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Summary 

 

For a successful hunt, marine sit-and-wait predators such as the scorpionfishes need to be 
well camouflaged in the eyes of their prey. While scorpionfishes are indeed cryptic to the 
human eye, there is barely any research on the functionality of their camouflage in a prey-
predator context. Therefore, my research investigated camouflage strategies in two 
scorpionfish species under consideration of the prey’s visual perspective. I focussed on the 
question how scorpionfish can camouflage in a heterogeneous environment with a variety of 
backgrounds, such as different kinds of substrates. In camouflage research, three main 
strategies are discussed as a solution to this problem. First, animals could dynamically adjust 
their body colour and pattern depending on their background. Second, animals might choose 
to settle on backgrounds on which they are best camouflaged and avoid others. Third, animals 
could have a generalist body colouration that allows camouflage on many natural substrates 
and therefore mitigates the need to employ dynamic camouflage strategies such as colour 
change and background choice.  

In two experiments, I placed scorpionfish on different backgrounds and documented changes 
in body colouration over one to five minutes using calibrated photography. I used visual 
modelling to process the images accounting for the visual system properties of prey fishes as 
naturally relevant observers. I confirmed that scorpionfish dynamically change their body 
colouration in response to their background, including body hue, luminance, and pattern 
contrast. In two behavioural choice experiments, I then tested whether scorpionfish prefer to 
settle on backgrounds that facilitate camouflage. Here, scorpionfish did not choose the 
background that provided the best background match for their average body colouration, but 
preferred the background that allowed disruptive colouration. Finally, using data of average 
scorpionfish body colouration and photographs of natural substrates, I calculated how well 
scorpionfish would match these substrates from the prey’s perspective. I can show that even 
without adjustment, scorpionfish have low chromatic (colour) contrast to natural substrates, 
but high achromatic (luminance) contrast. 

I demonstrate that scorpionfish show several strategies to camouflage in heterogeneous 
environments. I discuss how they might interact and interpret the importance of achromatic 
and chromatic cues for camouflage in these fishes.   
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Zusammenfassung  

 

Für eine erfolgreiche Jagd müssen Lauerjäger wie die Drachenköpfe gut getarnt sein. Obwohl 
die Tarnung der Drachenköpfe aus menschlicher Sicht offensichtlich ist, gibt es wenig 
entsprechende Forschung zur Tarnung im ökologischen Räuber-Beute Kontext. Darum habe 
ich Tarnstrategien in zwei Drachenkopf-Arten untersucht, immer unter Berücksichtigung der 
visuellen Perspektive von Beutetieren. Dabei lag mein Fokus darauf, wie sich Drachenköpfe 
in einer heterogenen Umgebung mit unterschiedlichen Hintergründen, zum Beispiel 
verschiedenen Hartsubstraten, tarnen können. Dazu sind drei primäre Strategien bekannt. 
Erstens könnten Drachenköpfe sich durch dynamischen Farbwechsel and Hintergründe 
anpassen. Zweitens könnten sie sich nur auf Hintergründen niederlassen, auf denen sie am 
besten getarnt sind, und andere vermeiden. Drittens könnten Drachenköpfe eine 
generalistische Körperfärbung haben, die Tarnung auf vielen natürlichen Hintergründen 
erlaubt und dadurch den Bedarf an den dynamischen Strategien des Farbwechsels oder der 
Hintergrundwahl verringert.  

In zwei Versuchen habe ich Drachenköpfe auf verschiedenen Hintergründen platziert und 
Veränderungen der Körperfärbung durch standardisierte Fotografie dokumentiert. Bei der 
Bildverarbeitung habe ich das visuelle System von Beutefischen als natürliche Beobachter der 
Drachenköpfe miteinbezogen. Drachenköpfe änderten dynamisch ihre Körperfärbung 
einschließlich Farbe, Helligkeit und Kontrast. In zwei Verhaltensversuchen habe ich außerdem 
getestet, ob Drachenköpfe sich bevorzugt auf Hintergründen niederlassen, die ihre Tarnung 
verbessern. Hier zeigten Drachenköpfe eine Präferenz für den Hintergrund der eine disruptive 
Färbung ermöglichte, statt des Hintergrunds der am ähnlichsten zur durchschnittlichen 
Körperfärbung war. Zuletzt habe ich mit Daten zur durchschnittlichen Drachenkopf-Färbung 
und Fotos von natürlichen Substraten berechnet, wie ähnlich Drachenköpfe ihrem Substrat 
aus der Perspektive ihrer Beute sind. Hier zeigte sich, dass Drachenköpfe einen geringen 
Farbkontrast, aber einen hohen Helligkeitskontrast zu ihren natürlichen Substraten haben. 

