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Scorpionfish rapidly change colour et

in response to their background

Leonie John""®, Matteo Santon'? and Nico K. Michiels'

Abstract

Background To facilitate background matching in heterogenous environments, some animals rapidly change body
colouration. Marine predatory fishes might use this ability to hide from predators and prey. Here, we focus on scorpi-
onfishes (Scorpaenidae), well-camouflaged, bottom-dwelling sit-and-wait predators. We tested whether Scorpaena
maderensis and Scorpaena porcus adjust body luminance and hue in response to three artificial backgrounds and
thereby achieve background matching. Both scorpionfish species are also red fluorescent, which could contribute

to background matching at depth. Therefore, we tested whether red fluorescence is also regulated in response to
different backgrounds. The darkest and the lightest backgrounds were grey, while the third background was orange
of intermediate luminance. Scorpionfish were placed on all three backgrounds in a randomised repeated measures
design. We documented changes in scorpionfish luminance and hue with image analysis and calculated contrast to
the backgrounds. Changes were quantified from the visual perspective of two potential prey fishes, the triplefin Trip-
terygion delaisi and the goby Pomatoschistus flavescens. Additionally, we measured changes in the area of scorpionfish
red fluorescence. Because scorpionfish changed quicker than initially expected, we measured luminance change at a
higher temporal resolution in a second experiment.

Results Both scorpionfish species rapidly adjusted luminance and hue in response to a change of background. From
prey visual perspective, scorpionfishes’body achromatic and chromatic contrasts against the background were high,
indicating imperfect background matching. Chromatic contrasts differed considerably between the two observer
species, highlighting the importance of choosing natural observers with care when studying camouflage. Scorpion-
fish displayed larger areas of red fluorescence with increasing luminance of the background. With the second experi-
ment, we showed that about 50% of the total luminance change observed after one minute is achieved very rapidly,
in five to ten seconds.

Conclusion Both scorpionfish species change body luminance and hue in response to different backgrounds within
seconds. While the achieved background matching was suboptimal for the artificial backgrounds, we propose that
the observed changes were intended to reduce detectability, and are an essential strategy to camouflage in the natu-
ral environment.
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Background

Background matching, where body colouration and pat-
tern of an animal are similar to the background, is one
of the most common strategies to hide from predators
or prey [1, 2]. To match the background in a heteroge-
nous environment, animals may have a fixed colour and
pattern that performs sub-optimally with a wide range
of backgrounds, actively choose matching substrates
by relocating, or adjust their appearance in response
to backgrounds by changing colour and pattern [3, 4].
Depending on the underlying mechanism, this colour
change can happen rapidly, over seconds to a few min-
utes, or slowly, over hours or days or even months [3, 5,
6]. Rapid colour change is mediated by chromatophores
containing pigment organelles that can be aggregated or
dispersed within the cell [5]. Depending on the pigment,
chromatophores can be divided into different types.
While melanophores are the type that typically regulates
luminance change, others allow changes in hue and/or
saturation [5]. This physiological, rapid colour change for
camouflage has been documented in reptiles [7, 8], and in
marine animals such as cephalopods (e.g. [9, 10]). Only
a few fish species have been studied in this context, for
example flatfish [11, 12] and rock pool gobies [13-15].
Studies that empirically measure rapid colour change for
camouflage from the visual perspective of natural observ-
ers are scarce [7, 13—15].

Red (long wavelength) fluorescence is a widespread
component of body colouration in fishes, and is par-
ticularly common among gobies (Bryaninops, Eviota),
triplefins (Enneapterygius, Tripterygion), dragonets (Syn-
chiropus) and small wrasses (Cirrhilabrus, Paracheilinus),
but also larger cryptic predatory fishes [16, 17]. With
increasing depth in marine environments, longer wave-
lengths are absorbed faster than shorter wavelengths,
resulting in a blue-green shifted light environment below
ten meters [18]. Hence, red reflective objects appear
dull grey at such depth, whereas red fluorescent struc-
tures can still show subtle grades of redness because they
absorb short (blue-green) light and re-emit the energy at
longer (red) wavelengths. Many marine substrates are red
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Fig. 1 Scorpaena maderensis (left) and S. porcus (right) in their natural environment. Photos by LJ
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fluorescent, particularly when dominated by calcareous
algae and other sedentary organisms such as corals [19].
For cryptic and benthic fishes, such as the scorpionfishes,
it has therefore been suggested that red fluorescence con-
tributes to background matching at depth as a subtle but
possibly important colour component [16, 20].

The scorpionfishes (Scorpaenidae) are a family of ben-
thic predators that rely on camouflage for hunting. As
sit-and-wait predators, they remain motionless until
prey comes close enough to be caught rapidly via suction
feeding. Such ambush predators therefore face strong
pressure to evolve particularly good camouflage [21].
Background matching can help to decrease detectability
by prey [1] and could therefore increase foraging success.
Colour change has the potential to allow for background
matching on various substrates, generating a broader
range of suitable microhabitats for hunting [21]. Given
their wide distribution, high species diversity, benthic sit-
and-wait predation tactic and diverse camouflage strat-
egies, scorpionfish are an ideal system for experimental
studies of fish camouflage. Yet, research on this topic is
rare [22].

