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Colour is often not a static trait but can change over time either through biotic
or abiotic factors. Humidity-dependent colour change can occur through
either morphological change (e.g. to feather barbules in birds) or by the
replacement of air by water causing a shift in refractive index, as seen in arthro-
pod multi-layer cuticles or scales. The scaled springtail Lepidocyrtus cyaneus
has scales that produce colour largely via thin film interference from their
lamina. We observed a marked colour change from golden to violet/purple
coloration in humid conditions. Light microscopy, micro-spectrophotometry,
contact angle goniometry and optical modelling indicate that the formation
of a thin film of water on top of the hydrophilic scales increases their laminar
thin film thickness, causing a shift towards violet/purple colour. Evaporation
of the water film causes the metallic golden colour to return. This constitutes a
remarkably rapid colour change (in the order of seconds), only limited by
the speed of water film condensation and evaporation, that may serve as
inspiration for new dynamically coloured materials and sensors.

1. Introduction

Colour can be produced by pigments whose chemical structures cause selective
absorption of certain wavelengths, or by periodic biophotonic nanostructures
causing coherent light scattering and producing (typically) iridescent structural
coloration. Though the colour of an organism is often fixed during its lifetime,
spectacular examples of dynamic colour change exist that play a role in camouflage
[1] and inter- and intra-species communication [2]. These active colour changes,
often a combination of both pigmentary and structural coloration, can be caused
by the slow migration [3] or formation of pigment granules [4], the rapid expansion
and contraction of chromatophores [5,6] and the active expulsion of liquid in the
multi-layer of the cuticle [7]. Passive changes, not requiring an action of the organ-
ism, are often initiated by abiotic factors, such as humidity, and are generally found
in structural colours. In the mourning dove, Zenaida macroura, an increase in reflec-
tance was caused by a twisting of feather barbules upon wetting [8], while in the
tree swallow Tachycineta bicolor, swelling of the outer keratin layer results in a rapid
colour change in iridescent feathers [9]. In Dynastes beetles, the elytra cuticle con-
tains a porous yellow spongy layer that functions as a photonic crystal. In the
yellowish green-coloured dry state, the cavities of this spongy layer are filled
with air while water accumulates with wetting. This results in a change in refrac-
tive index (RI) contrast (RI air =1, RI water =1.33, An = 0.33), which reduces the
backscattering of the spongy layer and exposes the dark cuticle underneath, and
results in a black coloration of the elytra [10-12]. A change in refractive index

© 2023 The Author(s) Published by the Royal Society. All rights reserved.
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contrast between the interfaces in a multi-layer in the cuticle
causing a colour change can also be found in the seaweed
Chondrus crispus under wet and dry conditions [13]. A similar
mechanism, where the replacement of air by water causes
changes in the refractive index, is found in the multi-layer
scales on the wings of Morpho butterflies [14] and green forester
moths (Adscita statices) [15] and in the scales of the beetle Hoplia
coerulea [16]. In the longhorn beetle, Tmesisternus isabellae both
swelling of the multi-layer period in the scale and refractive
index contrast reduction due to water infiltration leads to a
marked colour change [17].

We observed that laboratory-reared scaled springtails
Lepidocyrtus cyaneus Tullberg 1871 (Collembola), changed
from golden to violet/purple colours when crossing areas of
low and high humidity (dry and wet plaster at the bottom
of the rearing container), respectively. This change was
instantaneous and reversible (B.V., personal observation), but
the mechanism was not obvious.

