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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 chanped 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 backprounds. 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 backpround, they still had high contrast to this
background. Another explanation for this could be the
scorpionfish’s limited ability to discriminate long wave-
lenpths 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 chanpes 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 backprounds. While we do not
have behavicural 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 backpground 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 sugpests 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 investipating 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 specles

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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Fg. 6 Sotup 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, ight/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
(40 % 30 x 9 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 (lighi/grey). We
expected fish to show chanpges 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 distinpuish between red
fluorescence or reflectance, nor to have a physiological

colour chanpe 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 MS5-75 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 (SR5-99-010, Labsphere,
NH, USA) (reflectance spectra in Additional file 1: Fig-
ure 52). 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). 8 porcus vision is characterized by
short-wavelength sinple cones with averapge 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 5. 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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Table3 Achromatic and chromatic contrasts  between

badkgrounds from scorpionfish visual perspective

Backgrounds compared Achromatic Chromatic
contrast (JND) contrast

(INDy

Light/grey—dark/grey 2055 09%

Medium/orange-light/grey 929 538

Medium/orange—-dark/grey 1167 637

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).

Thie 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
neoit distinguishable, whereas the medivm/onange 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 53). 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, [SO 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

E)
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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 5. maderensis and 18 5. porcus. Mean
standard length of both species was similar on average
(5. maderensis: 7.04+1.03 cm (mean+5D), 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 5. 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]

Fg.7 Scorpionfish can adjust body luminance, and display red fluorescence. Exemplary photos of the same 5 maderensis individual A on the dark?
grey and B on the light/grey background and € of a flucrascence photo of a different 5 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
imape, 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 54). We also measured standard length of
each fish relative to the size standard and extracted the
area of the fish body in em®. All images were then batch-
processed using a custom-written routine for MICA
in Imagpe]. First, reflectance imapes 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 Tripferygion 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 averape sensitivity peaking at 517 and 530 nm [43].
Since we were focusing on hue change in the long-wave-
lenpgth 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-
fus 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-
lenpgth sensitive cones, as fish likely perceive achromatic
(luminance) contrasts through these photoreceptors [49].
The routine further processed the imapes 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 MNoise Limited (RNL) Ranked Filter
functions of the MICA toolbox [51]. We then measured
cone catches for the ROl ‘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=({Ay,5

30 + A 517) — Apax268) | (e 530 + Ay 517 + ey 468),
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P flavescens: hue=({A5;:553 + Apae531) — Ay, 456) 7
(Apa 553+ A 5314+ A 456)), following previous stud-
ies [13, 14]. Finally, we calculated the contrast of fish
apgainst 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
Moise 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 TIE. Images
were imported in Image], and only the red channel was
selected. To filter out noise, we removed all pixels with a
brighiness 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, [SO 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
5. 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 5. 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 55). 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 ROIL
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 analysls
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 puidance 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 5. porcus) that were used

Page 120 15

to test objectives 1 and 2 (see Introduction). Observa-
tions at the two time points (minute 1 and 5) were aver-
aped since there was little variation between these two
observations (Additional file 1: Figure 55). 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 hue.
Both models included the fixed effects background (dark/
grey, medium/orange, light/grey), scorpionfish species (5.
maderensis, S porcus) and observer (T delaisi, P flaves-
cens), and their interaction. Fiskh 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 Iuminance 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 pen-
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 5. maderensis and 16 5. porcus) to test
objective 3 (see Introduction) and assess changes in the
response variable fluorescent area (Le. the area of scor-
pionfish body showing fluorescence). For this model, we
used a negative binomial distribution (link=Ilog). 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: 51), using the r2 function of the per-
formance packapge [58]. For graphical displays of the
results, our fipures 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



John et al. Frontiers in Zookogy — (2023) 20:10

and Additional file 1: 51). 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
(Cls) 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 8. 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
ty and tg;<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 0 (t;) as the initial value for luminance and of second
60 (tz;) as the final value for luminance, and calculated pro-
portional change at time £, as follows: proportional change
f,=(luminance f —luminance £;)/{(luminance #g—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-
centape of the overall achieved luminance change.
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Abstract