In this study, we explored colour change in scorpion-
fishes. We chose to test two species, Scorpaena maderen-
sis and Scorpaena porcus (Fig. 1), to understand whether
colour change would be species-specific. We tested
whether (1) scorpionfish rapidly change their body lumi-
nance and hue when placed on different backgrounds,
and (2) how well they match their background by doing
so. Such results may depend on the visual system of the
observer, which is highly variable in marine animals [23,
24]. We therefore assessed the objectives from the visual
perspective of two prey fish species as ecologically rel-
evant observers with differing spectral sensitivity, the
triplefin Tripterygion delaisi and the goby Pomatoschis-
tus flavescens. To test objective (1), we placed individual
scorpionfish of the two species on three artificial back-
grounds: (a) low luminance, achromatic dark/grey, (b)
medium luminance, chromatic medium/orange, and (c)
high luminance, achromatic light/grey. We expected both
scorpionfish species to change luminance and show the

Scorpaena porcus
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lowest luminance on the dark/grey background, medium
luminance on the medium/orange background and high-
est luminance on the light/grey background. As for the
hue, we expected scorpionfish to show a similar hue on
the dark/grey and the light/grey backgrounds, but hue to
be shifted to longer wavelengths on the medium/orange
background. We quantified scorpionfish body luminance
and hue based on cone catches for the two observers
at one and five minutes after relocation to a new back-
ground. To test objective (2), we assessed the degree of
background matching by calculating achromatic and
chromatic contrast of scorpionfish body against the
background from the visual perspective of the same two
observers. We expected that scorpionfish display a simi-
lar luminance and hue to the background and therefore
show a low contrast on all backgrounds. We expected
both scorpionfish species to show a similar degree of
background matching. We also tested whether (3) red
fluorescence is part of the expected hue change mecha-
nism. We therefore measured the total area of scorpi-
onfish body showing red fluorescence when placed on
the different backgrounds. We expected fish to show
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more fluorescence on the medium/orange background
compared to the other backgrounds, analogous to the
expected hue change. Because both scorpionfish species
occur in shallow water but can also be found at depths
of 30—40 m [25, 26], regulating red fluorescence together
with red reflectance could enhance background match-
ing at depths were long-wavelength light is scarce. In this
first experiment, we observed that luminance and hue
changes were happening faster than initially expected,
i.e. in less than a minute. To (4) quantify how rapid this
change was, we conducted a second experiment where
we documented body luminance of scorpionfish every
five seconds for 30 s, after relocation from a black to a
white background.

Results

Changes in luminance and hue

Both scorpionfish species changed luminance accord-
ing to the background (Fig. 2A, B). Scorpionfish body
luminance differed for all background comparisons, for
both scorpionfish species and regardless of observer (see
Table 1A, median differences and 95% Cls deviate from
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Fig. 2 Scorpionfish luminance and hue change across backgrounds. Scorpionfish luminance (average of the medium (mw) and long wavelength
(Iw) cone catches) from A Tripterygion delaisi and B Pomatoschistus flavescens visual perspective. Scorpionfish hue (ratio of short compared to
medium and long wavelength cone catches, where higher values indicate a shift towards longer wavelengths, see Methods) from C T. delaisi and D
P, flavescens visual perspective. S. m. = Scorpaena maderensis, S. p. = S. porcus. All panels show model estimates and raw data for all combinations of
background, species and observer. Each point represents a measurement for each individual fish (N =24 S. maderensis, N=18 S. porcus) averaged over
the two time points (after one and five minutes adaptation time to the backgrounds, see Methods). Markers with vertical bars represent predicted
mean and 95% compatibility intervals (Cls) derived from 10,000 simulations of the posterior distribution of model parameters. The strength of the
difference between two groups increases with decreasing degree of overlap of their 95% Cls



John et al. Frontiers in Zoology (2023) 20:10 Page 4 of 15
Table 1 Median differences in luminance and hue between all background combinations

Scorpaena maderensis Scorpaena porcus
Background Median Lower Cls Upper Cls Median Lower Cls Upper Cls
(A) Luminance. R, ,=0.387, R ;,,4=0937
Observer=T. delaisi
Medium/orange—dark/grey 0.024 0.020 0.030 0.017 0.013 0.021
Medium/orange-light/grey —0.030 —0.036 —0.024 —0.026 —0.032 —0.021
Light/grey—dark/grey 0.054 0.047 0.062 0.042 0.036 0.049
Observer =P, flavescens
Medium/orange—dark/grey 0.030 0.025 0.036 0.022 0018 0.027
Medium/orange-light/grey —0.030 —0.037 —0.025 —0.028 —0.034 -0.023
Light/grey—dark/grey 0.061 0.054 0.069 0.051 0.044 0.059
(B) Hue. R’ =0597, R, ;=0881
Observer=T. delaisi
Medium/orange—-dark/grey 0.019 0.015 0.023 0.021 0.017 0.026
Medium/orange-light/grey 0.011 0.008 0.015 0.007 0.003 0.012
Light/grey-dark/grey 0.007 0.003 0011 0014 0.009 0018
Observer =P flavescens
Medium/orange—-dark/grey 0.035 0.031 0.039 0.042 0.037 0.046
Medium/orange-light/grey 0.022 0.018 0.025 0.017 0.012 0.021
Light/grey—dark/grey 0014 0.010 0.017 0.025 0.020 0.029

Median differences of A) luminance and B) hue between all combinations of background, species and observer. Estimated effect sizes are reported as the median
difference and its 95% compatibility intervals (Cls), calculated from 10,000 simulations of the posterior distribution of model parameters. N =24 for S. maderensis and
N =18 for S. porcus. Effect size strength increases with increasing deviation of median differences from zero, and the robustness of the result increases with decreasing

degree of overlap of the 95% compatibility intervals (Cls) with zero

zero for any given comparison). As expected, mean lumi-
nance of both scorpionfishes was lowest on the dark/
grey background, intermediate on the medium/orange,
and highest on the light/grey background (Fig. 2A, B,
Table 1A), showing that the observed body luminance
change follows the direction of luminance change of the
background. Luminance of Scorpaena maderensis was
overall higher than that of S. porcus (median difference of
luminance averaged over background and observer: 0.029,
95% CI 0.011 to 0.049). Comparing the two observers,
results for luminance change were similar (Table 1B,
compare median differences for the same scorpionfish
species and background comparison between the sec-
tion “Observer=1T. delaisi” and section “Observer=_P
flavescens’, 95% Cls overlap). Scorpionfish had on average
a slightly higher luminance from P, flavescens visual per-
spective (Fig. 2B) than from T. delaisi visual perspective
(Fig. 2A) (median difference of scorpionfish luminance
averaged over background and species: 0.010, 95% CI
0.008 to 0.012).