Zusammengefasst haben Drachenköpfe mehrere Strategien zur Tarnung in einer 
heterogenen Umgebung. Ich diskutiere wie diese Strategien zusammenwirken könnten und 
welche Bedeutung Farbe und Helligkeit des Hintergrunds für die Tarnung der Drachenköpfe 
haben. 
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Introduction 
 

In nature, deception of hetero- or conspecifics is widespread (Stevens 2016). Between 
heterospecifics, deception is most commonly used to increase foraging success or to 
avoid predation, making predation probably the strongest selective force driving the 
evolution of deceptive strategies (Stevens 2016; Pembury Smith and Ruxton 2020). 
Camouflage, as one example of deception, is meant to prevent the deceiver from 
being detected or recognized as itself by an observer, and can be achieved with a 
multitude of strategies (Endler 1981; Stevens and Merilaita 2009a). What camouflage 
strategies animals employ and how this is related to their ecology is a diverse field of 
research (see Cuthill 2019 for a recent summary). My work focusses on visual 
camouflage while there might be other senses and modalities mediating camouflage 
(Ruxton 2009). 

 

Camouflage in predators  

While a large body of literature deals with camouflage in prey (Duarte et al. 2017; 
Ruxton et al. 2019; Galloway et al. 2020; Moreno–Rueda 2020), camouflage in 
predators has received much less attention. Discussing camouflage of prey and 
predators separately can help to understand which camouflage strategies evolved 
under which constraints (Pembury Smith and Ruxton 2020). These can differ between 
prey and predators because predators need to get very close to their prey before they 
attack, while prey does not intend such proximity. Moreover, there might be differences 
in the visual systems of predator and prey. The observer’s visual system properties, 
such as spectral sensitivity and visual acuity, define how specific visual features are 
perceived. For instance, while the red coat of a tiger appears conspicuous to a human 
observer when seen in its natural, green-dominated habitat, tigers are well 
camouflaged for their prey that typically cannot distinguish between chromatic signals 
in the long wavelength range well (Fennell et al. 2019). This example shows how visual 
modelling of the prey visual perspective is essential to understand predator 
camouflage.  

While there are some studies on terrestrial predators (Théry and Casas 2002; Ings 
and Chittka 2009; Brechbühl et al. 2010; Loos et al. 2011; Pembury Smith and Ruxton 
2020), many camouflaged predators are aquatic. Since the light environment and 
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backgrounds of aquatic and terrestrial habitats differ considerably (Jerlov 1976; 
Johnsen 2014), different specializations are known (e.g. Johnsen 2001, 2014), and 
more can be expected. Several families of fishes are commonly considered to be 
strictly relying on their cryptic appearance to capture prey, including the Orectolobidae 
(Corrigan et al. 2008), Platycephalidae (Coulson et al. 2015) and Scorpaenidae 
(Greenwell et al. 2018). My thesis focusses on two species within the Scorpaenidae. 

 

Scorpionfish camouflage  

Scorpionfishes belong to the family Scorpaenidae and share an ambush predation 
style. They can be found in all tropical and temperate marine waters (Nelson et al. 
2016). Most species are strictly benthic, with the exception of the benthopelagic 
lionfishes. In the following, I will use the term ‘scorpionfish’ for benthic fishes within 
this family only. For their sit-and-wait hunting, scorpionfish settle on a substrate and 
remain motionless until prey is close enough to be caught with rapid suction feeding. 
The abundance of these and other cryptic, benthic fishes is underestimated, as they 
are easily overlooked during biodiversity surveys (Kruschel and Schultz 2012; De 
Brauwer et al. 2017; Brandl et al. 2018). This is reflected in a lack of knowledge about 
many aspects of their biology. For instance, little is known about scorpionfish ecology 
and behaviour. In the following, I will introduce camouflage strategies and address 
their diversity that is evident in benthic scorpionfishes to highlight the knowledge gap 
that forms the incentive for my research.  