The two scorpionfish species Scorpaena maderensis and 5. porcus are well camou-
flaged ambush predators that rapidly change body colouration to adjust to back-
ground colour in less than 1 min. We tested whether individuals of both species also
adjust body pattern to that of the background. We placed fish on backgrounds of dif-
ferent pattern granularity and quantified the change in fish body pattern over 1 min.
We used calibrated image analysis to analyse the patterns from the visual perspec-
tive of a prey fish species using a granularity (pattern energy) analysis and an image
clustening approach. In our experiment, fish did not change their most contrasting
pattern components as defined by the dominant marking size, but changed their av-
Funding information

Gesellschaftf Gt chthyologie eV, erage marking size. Moreover, fish responded with a change in pattern in contrast to

the different experimental backgrounds, especially when compared to the acclima-
tion phase. These results indicate that scorpionfish have one main pattern that can
be adjusted by modulating its internal contrast. A reduction in pattern contrast could
thereby improve background matching, while an increase could promote camouflage

via disruptive colouration.

KEYWORDS
backgroundh atching,c amouflagec olouc hanged isruptive olouration,p attera nergy
analysis, QCPA
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(Briolat et al., 2021; Price et al_, 2019). Disruptive colouration, on the
other hand, can work on more heterogeneous backgrounds (Cuthill

1 | INTRODUCTION

Many animals use camouflage to hide from predators or prey, which
can be achieved with different strategies (Stevens & Merilaita, 200%a).
A body colouration and pattern very similar to that of the background
could allow camouflage through background matching (Stevens &
Merilaita, 2009a). Such a specific phenotype can, however, bring the
disadvantage that camouflage is restricted to a specific background,
often a background that is homogeneous in colouration and pattern

et al, 2005; Price et al., 2019; Robledo-Ospina et al, 2017). Here,
contrasting markings can create false edges and disrupt the body
outline and shape, which makes it more difficult to be detected or
recognised as such (Stevens & Merilaita, 2009b). Some animals dy-
namically change their body colouration and pattern, which can allow
them to camouflage on multiple backgrounds, and to switch between
camouflage strategies (Duarte et al., 2017).
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Cuttlefish are renowned for their ability to change pattern in
response to different backgrounds (Barbosa et al., 2008; Hanlon &
Messenger, 1988; How & Santon, 2022; Mathger et al., 2007; Osono
et al, 2022). Highly variable patterns can be produced by the high-
dimensional control and flexible grouping of chromatophores (Woo
et al., 2023). While cephalopods are unrivalled, fishes show remark-
able pattern change too. Some flatfishes can switch between two to
three different body patterns (Kelman et al., 2006; Ramachandran
et al., 1994; Tyrie et al.. 2015), and express up to six pattern compo-
nents (Ramachandran et al., 1996). Nassau groupers and slender file-
fish display up to three body patterns in response to different natural
substrates (Allen et al, 2015; Watson et al., 2014). The rock pool goby
Gobius paganellus changes its pattern depending on the substrate
granulanty by modulating the contrast of certain bars within its pat-
tern (Smithers et al., 2017). Many more fish species could potentially
adjust body pattern for camouflage, as the ability to rapidly change
colour is widespread in fishes (Milsson Skald et al., 2013).

scorpionfishes are sit-and-wait predators that show vanious cam-
ouflage strategies (John et al., 2023; Santon et al, 2018). Studying
their ability to dynamically change body colouration can help to un-
derstand how they improve camouflage and therefore potentially
increase predation success. A previous study has shown that the
two species Scorpaena maderensis and Scorpoena porcus can rapidly
adapt to background colour (John et al., 2023). Field observations
indicate that 5. percus individuals vary in their skin pattern (Figure 1,
personal observations by LJ). While those might be individual dif-
ferences only, scorpionfishes ability to change body colour raises
the possibility that they can also adapt their pattern in response to
specific background features.