Both scorpionfishes also changed hue in response to
the background (Fig. 2C, D). Scorpionfish body hue dif-
fered for all background comparisons for both scorpi-
onfishes and regardless of the observer (see Table 1B,
median differences and 95% Cls deviate from zero for any
given comparison). As expected, mean hue was shifted

towards longer wavelengths (i.e. a higher hue value) for
both scorpionfishes on the medium/orange background
compared to the dark/grey and light/grey background
(Fig. 2C, D, Table 1B). Hue also differed on the light/grey
and dark/grey backgrounds (Table 1B, see light/grey—
dark/ grey comparisons), being shifted towards longer
wavelengths on the light/grey background (Fig. 2C, D). In
general, hue of S. maderensis was more long-wavelength
shifted compared to S. porcus (median difference of hue
averaged over background and observer: 0.012, 95% CI
0.003 to 0.021). Hue perception was different depending
on the observer, hue changes were stronger from P, flave-
scens compared to T. delaisi visual perspective (Table 1B,
compare median differences for the same scorpionfish
species and background comparison between the sec-
tion “Observer=7T. delaisi” and section “Observer=_2P
flavescens’, 95% Cls mostly do not overlap). Scorpion-
fish had on average a more long-wavelength shifted hue
from P, flavescens (Fig. 2D) compared to T. delaisi visual
perspective (Fig. 2C) (median difference of scorpionfish
hue averaged over background and species: 0.033, 95% CI
0.032 to 0.035).

Background matching
Mean achromatic contrast of scorpionfish body against
the background was above the detection threshold on all
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backgrounds, regardless of scorpionfish or observer spe-
cies (Fig. 3A, B, all predicted means and their 95% Cls are
above one JND). Both scorpionfish species showed the
lowest mean achromatic contrast on the medium/orange
background (Fig. 3A, B, 95% Cls of predicted means
do not overlap with dark/grey or light/grey). Achro-
matic contrast was similar from both visual perspectives
(Fig. 3A, B) (median difference of scorpionfish body ach-
romatic contrast against the background averaged over
background and species: 0.23, 95% CI — 0.04 to 0.49).
Mean chromatic contrast of scorpionfish body against
the background was above detection threshold on all
backgrounds, regardless of scorpionfish or observer spe-
cies (Fig. 3C, D, all predicted means and their 95% Cls
are above one JND). On which background scorpionfish
had the lowest and highest mean chromatic contrast was
depending on scorpionfish and observer species (Fig. 3C,
D, see Additional file 1: Table S1B for all comparisons
between chromatic contrast on all backgrounds). Chro-
matic contrast was clearly higher when calculated from
P. flavescens visual perspective (Fig. 3D) compared to T.
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delaisi visual perspective (Fig. 3C) (median difference of
scorpionfish body chromatic contrast against the back-
ground averaged over background and species: 3.11, 95%
CI 3.03 to 3.20).

Changes in fluorescence

The fluorescent area varied between all backgrounds for
both scorpionfish species (see Table 2, median differ-
ences and Cls deviate from zero for any given compari-
son). Against our expectations, mean fluorescent area
was not largest on the medium/orange background, but
increased with increasing background luminance in both
species (Fig. 4, Table 2, see medium/orange—dark/grey
and medium/orange-light/grey comparisons, median
differences and ClIs deviate from zero, where fluores-
cent area is larger on the light/grey than on the medium/
orange background). Across all backgrounds, S. made-
rensis showed a larger fluorescent area than S. porcus
(median difference of fluorescent area between species,
averaged over background: 1930.71 pixels, 95% CI 533.76
to 3137.43).
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Fig. 3 Achromatic and chromatic contrasts of scorpionfish body against the background are above detection threshold. Achromatic contrast

from A Tripterygion delaisi and B Pomatoschistus flavescens visual perspective in Just Noticeable Differences (JNDs). Chromatic contrasts from C T.
delaisi and D P, flavescens visual perspective in JNDs. Dashed line = detection threshold of one JND. S. m. = Scorpaena maderensis, S. p.=S. porcus.

All panels show model estimates and raw data for all combinations of background, species and observer. Each point represents a measurement

for each individual fish (N=24 S. maderensis, N=18 S. porcus) averaged over the two time points (after one and five minutes adaptation time to

the backgrounds, see Methods). Markers with vertical bars represent predicted mean and 95% compatibility intervals (Cls) derived from 10,000
simulations of the posterior distribution of model parameters. The strength of the difference between two groups increases with decreasing degree

of overlap of their 95% Cls
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Table 2 Median differences in fluorescent area of scorpionfish body across backgrounds for both scorpionfish species

Scorpaena maderensis Scorpaena porcus
Background Median Lower Cls Upper Cls Median Lower Cls Upper Cls
Difference in fluorescent area (absolute pixel count). RZmarg =0.373,R% ,,q=0.804
Medium/orange—dark/grey 2244.95 1399.03 3278.23 1364.06 737.62 235044
Medium/orange-light/grey —221341 —3711.56 —897.32 —92462 —2048.1 —55.90
Light/grey-dark/grey 4457 .48 3191.07 5957.11 2307.90 1357.15 3674.72