Background matching and disruptive colouration 

To prevent being visually detected by other organisms, one way is to blend in with the 
background by matching its colour and pattern (Stevens and Merilaita 2009a). In fact, 
most animals are somewhat coloured like their environment to become inconspicuous. 
Many scorpionfishes seem to match not only colour, but also pattern of their 
background, i.e. the substrate (Figure 1A). Disruptive colouration on the other hand is 
characterized by high contrast markings that disrupt the body outline and shape, 
impeding detection or recognition of the fish (Figure 1B) (Stevens and Merilaita 
2009b). Here, only some parts of the body colouration need to be similar to the 
background to assure differential blending (Stevens and Merilaita 2009b). Disruptive 
patterns are therefore expected to be especially valuable in a heterogeneous 
environment, where background matching on a variety of substrates would be difficult 
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to achieve, and when backgrounds in themselves are complex (Cuthill et al. 2005; 
Phillips et al. 2017; Robledo-Ospina et al. 2017; Price et al. 2019).  

Figure 1: Examples of A) background matching (Scorpaenopsis cf. oxycephalus) and B) disruptive 
colouration (Scorpaenopsis cf. diabolus). Left: the original images, right: the same images with the 
rough fish outline highlighted in red and an arrow pointing at the eye. Photos taken by Leonie John. 

 

Phenotypic variation 
A fixed phenotype that is fine-tuned for background matching or disruptive colouration 
on a specific background can also bring challenges. Even when fish are concealed 
well, time and experience can help prey to form a search image that increases predator 
detection (Stevens et al. 2014; Galloway et al. 2020; Troscianko et al. 2021). A search 
image might be based on specific patterns or structures such as symmetrical patches 
that are similar between many individuals in a population of predators, but are not 
found in such regularity and frequency on the substrate. This process can favour 
negative frequency dependent selection, and promote phenotypic variation within a 
species, because variation can help to disrupt search image formation (Bond and 
Kamil 2002; Troscianko et al. 2021). Phenotypic variation seems common in 
scorpionfishes (personal observations, Figure 2, compare also Figure 1B and 6C), but 
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it remains unclear how much of the variation can be attributed to inter-individually 
varying, fixed phenotypes and how much is due to intra-individual colour change (John 
et al. 2023). It is also uncertain how different environments shape phenotypic variation 
between populations. 

Figure 2: Phenotypic variation in Scorpaena porcus. The two individuals show different patch sizes of 
their lateral pattern. Photos taken by Matteo Santon. 

Fluorescence
In water, longer wavelengths are absorbed faster than blue-green wavelengths, thus 
leading to a light environment with little or no red light with increasing depth (Jerlov 
1976; Meadows et al. 2014). However, many organisms on marine substrates 
fluoresce and therefore can display long wavelength colour despite its lack in the 
remaining sunlight. This is best known from algae and cnidarians (Salih et al. 2000; 
Mazel et al. 2003; Gruber et al. 2008; Michiels et al. 2008; Zawada and Mazel 2014).
Red fluorescence has been demonstrated to be prevalent in cryptic, benthic fishes 
(Michiels et al. 2008; Anthes et al. 2016), and is therefore proposed to be part of their 
camouflage (Sparks et al. 2014; Anthes et al. 2016). A survey by Anthes et al. (2016)
detected red fluorescence in almost all benthic fish families that were assessed, with 
the remarkable similarity that the red fluorescence in cryptic fishes such as 
scorpionfishes occurs in irregular patches across the body, and at least in some cases 
matches the fluorescent emission of chlorophyll typical for most substrates. 
Considering their benthic lifestyle, this seems like a perfect strategy to match the 
fluorescence of patchy algae on the substrate for these fishes and provide background 
matching, disruptive colouration or other camouflage at a depth where red reflectance 
is not possible (Figure 3). Although these observations are highly suggestive and the 
idea that red fluorescence could be important for camouflage at depth seem plausible, 
we lack experimental confirmation. 



- 9 -

Figure 3: Red fluorescence in a scorpionfish and its background. Scorpaenopsis diabolus photographed 
in around 20 m depth, through a filter that reduces blue light and emphasises red fluorescence of both 
the fish and the background. Left: the original image, right: the same image with the rough fish outline 
highlighted in white. Photo taken by Nico Michiels.