Metallic coloration in arthropods can be caused by a
chirped multi-layer in beetle elytra [18] and by a pigmented
scale lamina on the wings of micromoths [19]. The metallic
coloration of body scales of Collembola has a similar origin
as the latter example, as collembolan scales are characterized
by a fused chitin lamina adorned with interrupted, sail-like
spinulate ridges that contain melanin (figure 3e-g) [20]. The
broadband metallic coloration in L. cyaneus mainly results
from the unpigmented scale lamina acting as a thin film and,
to a lesser extent, from the diffraction grating effects of the
ridges [20]. Microscale variation in scale thickness and ridge
dimensions generates a patchy distribution of colours (includ-
ing gold and silver) and results, through spatial colour mixing,
in a metallic coloration when viewed on a larger scale [20]. As
these scales are non-porous and simply structured, we hypoth-
esized that colour change occurred via a swelling of the scale
through water absorption that increases the scale lamina thick-
ness and the ridge dimension, or by the formation of a water
film between the ridges, which might interact with the thin
film and diffraction grating colour production dynamics.

To test this hypothesis, we first investigated this process
using light microscopy, quantified scale colour by micro-
spectrophotometry, determined scale wettability using contact
angle goniometry and explored the potential underlying mech-
anisms (i.e. scale expansion and water film formation) using
finite-difference time-domain (FDTD) optical modelling.

2. Material and methods
2.1. Sample collection

Lepidocyrtus cyaneus individuals were collected using a hand
vacuum cleaner in a lawn in a private garden in Belgium
(51.094148° N, 3.065399° E) in early December 2022 and kept in
laboratory conditions [20]. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) pictures originated
from a laboratory-reared population at Ghent University [20]
and were taken in December 2017 and 2018, respectively.

2.2. Scale morphology

For SEM, an entire individual was mounted ventral-side-down
on an aluminium stub using double-sided carbon tape and
coated with Au/Pd. Dorsal scales were viewed on a field emis-
sion gun (FEG)-SEM (FEI Quanta 200E The Netherlands)

under an accelerating voltage of 10 kV and a working distance
of 9.5 mm.

For TEM, entire individuals were embedded following the
protocol described in [21]. Briefly, samples undergo two dehy-
dration steps using 100% ethanol (20 min) and go through an
infiltration series with 15, 50, 70 and 100% Epon (24 h each
step). Next, infiltrated individuals were placed in block moulds
and polymerized for 16 h at 60°C. Thin cross-sections (100 nm)
were cut using a Leica UC-6 ultramicrotome (Leica Microsys-
tems, Germany). Cross-sections were stained in a Uranyless/
lead citrate solution and examined on a JEOL JEM 1010 (Jeol,
Ltd, Tokyo, Japan) transmission electron microscope.

2.3. Scale coloration and humidity treatment.

We investigated the humidity-dependent colour change by
placing a freshly dead (after deep freezing) individual of
L. cyaneus on a dry black paper substrate and wetting the sub-
strate with tap water using a pipette until saturation. Colour
change was observed through a Leica M80 stereomicroscope.
We repeated this procedure using a natural background (sand
substrate on which the individuals were collected) to observe
the colour change on a relevant natural background.

We quantified the colour of dry and wet scales on a glass
slide by measuring the specular reflectance in the visible spectrum
(400-700 nm) of the dorsal scale surface. We used a CRAIC AX10
UV-Visible micro-spectrophotometer (CRAIC Technologies, Inc.,
USA) with a 50x objective (numerical aperture 0.7 and integration
time of 440.54 and 607.76 ms) and a 75 W Xenon short arc lamp
(Ushio UXL-75XE) as a light source. White and black standards
(Avantes Reference Tiles WS-2) were used as reference for cali-
bration. Images and videos were acquired using the PixeLINK
1.3 Megapixel FireWire Camera on standard settings. To quantify
the speed of the colour change, we determined time points of
colour change in Windows Video Editor. A humidity treatment
was provided by misting the scales with a humidifier (Samsung
Ultrasonic Humidifier, HU-3850DW, set at 70% humidity)
with an attached rubber hose to control misting direction and
concurrently measuring the reflectance or taking pictures.