Estimated effect sizes are reported as the median difference and its 95% compatibility intervals (Cls), calculated from 10,000 simulations of the posterior distribution
of model parameters. N=21 for Scorpaena maderensis and N =16 for S. porcus. Effect size strength increases with increasing deviation of median differences from
zero, and the robustness of the result increases with decreasing degree of overlap of the 95% compatibility intervals (Cls) with zero
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Fig. 4 Fluorescent area of scorpionfish body increases with
background luminance. The figure shows model estimates and
raw data for each background and scorpionfish species. Each point
represents a measurement for each individual fish (N=21 Scorpaena
maderensis, N=16 S. porcus). Fluorescent area is given in absolute
pixel count. Markers with vertical bars represent predicted mean and
959% compatibility intervals (Cls) derived from 10,000 simulations of
the posterior distribution of model parameters. The strength of the
difference between two groups increases with decreasing degree of
overlap of their 95% Cls

r
S. maderensis

Rate of luminance change
S. maderensis individuals took on average about 10 s
to achieve 50% and 23 s to achieve 80% of the body

luminance change measured over the observation time of
60 s (Fig. 5). For S. porcus, more than 50% of the change
was already achieved after 5 s, and 80% after 20 s (Fig. 5).

Discussion

Changes in luminance and hue

As expected, both species of scorpionfish changed their
body luminance according to the luminance of the back-
ground. The lowest body luminance was observed on
the dark/grey background, intermediate luminance on
the medium/orange and the highest luminance on the
light/grey. Scorpionfish also changed their body hue to
longer wavelengths when placed on the medium/orange
background compared to the other two backgrounds.
Luminance and hue change were also connected, as
shown by the shift in hue between the dark/grey and the
light/grey background. The two grey backgrounds had
a chromatic contrast below detection threshold from
scorpionfish visual perspective (see Methods), and we
therefore expected scorpionfish to display a similar hue
on both backgrounds. However, in natural environments,
changes of background luminance and hue usually come
together, especially for carotenoid-based colours [27].
This dependence of luminance and hue occurrence and
perception might explain the observed shift in scorpi-
onfish body hue on the lighter background. Another
reason for the observed shift in hue between the grey
backgrounds could be a passive hue change as the scor-
pionfish changed luminance. Although the proximate
mechanisms of colour change have not been investigated
in scorpionfish, the observed colour change is probably
due to the aggregation or dispersion of pigment orga-
nelles in chromatophores, a common mechanism present
in many fish species [28]. Luminance changes are proba-
bly mediated by melanophores [5], and pigment organelle
aggregation in the melanophores might have affected the
hue of the scorpionfish as well, e.g. by exposing underly-
ing structures in the fish skin [29]. However, the stronger
change in body hue towards longer wavelengths on the
medium/orange background compared to both grey
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S. porcus
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Fig. 5 Time needed for Scorpaena maderensis and S. porcus to change body luminance. Figure shows median (points) and interquartile range
(vertical bars) of the proportional change in body luminance every five seconds for 25 s, relative to initial (y=0) and final luminance (y=1)
measured for each individual (see Methods). The black curve connects medians for each time point. The grey lines connect each data point
per individual fish. The dotted horizontal lines indicate every 10% step from 0 to 100%, the dashed vertical line represents is a gap with no data

between 25 and 60 s. N=9 for S. maderensis and N=13 for S. porcus

backgrounds indicates that hue can be regulated actively,
by an additional type of chromatophores. If luminance
and hue change were mediated only by the same type
of chromatophores, the long wavelength shift in body
hue should have shown a similar pattern to luminance
change across all three backgrounds. Such fine regulation
of luminance and hue by different chromatophore types
could allow scorpionfish to camouflage on different back-
grounds [5, 13]. Both scorpionfish species tested showed
similar results, suggesting that such colour change mech-
anisms may be present across the family Scorpaenidae,
which are all benthic ambush predators. Still, S. mader-
ensis appeared redder and lighter on each background

compared to S. porcus. These species-specific differences
might be related to differences in the species’ ecology, or
to different camouflage strategies [30]. Possible defining
factors, e.g. microhabitat use and related background
preferences, are however unknown for these two spe-
cies or any other scorpionfish. Our study shows to what
extent these species can adjust body luminance and hue,
which is valuable information for further studies investi-
gating their camouflage on natural backgrounds.

Background matching
Contrary to our expectations, scorpionfish did not match
the artificial backgrounds very well. Achromatic contrasts
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of fish body against the backgrounds were clearly above
detection threshold, especially on the two grey back-
grounds. Yet, the fish did show a strong luminance
change in the predicted direction, which likely reduced
the contrast to background luminance. Moreover, on
backgrounds that are difficult to match, fish may rely on
other camouflage strategies such as disruptive coloura-
tion [31], which we did not quantify here. It is possible
that fish changed colour to increase disruption, e.g. by
changing certain patches in their pattern to increase pat-
tern contrast or facilitate differential blending [32]. The
poor achromatic match we observed may be explained
by our use of artificial backgrounds of extremely low and
high luminance, which might differ to the luminance
range of natural backgrounds. Similarly, the orange hue
we used might have been too artificial for the scorpion-
fishes, which may explain that even though fish adjusted
body hue towards longer wavelengths on the medium/
orange background, they still had high contrast to this
background. Another explanation for this could be the
scorpionfish’s limited ability to discriminate long wave-
lengths given their spectral sensitivity [33]. We cannot
exclude that longer adaptation time would have allowed
for further improvement of background matching [7, 34,
35]. Even though neither scorpionfish species matched
the backgrounds well when considering both achromatic
and chromatic contrast, the response into the predicted
directions suggests the luminance and hue changes were
meant to improve background matching. Further studies
are needed to test how well scorpionfish can match the
background of natural substrates and which further cam-
ouflage strategies are deployed.