Outline disruption

Skin flaps and other dermal structures are a way to disrupt the body outline of a fish 
and therefore conceal the typical fish shape (Allen et al. 2015). Disruption of the body 
outline can also be achieved by disruptive markings found close to the edge of the 
body (Stevens and Merilaita 2009b). Both three-dimensional skin structure and 
disruptive markings at the edge of the body are common in scorpionfishes and 
therefore likely important for their camouflage (Figure 4).

Figure 4: Outline disruption in Rhinopias aphanes. A) Photograph of the fish (photo taken by Matteo 
Santon), B) the fish outline drawn with dermal flaps, C) the outline drawn without dermal flaps. The 
outline in C) makes it easy for a human observer to recognize a fish, while for the outline in B), the 
typical fish-shaped outline is disrupted.

Eye camouflage 

Eyes are arguably a conspicuous structure that draws attention through the dark 
colour and round shape of the pupil (Cott 1940). Not surprisingly, a whole suite of 
solutions for eye camouflage has evolved in fishes (Cott 1940; Neudecker 1989). For 
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instance, the round shape can be disrupted by altering pupil shape, often through eye 
covers or parts of the iris partially covering the pupil (Figure 5A) (Douglas et al. 2005; 
Mäthger et al. 2013; Youn et al. 2019). A different way to hide the round shape of eyes 
it to mask it with a colour pattern or with disruptive markings, known from many reef 
fishes (Marshall et al. 2019), and also found in scorpionfishes (Figure 5B). To alter 
colour of the pupil, scorpionfishes show two types of eyeshine (Fritsch et al. 2017b; 
Santon et al. 2018). Here, side-welling light that enters the eye is reflected by the 
retroreflective stratum argenteum. Additionally, down-welling light is transmitted into 
the eye through a translucent choroid and adds to the eyeshine. These two 
mechanisms turn the otherwise black pupil into a pale brown that has a low contrast 
to the surrounding tissue of the iris (Figure 5C) (Santon et al. 2018). This principle is 
assumed to be used for eye camouflage by several cryptic, benthic predators (Santon 
et al. 2018; Marshall et al. 2019).  

 

Figure 5: Eye camouflage in scorpionfishes. A) The round pupil shape is altered by a part of the iris 
extending onto the pupil (Scorpaenopsis cf. diabolus). B) Dark and light alternating markings on the iris 
disrupt the sharp-edged, round outline of the pupil (Scorpaena porcus). C) Eyeshine alters the colour 
of the pupil, which as a result is similar to the surrounding tissue (Scorpaenopsis cf. oxycephalus). 
Photos taken by Leonie John. 

 

Masquerade 

A type of camouflage that allows detection but prevents recognition of the fish is 
masquerade (Stevens and Merilaita 2009a). Here, the fish is perceived as an 
uninteresting object, for example a rock or algae. To date, it has been challenging to 
discern the function of a phenotype as masquerade. Only few studies can show direct 
evidence for animals to be camouflaged via masquerade, as the distinction between 
detection and recognition of an object can be difficult (Skelhorn et al. 2010; Skelhorn 
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2015). However, there are many animals that evidently look like regular objects in their 
environment (Skelhorn 2015). Among them are some scorpionfishes which show 
phenotypes that closely resemble algae or leaves (Figure 4 and 6A, B). Notably, most 
scorpionfishes seem to have some degree of masquerade, as they can usually be 
detected and still be misclassified as rocks and part of the substrate (Figure 6C, D). It 
is likely that in scorpionfishes, cryptic strategies such as background matching and 
disruptive colouration go hand-in-hand with masquerade as a second level strategy to 
prevent recognition when crypsis fails. While the success of background matching and 
disruptive colouration can rely on a specific colouration or pattern of the background, 
masquerade could allow a less background-dependent camouflage. Certainly, 
masquerade should be restricted to backgrounds on which the mimicked object can 
be found, but in the case of scorpionfishes, the overgrown rocks that they resemble 
can be found in almost every marine benthic microhabitat. Masquerade might have an 
increasing importance with increasing size of an animal, as for larger animals, it should 
be more difficult to remain undetected (Cuthill 2019). Therefore, masquerade might 
benefit scorpionfishes, as some species grow up to 50 cm (Eschmeyer and Dempster 
1990). However, the effect of body size on camouflage and the potentially differential 
use of camouflage strategies related to size remains largely unexplored (Cuthill 2019; 
Barnett et al. 2023).  