Therefore, we tested whether both scorpionfish species adjust
their body pattern in response to background pattern granularity
(i.e. the patch size within the pattern) to increase background pat-
tern matching. After an acclimation phase on a uniform grey back-
ground, we placed individuals on three experimental backgrounds of
different granularity but similar@ erage luminance and contrast esti-
mated using the spectral sensitivities of scorpionfish (Govardovskii &
Zueva, 1988; John et al., 2023; Schweikert et al_, 2018). The medium
granularity background was designed based on the average scorpion-
fish body patch size observed in a previous study (John et al., 2023),
the fine granularity and coarse granulanty backgrounds instead had
a smaller and larger patch size. We documented scorpionfish body

pattern after 1 min on each background using calibrated image anal-
ysis and compared whether their pattern differed depending on
the background granularity. We expected that fish would change
their pattern granulanty depending on background granulanty. In
particular, we expected fish to show smaller patch size on the fine
granularity background and larger patch size on the coarse granu-
larity background when compared to their patch size on the medium
granularity background. We decided to include fish pattern contrast
into our analysis because we also suspected that scorpionfish could
increase pattern contrast on the high-contrasting experimental
backgrounds, regardless of background granularity, when compared
to the uniform acclimation background. We used different image
analysis approaches to compare scorpionfish pattern metrics calcu-
lated from the visual perspective of a potential prey fish, the triplefin

Tripterygon delaisi.

2 | MATERIALS AND METHODS
21 | Experimental animals

Expeniments were carried out in the Station de Recherches Sous-
marines et Océanographigues (STARESO), Corsica, France in June
and July 2022 and followed the general procedure and setup used
by John et al. (2023). Madeira rockfish Scorpaena maderensis and
the black scorpionfish Scorpaena porcus were caught with hand
nets while SCUBA diving under the station's general sampling
permit. We followed the EU animal welfare legislation's directive
(Directive 2010/63/EU) to ensure that our research was not likely
to cause pain, suffering, distress or lasting harm equivalent to,
or higher than, that caused by the introduction of a needle in ac-
cordance with good veterinary practice. Fish were kept in shaded
outside flow-through seawater tanks (210=120=50cm/1200L)
exposed to the natural light cycle. Both species are ambush preda-

tors that sit motionless on various natural hard substrates and
feed on small fish and invertebrates (Louisy, 2002). Both spe-
cies can adjust body colouration to the background in less than a
minute (lohn et al., 2023). Observations in the field show a high
pattern vanability between individuals, yet it remains unclear
whether scorpionfish can adjust skin pattern to that of the back-
ground (Figure 1).

FIGURE 1 Two Scorpaena porcus individualsy itH  ifferents kip  atterns.P hotob v 5.
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2.2 | Experimental setup

To elicit changes in body pattemn, fish were alternately placed in three
polyethylene trays (40 = 30= 9cm), each with a background of differ-
ent pattern granularity (Figure 2). An identical tray was used for initial
acclimation but had a uniform grey background. Backgrounds were
printed on underwater paper (no. 3487; Avery Zweckform GmbH,
Germany) with a laser printer (Kyocera ECOSYS P7240cdn KX,
Kyocera, Japan) and then laminated with matte laminating pouches
(125 micron, no. 5-PP525-22, PRT GmbH, Switzerland). The three
experimental backgrounds were black-and-white patterns of differ-
ent granulanty (fine, medium, coarse). Patterned backgrounds were
created by taking photos of sand, gravel and small pebbles of differ-
ent sizes. We used Image) (version 1.530; Schneider et al., 2012) to
convert the photos into masks showing 50% black and 50% white,
to keep the contrast and average luminance perceived by the fish
similar. The medium granulanty roughly matched the average stripe
size of scorpionfish estimated from a previous study (average grain
size =0.4cm?; John et al,, 2023). The other two granularities were dis-
tinctly smaller (average grain size =0.1cm?) and larger (average grain
size=1cm?). To create the uniform acclimation background, we took
standardised photos of the three experimental and acclimation back-
grounds of different grey levels in the setup, and calculated their aver-
age luminance using scorpionfish spectral sensitivity (Govardovskii &
Fueva, 1988; John et al_, 2023; Schweikert et al, 2018). The acclima-
tion background's grey level chosen was the one closest to the aver-
age luminance of the experimental backgrounds.