While changes in body luminance and achromatic con-
trasts against the backgrounds were comparable for both
modelled observers, this was different for body hue and
chromatic contrasts. Chromatic contrast of scorpionfish
body against the backgrounds was higher from P, flaves-
cens than from T. delaisi visual perspective, where it was
below three JNDs on all backgrounds. While we do not
have behavioural data on actual detection thresholds in T.
delaisi, a conservative approach of three JNDs as detec-
tion threshold has been used for many animals including
fishes [13, 35, 36], indicating that the chromatic contrast
would be difficult to perceive at least from T. delaisi vis-
ual perspective. P. flavescens is a trichromat with a spec-
tral sensitivity shifted to longer wavelengths compared to
T. delaisi, which explains the better colour discrimina-
tion in the long wavelengths. These results highlight the
importance to consider different observers when investi-
gating animal colour change. In cases where scorpionfish
match background luminance well, chromatic contrast
might still reveal them to certain observers.
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Changes in fluorescence

We predicted that red fluorescence would be upregu-
lated on the medium/orange background. Even though
our experiment was carried out under surface light con-
ditions, we expected fluorescence to be increased on a
red reflective background, since we did not expect the
fish to have a physiological colour change mechanism
that would be regulated differently depending on a spe-
cific light environment. Contrary to our prediction, the
area of scorpionfish body showing fluorescence was not
largest on the orange background, but on the lightest
background. This suggests that display of red fluores-
cence depends on background luminance. This may be a
consequence of melanosome aggregation on light back-
grounds, an effect also known from other fishes [29].
How strong the contribution of red fluorescence is rela-
tive to reflectance in this experiment, or at depth, where
red reflectance is much lower [16, 20], cannot be assessed
with our data.

Rate of luminance change

Comparing the measurements taken after one and five
minutes, luminance did not change much anymore, indi-
cating that changes took place within one minute, before
the first photo in experiment 1 was taken. A separate
assessment of the rate of luminance change in experi-
ment 2 showed that about 80% of the change achieved
after one minute happened already within the first 20
to 25 s. More than 50% of the change was achieved after
10 s in Scorpaena maderensis, but already after 5 s in S.
porcus. Such rapid colour change for camouflage is also
known from tropical flounders [11].

Conclusions

This is the first study investigating whether scorpionfish
adjust body luminance and hue to a given background.
While fish were unable to match the extreme, artificial
backgrounds below detection threshold, we show that
both species rapidly change colour in the expected direc-
tion. As sit-and-wait predators, scorpionfish are an ideal
group to study camouflage of predators from prey visual
perspective. While this study focussed on two species of
scorpionfish and tested background matching only, there
are more species and types of camouflage worth explor-
ing in this family.

Methods

Study species

The first experiment was carried out in the Station
de Recherches Sous-marines et Océanographiques
(STARESO), Corsica, France in June and July 2021. The
second experiment was carried out in the same location
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Fig. 6 Setup of experiment 1. A Overview of the setup, B trays with the three backgrounds used in the first experiment (from left to right: dark/grey,
medium/orange, light/grey)

in July 2022. Madeira rockfish Scorpaena maderensis and
the black scorpionfish Scorpaena porcus (Fig. 1) were
caught with hand nets while SCUBA diving under the
station’s general sampling permit. All fish were kept in
flow-through tanks (125 x 55 x 58 cm/400 L). Both spe-
cies are ambush predators that sit motionless between
rocks or algae and sedentary animals on natural hard
substrates [25]. Scorpionfish are generalists that feed on
a variety of small fishes and invertebrates. Both species
mainly occur above 30-40 m [25, 26]. Fish sampled for
our study were collected in 2-10 m depth. Observations
under natural light conditions in the field indicate that
both species can change colour, and that they are red flu-
orescent (personal observations).

Experiment 1

Experimental setup

To elicit changes in body colouration, fish were alter-
nately placed in three white polyethylene trays
(40x30x9 cm), each with a different uniformly col-
oured bottom (Fig. 6B). The walls of all trays were kept
white. The three backgrounds were an achromatic, low
luminance background (dark/grey), a chromatic, medium
luminance background (medium/orange), and an ach-
romatic, high luminance background (light/grey). We
expected fish to show changes in luminance across all
three backgrounds. Changes in hue on the orange back-
ground, but not on the grey backgrounds, would instead
show that scorpionfish adjust body hue independently of
luminance (see expectations in Introduction). We chose
an orange reflective background to elicit hue changes in
long wavelength body reflectance and fluorescence. If
red fluorescence is part of dynamic background match-
ing on long wavelength backgrounds, we expected to see
a modulation of red fluorescence on the medium/orange
background only. We did not test fish on fluorescent
backgrounds or under deep-water light conditions since
we did not expect the fish to distinguish between red
fluorescence or reflectance, nor to have a physiological

colour change mechanism that depends on the current
light environment. We expected fish to simply regulate
red fluorescence depending on the amount of red in the
background, regardless of its origin. The dark/grey and
light/grey backgrounds were plastic sheets spray-painted
with black or light-grey spray paint (black: Marabou do
it Colourspray black satin matt, Germany; light-grey:
Maison Déco Relook Tout galet satin matt, France), and
glued onto the bottom of the trays. The medium/orange
background consisted of filter paper (LEE filter no. 204,
Full C.T. Orange, Hampshire, UK) placed on the white
bottom of the tray, and covered by a transparent plastic
sheet. We chose to use filter paper for this background
because all commercial orange spray paints we tried were
fluorescent, which interfered with fish fluorescence pho-
tography (see below).