2.4. Scale wettability

We tested the wettability of the scaled dorsal surface of a
L. cyaneus individual with contact angle goniometry, using an
OCA 25 contact angle set-up from DataPhysics. By performing
the sessile drop method, we observed the extent of drop adher-
ence to the scales (see [22] for an example of drop behaviour
on Collembola cuticle). Drops on a hydrophobic surface maintain
their round shape while drops on a hydrophilic surface demon-
strate clear adherence. We further quantified the contact angle
of a deionized water droplet placed on the scales at room con-
ditions (25°C, (30 +10)% relative humidity). As the sessile drop
method was only successful in generating smaller drops without
fully submerging the animal, we additionally used a spray bottle
to deposit larger drops. We measured the initial contact angle
three times per drop with Image]J (v. 1.530) software [23]. By defi-
nition, a surface can be viewed as hydrophilic (6c<90°),
hydrophobic (6c >90°) and super hydrophobic (6c > 150°).

2.5. Optical modelling

We constructed a simplified three-dimensional model (SketchUp
(Trimble Inc.)) of a L. cyaneus scale based on previous morphologi-
cal measurements ([20], figure 1) with scale thickness (130 nm),
ridge base (200 nm), ridge height (200 nm), ridge distance
(600 nm) and ridge length (2000 nm). We constructed models con-
sisting of only ridges, only the scale lamina and a combination of
lamina + ridges (figure 1) to individually assess the contribution
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(b

Figure 1. (a) Simplified three-dimensional model of a L. cyaneus scale with scale thickness a, ridge base b, ridge height ¢, ridge distance d and ridge length e, with
indication of the simulation area (yellow lines). Ridge-only (b), lamina-only (c) and lamina+ridge models (d) used in FDTD simulations.

scale swelling

AAAA

water film formation

AA A _A

Figure 2. Two tested mechanisms for humidity-dependent colour change in L. cyaneus. (a) Scale swelling might result from the absorption of water and results in
an increase in lamina thickness and ridge size. (b) Water might accumulate between the ridges and form a water film.

of these structures to the colour change according to the following
scenarios (figure 2).

To test if the colour change is caused by the absorption of
water and consequent swelling of the scale, resulting in an
increase in scale thickness and ridge dimensions, we created
ridge-only, lamina-only and lamina+ridge models (figure 1) of
varying dimensions by rescaling by 5, 10, 15, 20, 30 and 40%
in SketchUp.

Alternatively, to investigate whether the colour change could
be caused by the formation of a water film between the ridges
that interacts with the scale lamina thin film, we added water
layers with varying thickness (20, 50, 75, 100, 150, 200, 400, 600,
800 and 1000 nm) to the lamina and lamina + ridge models. As
simulations show that the ridges have no effect when completely
covered with water (see further), we used lamina-only models
for water layer thicknesses of more than 200 nm. Additionally,
we also investigated the effect of only a water film (water film-
only, no scale lamina or ridges) by simulating reflectance spectra
for water films with varying thickness (20, 50, 75, 100, 150, 200,
400, 600, 800 and 1000 nm).

We performed FDTD modelling using a commercial Maxwell
equation solver (Ansys-Lumerical Solutions, Ansys Canada Ltd)
with the lamina and ridges consisting of chitin and melanin [20],
respectively. Refractive indices of chitin and melanin were taken
from previous studies [24,25], we used the already available
refractive index value of water (RI=1.33) in the Ansys-Lumerical
software. We used perfectly matched layers [26] to absorb elec-
tromagnetic waves on the bottom and top of the simulation

area, while periodic boundary conditions were used on the
side to simulate infinite periodic structures. The light source
ranged from 300 to 750 nm and consisted of an unpolarized
plane wave with normal incidence.

Simulated and experimental reflectance spectra were visual-
ized using the pavo package [27] in RStudio [28] (v. 4.1.2).