Trials took place outside the station, in a shaded area under the
open sky. A small transparent plastic frame of 24 = 18cm and Zcm
height was placed in the centre of the tray to prevent fish from hid-
ingith he ornere e dgee fthe ray (Figure 2).T op view photos f
fish were taken using a calibrated Mikon D4 DLSR camera (NIKOM
CORPORATION, Tokyo, Japan, Mikkor 60mm macro lens, RAW for-
mat, 150 and aperture fixed) positioned on a tripod at a 20° angle,
and a ~100cm distance from the tray. Each tray contained two
centrally placed PTFE diffuse grey standards (12% and 72% grey,
Berghof Fluoroplastic Technology GmbH, Germany) and a scale bar.
Each tray was also equipped with an Olympus Tough TG-6 camera
(Olympus Europa SE & Co. KG, Hamburg, Germany, RAW format,
150 and aperture fixed) placed in a 3cm wide compartment on the
side of the tray (Figure 2). The camera was completely hidden during
the trnals, and only a small window for the lens was opened at the
end of each trial to take a side view photo of the fish. We used a
picture of a Mini ColourChecker Card (X-Rite Inc., Grand Rapids, M,
USA) to calibrate the Olympus camera in the expenimental setup
under the same light conditions as in the experiments (Troscianko &
Stevens, 2015;vad eB ergetal, 2020).

2.3 | Experimental procedure

Wetested 21 5. maderensis and 30 5. porcus. Body size of the two spe-
cies was similar on average (body area in top view for 5. maderensis:
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6.3+2.0cm” (mean = 5D), and for 5. porcus: 6.4+ 2 3cm”). Each in-
dividual was alternately placed on each experimental background.
Trays were filled with fresh seawater before each trial. At the start
of the experiment, each fish was first placed in the acclimation tray,
and then on the three experimental backgrounds. We chose the
uniform background as acclimation to obtain a reference image for
each individual on a non-patterned (uniform) background, and to ac-
climate the fish to the luminance of the experimental backgrounds
before starting the trials. A fish was photographed from the top
1min after being transferred in the tray {minute 1) and after Smin
(minute 5). Then, the transparent frame was removed and a piece of
PVC tube with 12% and 72% grey standards oriented sideways was
inserted in the tray, opposite to the side with the Olympus camera
compartment. The fish was gently moved until it settled next to
the standards. Then, the small window in the camera compartment
was opened to take a side view photo. The fish was then placed in
the next tray and the procedure was repeated for the other back-
grounds. For transferring fish between backgrounds, we used hand
nets. The six possible background orders (for the three experimen-
tal backgrounds) were randomised and fully balanced across all in-
dividuals of each species. All individuals were used only once and
then returned to the field.

24 | Image analysis
241 | Granularity analysis

To analyse fish body pattern, we used the multispectral image cali-
bration and analysis (MICA) Toolbox plugin (version 2.2_2; Troscianko
& Stevens, 2015) for ImageJ (version 1.54d). Images were normalised
with the 12% and 72% grey standards and com erted into 32-bit mul-
tispectral images. For each image, we selected a region of interest
(ROI) on the body of the fish. We always excluded the fins and paid
attention to only select the part of the body that was illuminated
at the same angle as the grey standards used to normalise the im-
ages. All photos were then batch-processed using a custom-written
routine for MICA in Image) (John et al., 2023). First, body area for
each fish was extracted as the number of pixels contained in the ROI
‘body’t ol atec alculath odyares @ mfusingthe cale b hgp ho-
tos. To exclude potential effects that fish body orientation in the tray
could ha e on the pattern analysis, all top view photos were rotated
in such a way that all fish were oriented in the same way. Then, im-
ages were com erted to cone catches using a cone-catch model that
was computed using the spectral sensitivity of the camera and of a
modelled observer, and the D65 spectrum as illuminant. We used
D45 as illuminant because fish adjusted to backgrounds under this
spectrum. We modelled the vision of the yellow black-faced blenny
Tripterygion delaisi, a common prey species of scorpionfish in the
Mediterranean Sea (Santon et al., 2021), following previous studies
(Bitton et al., 2017- John et al., 2023; Santon et al., 2020). T. delaisi
has single cones with average peak sensitivity at 468nm, and double
cones with average sensitivity peaking at 517 and 530nm (Bitton
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FIGURE 2 Exemplary top view photos in the experimental setup with the same Scorpaena porcus individuab f af he cclimation
background ntl hé hree xperimentab ackgroundsy ith bf ine(cn ediumanfl db oarsg ranulanty.B odya rea ft hie ndividualy as
&.5cm”. The left side of each tray has a small compartment with a camera for side view photos. Fish are kept in the centre of the tray with a

transparentp lasticf ramg bestvisible a ).