We quantified background appearance using a spec-
troradiometer (SpectraScan PR-740, Photo Research,
New York, USA, with MS-75 standard lens) positioned
on a tripod looking down at a 20° angle at the tray from
a distance of ~100 cm to measure background reflec-
tance relative to a diffuse white reflectance standard
measured in the same way (SRS-99-010, Labsphere,
NH, USA) (reflectance spectra in Additional file 1: Fig-
ure S2). To assess how scorpionfish would perceive the
backgrounds, we calculated achromatic and chromatic
contrasts between the backgrounds from a scorpionfish
visual perspective by implementing their spectral sen-
sitivities and cone ratio in the Receptor Noise Limited
model [37] using the pavo R-package [38] in R (version
4.1.1) [39] (Table 3). S. porcus vision is characterized by
short-wavelength single cones with average sensitiv-
ity peaking at 455 nm and medium-wavelength double
cones with average sensitivity peaking at 530 nm ([33], as
cited in [24]). The single to double cone ratio is 1:1 [40].
We assume similar visual properties for S. maderensis, for
which there is no published record.

Each tray contained two centrally placed PTFE diffuse
grey standards (12% and 72% grey, Berghof Fluoroplastic
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Table 3 Achromatic and chromatic contrasts  between

backgrounds from scorpionfish visual perspective

Backgrounds compared Achromatic Chromatic
contrast (JND) contrast

(JND)

Light/grey-dark/grey 20.95 0.99

Medium/orange-light/grey 9.29 538

Medium/orange—dark/grey 11.67 6.37

Contrasts are expressed in Just Noticeable Differences (JNDs) for each
background comparison, as perceived by scorpionfish. Contrasts below one JND
are not distinguishable, and increasing values indicate an increasing probability
of detection [36]. All backgrounds differ in luminance (achromatic contrast).

The medium luminance background (medium/orange) has a comparable
achromatic distance to both the high and the low luminance background.
Difference in colour (chromatic contrast) between the two grey backgrounds is
not distinguishable, whereas the medium/orange background shows contrasts
above detection threshold to both grey backgrounds

Technology GmbH, Eningen unter Achalm, Germany)
and a scale bar (Fig. 6B). Trays were filled with fresh
sea water before each trial. Trials took place outside in
a shaded area under the open blue sky. Photos to docu-
ment change in luminance and hue were taken with a
calibrated Nikon D4 DLSR camera (NIKON CORPORA-
TION, Tokyo, Japan, Micro-Nikkor 60 mm lens, RAW
format, ISO and aperture fixed) positioned in the same
way as the spectroradiometer (Fig. 6A).

Since reflectance and fluorescence both contribute to
body colouration under daylight, we estimated changes
in red fluorescence separately by using a 3D-printed,
cylindrical photo-chamber that was placed over the scor-
pionfish on its current background (Additional file 1:
Figure S3). The top-lid of the chamber included a ring-
light source and camera-holder for an Olympus Tough
TG-6 (Olympus Europa SE & Co. KG, Hamburg, Ger-
many, RAW format, ISO and aperture fixed). The ring-
light (WEEFINE ringlight 3000, WEEFINE Technology,
China) was set to “blue” and covered with an additional
cyan filter (LEE filter no. 172, Lagoon Blue, Hampshire,
UK) to block wavelengths above 540 nm. The camera was
instead equipped with a double red filter (LEE filter no.
106, Primary Red, Hampshire, UK) to block light below
580 nm. This combination of light and filters assured that
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only cyan excitation light reached the fish, and that only
red fluorescent emission reached the camera.

Experimental procedure

We tested 24 S. maderensis and 18 S. porcus. Mean
standard length of both species was similar on average
(S. maderensis: 7.04+£1.03 cm (mean=+SD), S. porcus:
7.03+1.84 cm), and S. porcus had a slightly larger body
area than S. maderensis on average when photographed
from the top (S. maderensis: 7.58 £2.09 cm?, S. porcus:
8.41+4.14 cm?). Each individual was tested on each
background. At the start of the experiment, a fish was
transferred into a medium luminance grey acclimation-
box filled with fresh sea water, where it stayed for ten
minutes. This acclimation period ensured initial short-
term adaptation of each fish to the same background.
Each fish was subsequently placed on the first of the three
experimental backgrounds. It was photographed as soon
as it settled (within a minute). A second photo was taken
after five minutes adaptation time (Fig. 7A, B). Immedi-
ately after this, we placed the cylindrical photo-chamber
on the fish, added a non-fluorescent red diffuse reflec-
tance standard (SCS-RD-010, Labsphere, NH, USA) next
to it, closed the chamber (details above), turned on the
light source and took a photo (Fig. 7C). Taking a fluores-
cence photo took about 30 s. Subsequently, the fish was
placed in the next tray and the procedure was repeated
for the other two backgrounds. Exposing a fish to all
backgrounds required around 20 min. The acclimation
period was not repeated between backgrounds. In which
order the fish were exposed to the three backgrounds was
balanced across all individuals of a species to account for
a potential effect of background order. After a completed
trial, fish were either immediately brought back to the
field or returned to a temporary housing tank. Each indi-
vidual was used only once.