3. Results
3.1. Humidity-dependent colour change

The observed colour change from a broadband metallic
golden colour to violet purple and back to gold is a rapid,
reversible process and occurs instantaneously upon increas-
ing humidity through wetting of the substrate or misting of
scales with water vapour (figures 3 and 4; electronic sup-
plementary material, figure S1 and videos S1, S2a and S2b).
The colour change reverses back to metallic golden when
misting is stopped and occurs in intact animals as well as
in individual scales. When single scales are observed in
detail, coloured patches show a clear shift towards longer
wavelengths resulting in golden patches (with increasing
reflectance towards longer wavelengths) shifting to a clear
violet/blue colour (reflectance peak at 465, 471 and 440 nm
for figure 6a, 6b and 6c, respectively, see also figure 4 and
electronic supplementary material, video 2a and 2b).
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Figure 3. Habitus picture of L. cyaneus showing the violet coloration (© Marie Louise Huskens) (a). Colour change from metallic golden to purple/violet, before (b)
and after (¢) wetting of the substrate with water. Animal length is approximately 1.5 mm, based on literature [29]. Inserts show a magnified image of the dorsal
part of the abdomen of another individual before and after misting. Time series of wetting and drying (d) (indicated by number of drops) of scales on a glass slide
by misting with water vapour, showing reversible colour changes in individual scales. TEM picture (e) of a cross-section of scales showing scale lamina and ridges.
SEM pictures (f,g) of dorsal scale ultrastructure with herringbone pattern of ridges ( picture (g) reproduced from Vanthournout et al. [20]). The black square in (b—d)
represents the probe measuring area of the micro-spectrophotometer with sides measuring 15 X 15 pm. Scales in (e—g) indicate 400 nm, 10 pm and 5 pm,

respectively.

This is not limited to golden patches as a red shift
(towards longer wavelengths) also occurs for patches with a
different starting colour (e.g. green, etc.) in the dry state.
Original (pre-misting) colours are restored upon drying,
although the reflectance is possibly somewhat lower.
This process takes around 1s to complete (electronic sup-
plementary material, videos S2a and 2b). In electronic
supplementary material, video S2b, six cycles of colour
change are recorded in under 20s. Upon start of misting,
average time to go from golden to bluish colour per cycle is
0.88 +0.10 s (mean *s.e.), while cessation of misting returns
a golden colour in 1.3 + 0.07 s (mean + s.e., see electronic sup-
plementary material, table S1). Increasing humidity levels by
misting for longer than 3s (figures 4 and 6c; electronic

supplementary material, video S3) generate a highly patchy
and banded distribution of colours, resulting in reflectance
spectra with multiple peaks. The water drop behaviour
from the contact angle goniometer (figure 51) shows clear
adherence of the droplet on the scale surface. The hydrophilic
nature of the scales is further confirmed by the contact angle
for a drop using the sessile drop method (average +s.d.,
47.75° £2.2°, electronic supplementary material, figure S2)
and for a drop originating from spraying (62.31°+3.3°,
figure 5b) as both are well below the hydrophobic 90°
cut-off. Moreover, droplets disappear quickly after depo-
sition, indicating rapid evaporation or a spreading over
neighbouring scales (electronic supplementary material,
videos S5 and S6).
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Figure 4. Wetting and drying time series of L. cyaneus scales on a glass slide with the extent of wetting indicated by number of water drops. First picture shows the
initial dry state, the two last pictures show the dry state after water evaporation (for first two rows), while for the last row misting continued to achieve excessive
wetting. The black square represents the measuring area of the micro-spectrophotometer probe with sides of 3 x 3 pm.

(@)

(b)

Figure 5. Image from contact angle goniometer (needle indicated by an
arrow) showing an adhered water droplet (a) and a deposited water droplet
(indicated by an arrow) by spraying (b) on the dorsal surface of an L. cyaneus
individual. Scale bar depicts 0.5 mm.