et al, 2017). We assumed a Weber fraction of 0.05 for the most
abundant cones (Champ et al_, 2016; Olsson et al, 2018), and esti-
mated it to 0.1 for the short wa elength cones based on cone abun-
dance ratios (from shortest to longest wa elength photoreceptof of
1:4:4 (Fritsch et al_, 2017). We defined the luminance channel as the
®w erage cone catches of the two longer wa elength-sensitive cones,
as fish likely perceive achromatic (luminance) contrasts through this
channel (Lythgoe, 1979). The routine further processed the images
to adjust for T. delaisi foveal spatial acuity of 7cycles per degree
(Fritsch et al., 2017; Santon et al., 2019), for a viewing distance of
20cm (a relevant viewing distance in nature (Santon et al_, 2021)), by
using the Gaussian Acuity Control and the Receptor Moise Limited
(RNL) Ranked Filter functions of the MICA toolbox (van den Berg
et al., 2020). We then ran a granulanty (pattern energy) analysis on
the fish body using the ‘Pattern Colour & Luminance Measurements'
function of the toolbox (Troscianko & Stevens, 2015). This func-
tion uses fast Fourier transformation to produce images on differ-
ent spatial scales and measures their pattern energy, defined as
the standard deviation of the luminance channel's cone catches of
the filtered pixels. By comparing pattern energy at different spa-
tial scales (granulanity bands), a dominant (highest energy, i.e. most
contrasting) marking size can be determined (Barbosa et al., 2008;
Stoddard & Stevens, 2010) (Figure 3, granularity spectrum for the
four backgrounds). We analysed 9% granularity bands ranging from
2 to 100 pixels in size (i.e. using 1-pixel steps) for the top view pho-
tos and 30 granulanty bands ranging from 2 to 150 pixels (i.e. using
5-pixel steps) for the side view photos. Analyses were stopped after

100 and 150 pixels because wider bin sizes exceeded the maximum
fish and background patch size. Granulanity bands differed between
top and side view photos because the two cameras used had a dif-
ferent resolution, so analyses of top and side view photos can also
not directhy be compared (resolution of RML rank filtered images:
top view =83 pixels per cm, side view =80 pixels per cm). We visu-
ally inspected the granularity spectra derived from the side view
photos and did not see any difference in fish pattern depending on
the background (Figure A1l). Because this was similar to the results
derived from the top view photos, we focused on the top view for
further analyses. To get the granulanty spectra of the experimental
backgrounds, we randomly chose eight top view photos per back-
ground type from our dataset and selected a 10 = 20cm background
patch in each image as an ROl ‘background'. This large sampling area
was to ensure that we would capture the granulanty of each back-
ground type. The photos were processed as described above. We
analysed 15 granulanty bands ranging from 2 to 150 pixels (i.e. using
10-pixel steps) for the background samples. We reduced the num-
ber of granulanty bands for the backgrounds to reduce computation
time for the large samples and because the 15 bands seem to give a
high enough resolution.

2.4.2 | QCPA analysis

The granulanty analysis is widely used to assess dominant mark-
ing size in animal pattern research (Pérez-Rodriguez et al, 2017).
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However, we decided to consider an additional approach to m esti-
gate fish pattern in more detail. We used RML Clustering on the RML
rank-filtered images to apply the colour adjacency analysis (CAA)
from the Quantitative Colour Pattern Analysis (QCPA) (van den Berg
et al., 2020). CAA creates clusters of pixels of the same colour and
luminance within a pattern, based on a given perception threshold.
We used the w erage size of these clusters as an additional measure
of pattern granularity. While from the granulanty analysis, we can
extract the size of the most contrasting patches (dominant mark-
ing size), the CAA gives @ erage patch size regardless of contrast (all
contrasts above our given perception threshold). The comparison of
these two metrics therefore allows us to understand whether fish
change patch size overall (CAA) or specifically the dominant marking
size (granularity analysis). We further used the local edge intensity
analysis (LEIA) on the RML rank-filtered images to compare the mean
luminance contrast value across edges within the fish body to test
whether pattern contrast changed, irrespective of patch size (van
den Berg et al, 2020). Chromatic contrasts were not analysed be-
cause, from T. delaisi perspective, there were almost no perceivable
chromatic contrasts within the fish body pattern. For both analyses,
we used a perception threshold of one just noticeable difference
(JMD) for T. delaisi vision. We ran the same analysis on the images
with hb ackground amplet see bove).