An interesting implication when thinking about masquerade employed by predators is 
that it could well function as a luring mechanism. In the specific case of scorpionfishes, 
it can be speculated that their appearance as a rock or something similar, potentially 
placed on a substrate that otherwise lacks three-dimensional structures (as seen e.g. 
in Figure 6C, D), might be attracting small animals seeking shelter (Skelhorn 2015). 
This could increase the fish’s prey capture success. 
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Figure 6: Examples of masquerade in A) Taenianotus triacanthus, B) Pteroidichthys amboinensis, C) 
Scorpaenopsis diabolus and D) Scorpaenopsis cf. oxycephalus. A, B) Both fishes show a phenotype 
that resembles algae or leaf-like structures. C, D) Both fishes are easily detected on the plain sand, but 
difficult to recognise as a fish. The fish in D) has a strong contrast to the background, but resembles a 
rock directly behind it. Photos taken by A, C) Leonie John, B) Matteo Santon, and D) Robin Kraft.

   

Behaviour 

Behavioural adaptations that improve camouflage can provide flexibility to adjust to 
different backgrounds (Stevens and Ruxton 2019). For instance, fish might employ 
behavioural preferences on which background they settle, or how they orient their
body. Background modification and partial burying or covering with substrate can be 
part of behavioural camouflage. While many scorpionfishes are partially covered with 
substrate and overgrown with epiphytes (Figure 6C), this is unlikely behavioural 
camouflage but rather a (probably beneficial) by-product of their motionless lifestyle 
and possibly promoted by their skin mucus chemistry (Millstein 1998). When a fish 
masquerades as an object that shows a particular movement, mimicking this 
movement can be part of behavioural camouflage as well. A characteristic swaying 
movement that resembles the movement of a dead leaf drifting in the water can be 
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observed in the leaf scorpionfish Taenianotus triacanthus (personal observation). 
However, movement is usually considered as a potential disruption of camouflage, as 
it can increase detectability of an object or organism (Ioannou and Krause 2009; 
Zylinski et al. 2009; Hall et al. 2013, 2017). Motionlessness is therefore a crucial part 
of scorpionfish camouflage. This is reflected in their ‘sit-and-wait’ predation strategy, 
where motion is restricted to the rapid attack of prey that is caught via suction feeding, 
and occasional relocation. Often, the only movement that can be detected from above 
when observing a scorpionfish sitting in ambush is the movement of their gill covers 
while breathing. Interestingly, while exhaling, water is directed out from the gills 
dorsocaudally (personal observation, Figure 7). A strategy where water is exclusively 
released dorsocaudally and not laterally potentially improves the scorpionfish’s 
motionless appearance, as even the water flow created while breathing would be 
redirected in such a way that prey approaching from the side cannot sense it and 
potentially see less movement of the gill openings from their position. It was shown 
that the Black Scorpionfish Scorpaena porcus can suppress cardiac and respiratory 
activity for up to 50 seconds after exposure to a sound stimulus (Kolesnikova et al. 
2021), potentially a mechanism adding to extreme motionlessness.  

Figure 7: Sequential photos (within one second) of a scorpionfish (Scorpaena maderensis) breathing, 
in top view. The white arrows (A, C) indicate the opening though which water is directed out from the 
gills. A) The opening is largest while gills are opened, B) water is released and directed upwards during 
exhaling, seen as a small vortex (white arrow) at the surface 5 cm above the fish, and C) the opening 
is closed when the fish inhales through the slightly opened mouth. Photos extracted from video taken 
by Leonie John. 

  