3.2. Optical modelling

To identify the mechanism underlying the rapid colour change
in L. cyaneus, we performed FDTD modelling of the hypothe-
sized scale swelling and water film formation scenarios. For
the scale expansion scenario, simulation results of the lamina
and lamina + ridge models indeed show a red shift with
increasing scale dimensions (thicker lamina and larger
ridges) that are consistent with the observed experimental
spectra. The ridge model consistently returns spectra with
multiple peaks across the entire spectrum (electronic

supplementary material, figure S3). However, it is unlikely
that scale expansion by water absorption plays a large role in
the colour change, as a size increase of at least 40% is needed
to generate a bluish colour (electronic supplementary material,
figure S3a) and no apparent visual changes to scale dimensions
were observed during the misting process (readjustment of the
focus was not required). On the other hand, simulating the for-
mation of a thin water film on top of the scale also results in a
clear red shift for the lamina-only (figure 64) model. A water
film of 50 and 75 nm generates a peak in the violet and
purple region, while thicker water films (100 and 150 nm) gen-
erate peaks in the blue and green region. For the lamina + ridge
model (figure 6e), thinner water films of 20, 50 and 75 nm
resulted in broad reflectance spectra with multiple peaks in
the blue/green and red region while films of 100 and 150 nm
produced clear peaks in the blue and green region. Not surpris-
ingly, the ridges (200 nm height) have the largest effect on
colour when simulating water film thicknesses less than or
equal to 75 nm (electronic supplementary material, figure S4)
as this leaves part of the ridge exposed causing a general
dampening effect resulting in a broad reflectance across the
spectrum (figure 6e). As the thickness of the water layer
increases, the effect of the ridges is reduced until a water
layer thickness of 200 nm, leaving the ridges completely sub-
merged and therefore not contributing to reflectance
(identical spectra for lamina-only and lamina + ridge models,
see electronic supplementary material, figure S4). For this
reason, we limited simulations of a water layer of 200 nm or
more to the lamina-only model. These predict spectra with
an increasing number of peaks (figure 6f), in agreement
with the occurrence of multi-colour bands in scales with high
levels of humidity (figure 6c).

To investigate the contribution of the water film, we
simulated the reflectance spectra for water film-only models
with varying thickness (electronic supplementary material,
figure S5). These show that the water film on its own is un-
likely to produce the colour change, as smaller thicknesses
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Figure 6. Image sequence of dry and wet scales with the degree of misting indicated by the number of water drops (first and last picture showing the dry state)
and corresponding normalized experimental reflectance spectra (a—c). In the dry state, scales exhibit a golden metallic colour (gold solid line, mean + 95% s.d.),
while after wetting, the spectrum displays a shift towards purple/violet coloration (violet solid line). After drying, the golden metallic colour is returned (golden
dashed line). Upon excessive wetting (c), the scale exhibits a patchy colour appearance resulting in a spectrum with multiple peaks (solid grey line). Reflectance
spectra resulting from optical simulations of a water film of varying thickness on the scale lamina (d,f) and on the lamina + ridge model (e).

produce spectra without clear peaks. Rather, the additive
effect of the water film thickens the scale lamina and thus
changes the generated colour.

A likely water film forms in the direction of the longitudi-
nal ridges during misting (figure 4; electronic supplementary
material, video S4). This water layer may darken scale colour,
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consistent with the dampening effect of thin water films (less
than 100 nm) in the lamina + ridge models (figure 6e).

4. Discussion

We investigated rapid and reversible humidity-dependent
colour change in the springtail L. cyaneus. Though also visible
when attached to the body, we confirmed this change occurs at
the level of individual scales. Wetting markedly shifts reflec-
tance towards higher wavelengths, causing golden spots to
exhibit a violet/purple hue. Upon drying, the scales again
turn golden. This process is reversible and takes only a few
seconds. Using optical modelling, we showed that this prob-
ably occurs via the formation of a water film between the
ridges. Scale swelling has been observed in the longhorn
beetle Tmesisternus isabellae [17] but is unlikely to significantly
contribute to the colour change in L. cyaneus, as simulations
indicate that an expansion of at least 40% is required to produce
a blue coloration (electronic supplementary material, figure S3)
and we observed no obvious changes in scale dimensions
during wetting and drying. Rather, the formation of a water
film is consistent with the observed colour change and simu-
lations show that a chromatic colour is obtained with a water
film of 50 and 75 nm (figure 6d) in the lamina-only model.
Larger water layers of 100 and 150 nm produce the blue and
green colours. Simulating even thicker water layers results in
reflectance spectra with multiple peaks, consistent with the
banded colours that are observed after excessive wetting
(figure 6e).