2.5 | Statistical analysis

We implemented generalised linear mixed models with the glmmTHMB
R-package (Brooks et al_, 2017) following a custom-written guided lin-
ear modelling R-routine (Santon et al,, 2023). Model assessment fol-
lowed the guidance of Santon et al. (2023), focusing on the inspection
of the distrbution of randomised quantile residuals, computed with
the R-package DHARMa (Hartig, 2022), within and among factor pre-
dictor levels that were included or not in the models, and performed
posterior predictive checks to assess model dispersion and overall
model fit. Models were initially implemented using the most appropri-
ate family distribution for the nature of the response variable.

Data analysed originated from 51 individuals (21 5. maderensis
and 305. porcus). We only analysed observations after 1min of ex-
posure to the backgrounds because our previous study showed that
scorpionfish change colour in less than 1 min (John et al., 2023), and
because the granularity analysis spectra companng measurements
after 1 and Smin were similar (Figure AZ2). To compare fish patterns
on the different expenmental backgrounds, we implemented gen-
eralised linear mixed models using 2 Gamma distribution (link =log)
for the response varnables dominant marking size (granularity analy-
sis), patch size (CAA) and pattern contrast (LEIA), and specified back-
ground (fine, medium, coarse), scorpionfish species (5. maderensis, 5.
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porcus), and their interaction as fixed effects in each model. Fish ID
was used as a random intercept to account for the repeated mea-
surements of each fish. We added random slopes over a specific
predictor when effect sizet direction substantially varied among
fish (Korner-Mievergelt et al., 2015). We therefore only included a
random slope over backgroundi b he dominant marking size model.
To further investigate whether fish pattern contrast changed be-
tween the acclimation and the first experimental background, we
created a subset of the data that only included observations for the
acclimation and the first experimental background each fish was
tested on. We implemented a generalised linear mixed model using
a Gamma distribution (link=log) for the response variable pattem

contrast (LELA), with event (acclimation, first experimental background)
and first background type (fine, medium, coarse) as main fixed effects.
First bockground type was a vanable created to group observations of
the acclimation with the first experimental background type and in-
cluded to compare whether a change in contrast differed between the
expenmental backgrounds. Fish ID was included as a 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 {variance explained by entire model) (Nakagawa
& Schielzeth, 2013) (Tables 1, 2), using the r2 function of the perfor-
mance package (Lidecke et al., 2021). For graphical displays of the
results, our figures present model predicted means and their 5%

TABLE 1 Pairwise contrasts of fish pattern (A) dominant marking size, (B) average patch size and (C) luminance contrast expressed as the
response atiob etweea |t ombinations fb ackground ob oth corpionfish pecies.

Scorpaena maderensis Scorpaena porcus
Response ratio LowerCls  Upper Cls Response ratio Lower Cls Upper Cls
(AP ominant markings ize [R2_ = 637, RZ_ = 050)
Fine — medium 107 0.0 1.27 1.04 090 120
Fine - coarse 1.00 0.B2 122 110 094 1.30
Medium - coarse 094 0.8l 109 1.06 094 120
(BR verage patchsie RZ =511, Rﬁ_f.cm
Fine - medium 111 10 122 1.04 097 113
Fine - coarse 1.00 091 1.10 09 0.84 0.98
Medium - coarse 090 0.82 0.99 0.87 0.80 094
{CL uminance contrast {ﬁ‘?w=.313 !ﬁ“=.u45:|
Fine - medium 094 0.89 099 0.94 091 101
Fine - coarse 1.06 1.00 113 1.06 10 111
Medium - coarse 113 1.06 1.20 110 105 116

Note: Effect sik @ roportional to the deviation of ratios from one, and the robustness of the result increases with decreasing degree of overlap of
th#® 5%c ompatibility intervals {Cls) with one. Response ratios with Cls excluding one are highlighted in bold. N =21 for 5. maderensis and N =30 for

5. porcus.