Image analysis

To quantify changes of luminance and hue between
backgrounds, we used the Multispectral Image Analysis
and Calibration (MICA) Toolbox plugin [41] for Image]

Fig. 7 Scorpionfish can adjust body luminance, and display red fluorescence. Exemplary photos of the same S. maderensis individual A on the dark/
grey and B on the light/grey background and C of a fluorescence photo of a different S. maderensis individual (adapted to the dark/grey background)
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(version 1.530) [42]. Images were normalized with the
12% and 72% grey standards present in each tray, and
converted into 32-bit multispectral images. For every
image, we selected two regions of interests (ROI): (a) the
‘body’ of the fish, excluding the fins since they were trans-
parent, and (b) a ca. 1 cm? sample of the ‘background’
(for more detail on the ROI selection, see Additional
file 1: Figure S4). We also measured standard length of
each fish relative to the size standard and extracted the
area of the fish body in cm?. All images were then batch-
processed using a custom-written routine for MICA
in Image]. First, reflectance images were converted to a
cone-catch model, which included the spectral sensitivity
of the camera and a modelled observer, and the spectra
of photography and model illuminant, which were both
a D65 spectrum. We chose D65 as the model illuminant
since this was the light spectrum under which the experi-
ment was run and under which the scorpionfish adjusted
to the backgrounds. We modelled the vision of the yellow
black-faced blenny Tripterygion delaisi, a common spe-
cies and prey of scorpionfish. T. delaisi has single cones
with average peak sensitivity at 468 nm, and double cones
with average sensitivity peaking at 517 and 530 nm [43].
Since we were focusing on hue change in the long-wave-
length part of the visible spectrum, we also modelled a
natural observer with a better ability to perceive long
wavelength changes, the two-spotted goby Pomatoschis-
tus flavescens, which also occurs in the natural range of
the scorpionfish. This fish has single and double cones
with peak sensitivity at 456, 531 and 553 nm [44]. We
assumed a Weber fraction of 0.05 for the most abundant
cones and for the luminance channel for both species [45,
46], and a cone ratio (from shortest to longest wavelength
photoreceptor) of 0.25:1:1 for T. delaisi [47] and 0.72:1:0.6
for P. flavescens [44, 48]. We defined the luminance chan-
nel as the average cone catches of the two longer wave-
length sensitive cones, as fish likely perceive achromatic
(luminance) contrasts through these photoreceptors [49].
The routine further processed the images to adjust for T.
delaisi foveal spatial acuity of 7 cycles per degree [47] and
2.36 cycles per degree for goby vision [50] for a viewing
distance of 30 cm by using the Gaussian Acuity Control
and the Receptor Noise Limited (RNL) Ranked Filter
functions of the MICA toolbox [51]. We then measured
cone catches for the ROI ‘body’ and ‘background’ for
both observers. To assess scorpionfish changes in lumi-
nance, we compared luminance channel cone catches
measured for ‘body’ [35]. To assess changes in hue, we
instead calculated the ratio of the difference between
the cone catches of the short wavelength receptor and
the sum of the two longer wavelength sensitive recep-
tors and the total cone catches (T. delaisi: hue=((\
304+ M ax217) — A1 468) / (A

l']’laX5

5304 A 517 + A, 468),

max max
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P flavescens: hue=((A;,x553 + N ax531) — A0 456)  /
M paxd53 + A0y 531 + A, 456)), following previous stud-
ies [13, 14]. Finally, we calculated the contrast of fish
against the background as perceived by the observers,
to see how well scorpionfish were matching the back-
grounds by comparing the ROI ‘body’ to the ROI ‘back-
ground’ for each image. Achromatic and chromatic
contrasts were calculated implementing the Receptor
Noise Limited model [37] informed with the cone catches
of the three chromatic channels, and the luminance
channel cone catches using the pavo R-package [38] in
R, where we set weber fraction and cone ratios for each
observer as described above [13, 14, 35, 36]. Contrasts
are reported as Just Noticeable Differences (JNDs), where
values below one JND indicate an indistinguishable con-
trast and higher values indicate an increased probability
of detection [36, 37, 46].

Fluorescence photos were corrected for differences in
shutter speed by adjusting exposure to the same speed
for each photo of one individual in the program Olym-
pus Workspace (version 1.5, OM Digital Solutions Cor-
poration), and subsequently exported as TIF. Images
were imported in Image]J, and only the red channel was
selected. To filter out noise, we removed all pixels with a
brightness threshold below 100 (RGB scale), which was
defined beforehand by manually testing different thresh-
olds and identifying the most conservative threshold
where background pixels (i.e. noise) were removed, but
not pixels of the fish for any given background used. We
counted the remaining pixels with ‘Analyse Particles’ to
quantify changes fluorescent area within the fish body.

Experiment 2

Experimental setup

To measure the rate of luminance change more precisely,
we tested fish in a different setup. A white shallow plas-
tic tray (40 x 60 x 9 cm) was divided into two compart-
ments (40 x 30 x 9 cm each) by a removeable plastic wall.
One compartment was kept white, while the other side
was covered in black plastic. We chose to use black and
white backgrounds instead of the same backgrounds as in
experiment 1 since we wanted to record the fastest pos-
sible luminance change and we expected fish to change
most rapidly if they would be moved between extremes.
A moveable transparent plastic cylinder of 15 cm diam-
eter and 8 cm height was placed in the tray. It had a small
plastic edge at the bottom (2 x 1 cm) which served as
a scale bar and on which two PTFE diffuse grey stand-
ards (12% and 72% grey, Berghof Fluoroplastic Tech-
nology GmbH, Eningen unter Achalm, Germany) were
attached. To move the cylinder from the outside, it had a
transparent handle reaching out of the tray. A Nikon D4
DLSR camera (NIKON CORPORATION, Tokyo, Japan,
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Micro-Nikkor 60 mm lens, RAW format, ISO and aper-
ture fixed) was positioned on a tripod looking down at a
10° angle at the tray from a distance of ~ 120 cm.

