materials. In CLIP, 2D images are 
generated by slicing a digital 3D model of a 

structure along its vertical axis. These images 
are then projected into a transparent vat con-
taining light-sensitive liquid resin. Light selec-
tively polymerizes the resin to form a solid 3D 
object on a stage that is pulled out of the resin 
vat, as the structure materializes. 

This approach can be used to fabricate 
intricate 3D architectures with high-quality 

Engineering

Mass production of  
3D microcomponents
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Combining a high-throughput technique with 3D printing 
offers a way of fabricating micrometre-sized particles for use 
in electronics and biotechnology. The versatile method can 
produce one million intricate shapes in a single day. See p.306

Figure 1 | A high-throughput method for creating intricate microparticles. Kronenfeld et al.8 developed 
r2rCLIP, a high-throughput technique for 3D printing micrometre-sized particles with high-resolution 
structural features. a, The approach involves projecting 2D slices of a 3D design into a transparent vat 
containing liquid resin, which polymerizes in response to light, thereby printing the 3D objects onto 
a continuous roll of film. b, The authors’ strategy outperforms existing techniques by producing 3D 
microparticles at a rate of one million particles per day, with surface features as small as 4 µm2. (Adapted 
from Fig. 1 of ref. 8.)
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amniotes rapidly diversifed this to support a 
great variety of drought-adapted bodies as they 
were racing to conquer habitats on dry land.

Maksim V. Plikus is in the Department of 
Developmental and Cell Biology, University of 
California, Irvine, Irvine, California 92697, USA.
e-mail: plikus@uci.edu

1. Mooney, E. D., Maho, T., Philp, R. P., Bevitt, J. J. & 
Reisz, R. R. Curr. Biol. 34, 417–426 (2024).

2. Turner, A. H., Makovicky, P. J. & Norell, M. A. Science 317, 
1721 (2007).

3. Carney, R. M., Vinther, J., Shawkey, M. D., D’Alba, L. & 
Ackermann, J. Nature Commun. 3, 637 (2012).

4. Han, G. et al. Nature Commun. 5, 4382 (2014).
5. Chen, P., Dong, Z. & Zhen, S. Nature 391, 147–152 (1998).
6. Glaw, F. et al. Sci. Rep. 11, 2522 (2021).
7. Chang, C. et al. Int. J. Dev. Biol. 53, 813–826 (2009).
8. Turing, A. M. Philos. T. R. Soc. B 237, 37–72 (1952).
9. Di-Poï, N. & Milinkovitch, M. C. Sci. Adv. 2, e1600708 

(2016).
10. Eckhart, L., Lippens, S., Tschachler, E. & Declercq, W. 

Biochim. Biophys. Acta 1833, 3471–3480 (2013).
11. Strasser, B. et al. Mol. Biol. Evol. 31, 3194–3205 (2014).
12. Spindler, F. et al. PalZ 92, 315–364 (2018).

The author declares no competing interests.
This article was published online on 6 March 2024.

surfaces — a capability that results from the 
presence of an oxygen-induced ‘dead zone’ at 
the bottom of the vat, which ensures that the 
printed object doesn’t stick to the vat while 
being produced at high speeds. However, the 
process is static, and automating it to allow 
the continuous fabrication of many objects 
involves yet another engineering challenge, 
which Kronenfeld et al. have surmounted 
with a technique that they call roll-to-roll CLIP 
(r2rCLIP). 

Roll-to-roll technologies are typically 
associated with the high-throughput pro-
duction of devices such as electronic circuits, 
light-emitting diodes and batteries. The idea is 
to take a roll of flexible material, print devices 
onto it in an automated or semi-automated 
way and then rewind the material into an out-
put roll containing the manufactured devices. 
The authors made use of this principle by inte-
grating the stage into a high-resolution CLIP 
printer with a continuous roll of film on which 
the particles are printed (Fig. 1a). This allowed 
them to continuously print a large quantity of 
objects using CLIP, but it also automated some 
of the post-processing tasks, such as cleaning 
and collecting the 3D-printed particles. 

Kronenfeld and colleagues’ r2rCLIP device 
can print one million particles in a single day, 
whereas the fastest alternative approach 
manages around 85,000 per day11. The struc-
tural quality of the particles generated with 
r2rCLIP is highly reproducible — much more 
so than is the output of existing approaches. 
The inherent versatility of 3D printing enables 
r2rCLIP to manufacture particles with com-
plex 3D geometries (Fig. 1b). Such shapes are 
either not possible to produce using moulding 
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