TABLE 2 Pairwise contrasts of fish

Respo! atio Lower CI U Cl .
fser s o pattern luminance contrast (mean contrast
Scorposena maderensiz ofe dges b ElAE xpressed & he
Acclimation - first experimental 0.80 075 0.85 response atiob Ew he cclimation
background (pooled) antl h& irste xperimentab ackgroundl or
Acclimation - fine 077 0.69 0.85 both scorpionfish species, either pc_mllng
all measuremenits in the first experimental
Acclimation - medium 0.83 074 092 background regardless of background
Acclimation - coarse 0.81 072 091 typeos plith yb ackground.
Scorpaena porcus
Acclimation - first experimental 087 0.83 092
background (pooled)
Acclimation - fine 087 0.80 095
Acclimation - medium 0.83 076 091
Acclimation - coarse 021 0.83 099

Note: Effect sik @ roportional to the deviation of ratios from one, and the robustness of the
resulti ncreasew ith ecreasing degree of overlap of the 95% compatibility intervals (Cls) with one.
Response atiow ith |s excluding ome are highlighted in bold. N =21 for 5. maderensis and N=30

for 5. porcus. F.‘gcm= 820, RE“=.254.
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compatibility intervals calculated from the postenor distributions of
fitted values obtained from 10,000 sets of model parameters (Brooks
et al_, 2017). We further used the emmeans package (Lenth, 2023) to
compute pairwise contrasts expressed as ratios between factor lev-
els and their 95% compatibility intervals for all combinations of fac-
tor predictors of interest (Tables, 1, 2). Effect size strength increases
with increasing dewiation of differences from one, and the robust-
ness of the result increases with decreasing degree of overlap of the
95% compatibility intervals (Cls) with one.

3 | RESULTS
3.1 | Change in pattern granularity

3.1.1 | Dominant marking size (granularity analysis)

From inspecting the granulanty spectra, we cannot see changes in
dominant marking size when fish were placed on backgrounds of
d ffee nt granuk rity (Figures 3 and 4a; Table 1A). This becomes par-
ticub rly evident when looking at how the spectra instead d ffee d
bk ween background (Figure 3). On average, fish show a constant
dominant marking size similar to that of the medium granulanty back-
ground (Figure 4a). However, fish have a relatively heterogenous pat-
tern granularity. While the mean curves peak at around 32 pixels,
pattern energy remains high between ~20 and 40 pixels (Figure 3). For
very regular patterns, a steeper peak around dominant marking size
would be expected. Dominant marking size of 5. maderensis is simib r
to that of 5. porcus (dominant marking size between species ratio aver-
aged over background: 0.87, 95% Cl 0.75-1.01). Variance of dominant
marking size was higher for 5. porcus (s = 97.98) than for 5. maderensis
(=" =77.45), while their body sizes were comparable (see Section 2).

3.1.2 | Average patch size (CAA)

Both species show differences in average patch size depending on ex-
perimental backgrounds. 5. maderensis shows a smaller average patch
size on the medium, compared to the fine and coarse background
(Figure 4b, Table 1B). 5. porcus shows a larger average patch size on
the coarse, compared to the medium and fine background (Figure 4b,
Table 1B). Patch size of 5. maderensis is similar to that of 5. porcus
(patch size between species ratio averaged over background: 1.02,
95% C10.93 to 1.13).

3.2 | Change in pattern luminance contrast (LEIA)

3.21 | Comparison between experimental
backgrounds

Both species show a lower pattern luminance contrast on the
coarse, compared to the medium granulanty background (Figure 4c,
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Table 1C). Pattern contrast of 5. maderensis is similar to that of 5.
porcus (pattern contrast between species ratio @ eraged over back-
ground: 1.03, 95% Cl 0.92 to 1.16).

3.2.2 | Comparison between acclimation and first
experimental background

Fish increased the contrast of their pattern when moved from the
acclimation to the first expenimental background, regardless of its
granularity (Figure 5, Table 2).