The metallic golden coloration of L. cyaneus is mainly deter-
mined by thin film effects originating from the thickness of the
scale lamina [20], but ridge effects cannot be ruled out. This is
consistent with our simulation results, which indicate that the
lamina thickness is the main cause of the colour change. The for-
mation of a water film on top of the scale effectively increases
this thickness and generates a colour shift. The ridges seem
to, at most, dampen colour (figure 6e). Not surprisingly, this
ridge effect is only apparent when water films are simulated
that are smaller than the ridge height (electronic supplementary
material, figure S4) and could be consistent with the appearance
of darker colours at the onset of water film condensation
(figure 4; electronic supplementary material, video S4).

While the function of the scales in Collembola has been
shown to be anti-predatory [30], the role (if any) of the
colour change is not clear for L. cyaneus. It may function as
dynamic camouflage as humid areas are characterized by a
darker background (darker soil due to higher water content,
the presence of plants that blocks light [31]) and dryer areas
are often paler. Rapidly switching between a violet/purple
and golden colour could enable stronger background match-
ing (see also electronic supplementary material, figure S1)
though it is crucial to determine the role of visual hunting
in collembolan predators [32-35]. Alternatively, the scales
could counter dehydration by trapping a layer of water
around the animal. To achieve this, the hydrophilic nature
of the scales could work in tandem with the highly hydro-
phobic integument [36], but this remains to be tested. In
this way, the colour change could also be a non-adaptive
side-effect of scale morphology and hydrophilicity. Further
testing of the camouflage and dehydration hypotheses is
therefore required to unambiguously assign any biological
relevance to the observed colour change.

The formation of a water film is loosely comparable to the
already known mechanism of colour change in porous, multi-
layered scales [14-17], as the replacement of air by water might
also induce the formation of a water thin film. Its speed, however,
is fundamentally different, taking only seconds to complete
whereas the process in multi-layer scales generally takes
minutes. This may be because the basal structure of the collembo-
lan scale, consisting of a fused basal lamina and longitudinal
ridges, allows formation of the water film on top of the lamina.
This process is rapid, as it is not hampered by infiltration
processes but limited only by the speed of water film conden-
sation and subsequent evaporation. As such, the formation of a
water film on top of a scale constitutes a novel mechanism of
rapid colour change. Interestingly, the colour change in the feath-
ers of the tree swallow Tachycineta bicolor also occurs in seconds
yet employs a different mechanism of keratin swelling [9].

We did not determine the sensitivity of water film formation
for different humidity levels, but we assume that a low humidity
threshold is required, as wetting of the substrate is sufficient to
initiate a colour change (figure 3b,c). Both the sensitivity and the
speed of water film formation are probably increased by the
hydrophilic nature of the scales (figure 5). Further quantification
of the scales’ hydrophilic capabilities, including the role of the
spinulate ridges, and exploration of the potential of this
design for biomimetic humidity sensors [37] and fog harvesting
devices [38], are exciting avenues for future research. Moreover,
expanding this research to include other scaled Collembola that
have continuous longitudinal ridges (i.e. Tomoceridae) and
other scaled groups such as Zygentoma and Archaeognatha
would give even more insight into how scale morphology
might relate to hydrophilicity and ultimately might lead to the
identification of other examples of humidity-dependent colour
change. The accidental discovery of colour plasticity in
L. cyaneus underscores the need to also examine small organisms
closely (L. cyaneus body size is max 1.5 mm [29]), as their colour
change is less obvious and might more easily go undetected.
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