Experimental procedure

To quantify the rate of luminance change, we tested 9
S. maderensis and 14 S. porcus in the setup for experi-
ment 2. An individual was placed in the cylinder in the
black compartment of the tray for one minute acclima-
tion time. Then, the separating wall was pulled out and
the fish was moved into the white compartment. We then
took a photo every second for 30 s, and a last photo after
60 s. We assumed that the final luminance for short-term
adaptation was achieved after this one minute since we
observed in the first experiment that fish changed very
little between one minute and five minutes adaptation
time (Additional file 1: Figure S5). Fish were returned
back into the field after the experiment.

Image analysis

Photos taken to measure the rate of luminance change
were analysed with the same MICA toolbox routine used
for experiment 1. We selected photos of the fish when
first settled on the new background (second 0), and from
second 5, 10, 15, 20, 25 and 60. For each fish, we only
selected and measured a specific patch (Fig. 5A, dark
dorsal patch behind the head framed by the gill covers),
because this patch was easy to locate and select as an ROI
in every individual regardless of its position. We then
converted the images to T. delaisi vision as described
above, and extracted luminance channel cone catches
to test hypothesis 5). We chose to only present the data
from T. delaisi vision as luminance perception of both
observers is comparable (see Fig. 1A, B).

Statistical analysis
Experiment 1
We implemented generalized linear mixed models with
the glmmTMB R-package [52] following a custom-
written guided linear modelling R-routine [53]. Model
assessment followed the guidance of Santon et al. [53].
We computed randomized quantile residuals with the
R-package DHARMa [54], and inspected their distribu-
tion within and among factor predictor levels that are
included or not in the models, and performed posterior
predictive checks to assess model dispersion and over-
all model fit. Models were initially implemented using
the most appropriate family distribution based on the
nature of the response variable. The family was some-
times adjusted after model assessment to better capture
the observed data.

Data from the first experiment originated from 42 indi-
viduals (24 S. maderensis and 18 S. porcus) that were used

Page 12 of 15

to test objectives 1 and 2 (see Introduction). Observa-
tions at the two time points (minute 1 and 5) were aver-
aged since there was little variation between these two
observations (Additional file 1: Figure S5). To assess
changes in scorpionfish body luminance and hue (1), we
implemented a generalised linear mixed model using a
Gamma distribution (link =log) for the response variable
luminance, and one using a Gaussian distribution for Aue.
Both models included the fixed effects background (dark/
grey, medium/orange, light/grey), scorpionfish species (S.
maderensis, S. porcus) and observer (T. delaisi, P. flaves-
cens), and their interaction. Fiskz ID was used as a random
intercept to account for the repeated measurements of
each fish [55]. We further included a random slope over
background in the luminance model, to account for dif-
ferences in the predictor-response relationship between
individual fish [56]. To assess how well scorpionfish
matched their backgrounds (2), we implemented a gen-
eralised linear mixed model using a Gaussian distribu-
tion for the response variable achromatic contrast, and
one using a Tweedie distribution (link=Ilog) for chro-
matic contrast. The fixed effects and random intercept
were identical as described above. We further included a
random slope over background in the chromatic contrast
model. For each model, random slopes were added when
the differences in group means of interest varied among
the random predictors’ levels.

We did not obtain fluorescence photos for 5 of the 42
individuals because of temporary technical difficulties
with the photo-box and therefore used data from only
37 individuals (21 S. maderensis and 16 S. porcus) to test
objective 3 (see Introduction) and assess changes in the
response variable fluorescent area (i.e. the area of scor-
pionfish body showing fluorescence). For this model, we
used a negative binomial distribution (link=1log). Since
this variable was not based on visual modelling, we here
only included the fixed effects background, species, and
their interaction. Fish ID was also included as random
intercept.

We report R%-values as a measure of fit for each model
and report both the marginal R? (variance explained
by fixed effects only) and the conditional R* (vari-
ance explained by entire model) [57] (Table 1, 2 and
Additional file 1: S1), using the r2 function of the per-
formance package [58]. For graphical displays of the
results, our figures present model predicted means and
their 95% compatibility (i.e. credible) intervals calcu-
lated from the posterior distributions of fitted values
obtained from 10,000 sets of model parameters [52].
The same posterior distribution of fitted values was
used to compute and report median differences between
factor levels and their 95% compatibility intervals for all
combinations of factor predictors of interest (Tables 1,2
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and Additional file 1: S1). Effect size strength increases
with increasing deviation of differences from zero, and
the robustness of the result increases with decreas-
ing degree of overlap of the 95% compatibility intervals
(CIs) with zero. We refrain from reporting associated
p-values because they offer limited information about
the biological relevance of the observed effects [59, 60].

Experiment 2

We visualised data from 9 S. maderensis and 14 S. porcus
to evaluate how fast scorpionfish adjust body luminance
to the background (objective 4, see Introduction). One S.
porcus was excluded from the graphs since it showed little
change of luminance within one minute and did not seem
to adjust to the background (absolute difference between
t, and t¢;<0.001 luminance channel cone catches). We cal-
culated the proportional change in luminance at each time
point (second 5, 10, 15, 20, 25), scaled for the total lumi-
nance change of every individual fish from initial to final
luminance. We used the luminance channel cone catches of
second O (t,) as the initial value for luminance and of second
60 (tg,) as the final value for luminance, and calculated pro-
portional change at time ¢, as follows: proportional change
t,=(luminance f,—luminance ¢;)/(luminance fz—lumi-
nance t,). We then plotted the medians and interquartile
range of these proportional change values over time to dis-
play how much time was needed to complete a certain per-
centage of the overall achieved luminance change.
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