4 | DISCUSSION

We investigated whether the two scorpionfish species Scorpoena
maderensis and 5. porcus change their pattern depending on the
granularity of their visual background. Fish changed their aver-
age patch size and pattern contrast. However, dominant marking
size, the most contrasting component of the pattern (Barbosa
et al, 2008; Stoddard & Stevens, 2010), was not modulated on
different granularity backgrounds. This was in contrast to other
camouflaged benthic fishes such as different species of flounder,
which can adapt their body pattern dominant marking size flex-
ibly to different substrate granulanties (Akkaynak et al, 2017;
Ramachandran et al, 1994). Possibly, scorpionfish did not change
in our experiment because the right cues to induce pattern
change, such as specific pattern components, or even tactile or
olfactory cues, were missing (Stevens & Ruxton, 2019). However,
there might well be morphological or physiological restraints that
prevent scorpionfish from modulating pattern elements, such
as the inability to regulate the chromatophores of different skin
patches independently. Similar to other fishes such as the rock
pool goby Gobius paganellus (Smithers et al, 2017), or the flat-
fishes Paralichthys lethostigma and Pseudopleuronectes americanus
(Saidel, 1977). scorpionfish seem to have one dominant body pat-
tern with a given patch size, which can be modulated by adjusting
the contrast between patches.

The Colour Adjacency Analysis revealed small changes in aver-
age patch size depending on background granularity. This indicates
that fish changed their pattern in response to the background, but
without modulating their dominant, most contrasting marking
size. 5. maderensis have the smallest average patch size on the me-
dium granulanty background, and 5. porcus have a smaller patch
size on both fine and medium granulanty backgrounds. However,
the average patch size remains substantially larger than that of
the medium granularity background. Therefore, it is unclear how
these small observed changes may affect the fishes' camouflage. It
is indeed more plausible that changes in average patch size might
only be a by-product of the changes in pattern contrast that we
observed. As fish modulate contrast within their pattern, per-
ceived size of some patches may vary due to some edges blending
in or becoming more apparent. Pattern contrast of both species
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in the Local Edge Intensity Analysis was highest on the medium
granularity background. Possibly, fish increased pattern contrast
especially on the medium granularity background because this is
closest to their own dominant marking size. Increasing pattern con-
trast on a similar background could improve background pattern
matching by intensifying the pattern through the increasing con-
trast. Furthermore, all fish had a substantially lower pattern con-
trast in the acclimation uniform background compared to the fine,
medium and coarse experimental ones. While this could be a result
of differences in pattern granularity, it is likely that the difference
in contrast induced this change, as the acclimation was the only
background without contrast. On backgrounds with high-contrast
patterns, fish might increase their pattern contrast regardless of
background granularity to improve disruption by displaying maxi-
mum disruptive contrast (Stevens & Merilaita, 2009b). We suggest
that both contrast and granularity may impact the pattern regu-
lation of the fish. It is known that cuttlefish use both pattern size
and pattern contrast as cues to adjust their body pattern and that
backgrounds with higher contrast elicit body patterns with higher
contrast (Barbosa et al, 2008).

An individual fish pattern is relatively heterogenous in terms
of dominant marking size and average patch size, meaning fish
have patches of different sizes and not a very regular pattern. This

could function as a generalist body pattern that works well on
multiple backgrounds, reducing the need to modulate body pat-
tern (Briolat et al., 2021; Merilaita et al., 1999), a strategy known
from animals found on highly complex and heterogenous back-
grounds (Hughes et al_, 201%; Nokelainen et al., 2019). Moreover,
scorpionfish could show further adaptations that improve their
camouflage and reduce the need to adjust pattern to different
backgrounds, such as an active background selection (Stevens &
Ruxton, 201%). While we overall observed similar results for both
scorpionfish species, there seems to be a higher individual varia-
tion of dominant marking size in 5. porcus compared to 5. maderen-
si5, and this cannot be explained by a systematic vanation in body
size. High individual wvariation in pattern could benefit camouflage
by disrupting the search image of prey or preventing search image
formation (Bond & Kamil, 2002; Stevens et al., 2014; Surmacki
et al, 2013). Individual pattern variation can also be favoured by
living in a very heterogeneous habitat (Merilaita et al., 1999), and
it is possible that the species differ in their microhabitat use with
5. porcus living in more complex microhabitats or having a more
generalist habitat use. An assessment of scorpionfish colouration
and behaviour in their natural environment could help to under
stand the importance of skin pattern for their camouflage and
consequently, prey capture success.
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FIGURE A1 Pattern energy spectra (pattern energy for each pattern size bin) of Scorpoena maderensis| n=20) and 5. porcus( n=30)
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