Camouflage in heterogeneous environments 

Typically, a given phenotype will allow camouflage on a specific type of background 
and be less effective on others (Merilaita et al. 1999). Therefore, background diversity 
in colour, pattern and texture can be a challenge for camouflaged animals when 
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navigating their natural environment. To maintain camouflage in such a 
heterogeneous environment with various microhabitats, different strategies might be 
employed, of which three are well established in camouflage research (Hughes et al. 
2019). The first strategy is that animals stay restricted to a specific background or a 
limited range of backgrounds on which they move, meaning that they need to actively 
choose the most suitable background (Stevens and Ruxton 2019). Flatfish and 
rockpool gobies were shown to preferentially settle on backgrounds that match their 
own body colouration or pattern (Tyrie et al. 2015; Smithers et al. 2018). Such a 
preference can promote camouflage via background matching, disruptive colouration, 
or more (Stevens and Ruxton 2019). Another potential strategy is to prefer 
backgrounds of high complexity. Visual complexity can depend on variation in colour, 
shape and edge orientation (Dimitrova and Merilaita 2010; Rowe et al. 2021). 
Background variation in colour can be beneficial for animals with a disruptive body 
colouration, because it increases the chance of differential blending. In general, a 
more complex background can enhance disruption (Cuthill et al. 2005; Phillips et al. 
2017; Price et al. 2019). Moreover, the more complex a background, the more visual 
information needs to be processed by an observer, which can increase the detection 
time of a target on the background (Merilaita 2003; Dimitrova and Merilaita 2010, 2012; 
Xiao and Cuthill 2016; Nokelainen et al. 2019). This strategy can even compensate 
for poor camouflage (Rowe et al. 2021). A study on the least killifish shows that 
complexity of the background can be an important cue for fish to choose a background, 
however choice also depends on predation risk and sex (Kjernsmo and Merilaita 
2012). Regardless of what visual cues are driving background choice, there needs to 
be some kind of active and continuous assessment of available backgrounds while 
moving, making background choice for camouflage a dynamic strategy. Moreover, 
preferred backgrounds need to be frequent enough, which highlights how a 
background preference can limit the animal’s ability to use new microhabitats for 
foraging or other purposes, and the ability to deal with possible environmental changes 
(Caro et al. 2016).  

Second, animals can dynamically change their appearance by changing their body 
colour and pattern to adjust to different substrates (Duarte et al. 2017). Here, colour 
change can be mediated by different morphological or physiological mechanisms, 
which also define how fast the changes happen. Slow (morphological) colour change, 
over several hours up to months, underlies the formation and loss of pigment cells in 
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the skin, the chromatophores, or the change in amount of pigments they hold (Nilsson 
Sköld et al. 2016). Rapid (physiological) colour change on the other hand happens 
within minutes or even a few seconds and is regulated by the movement of pigment 
organelles within chromatophores (Nilsson Sköld et al. 2016). Rapid colour change for 
camouflage was shown in several terrestrial animals but also some fish species such 
as flatfishes (reviewed in Wuthrich et al., 2022). Different flatfish species were shown 
to change average body colouration in response to background colouration, where the 
tropical flounder Bothus ocellatus only takes 2-8 seconds to achieve this change 
(Ramachandran et al. 1996). Moreover, flatfish colour change can include changes of 
body pattern in response to background pattern, especially background granularity 
(Ramachandran et al. 1996; Kelman et al. 2006; Tyrie et al. 2015; Akkaynak et al. 
2017). This pattern change can involve the variable combination of up to six pattern 
components (Ramachandran et al. 1996). Other fishes like the Nassau grouper, the 
slender filefish and the rockpool goby can rapidly switch between two to three body 
patterns (Watson et al. 2014; Allen et al. 2015; Smithers et al. 2017). There is some 
limited knowledge on colour change in the order Scorpaeniformes. The northern sand 
flathead and the Coastrange sculpin have been shown to change colour, while the 
studies were limited to longer durations and therefore did not quantify the rapid colour 
change abilities of these fishes (Douglas and Lanzing 1981; Whiteley et al. 2009), 
although anecdotally at least in the flathead, the observed change seems to be rapid 
(Douglas and Lanzing 1981).  

Third, animals can have a generalist phenotype that allows camouflage on multiple 
substrates (Nokelainen et al. 2019; Briolat et al. 2021). A fixed generalist phenotype 
could therefore compensate the need to dynamically adjust to backgrounds or choose 
backgrounds. A generalist body colouration typically offers reasonable camouflage on 
most substrates in the natural environment but comes with the cost that on few or no 
substrates, the animal will be camouflaged perfectly (Hughes et al. 2019). Whether a 
generalist or a specialist camouflage strategy is more beneficial depends strongly on 
background composition, background availability, and predation risk or prey 
availability associated to the backgrounds (Merilaita et al. 1999). For instance, in a 
heterogeneous environment, the efficiency of a generalist strategy should have an 
inverse relationship to the degree of variation between the backgrounds. While there 
seem to be no studies that quantify a generalist body colouration in fishes, many fishes 
likely show this adaptation for camouflage.  
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In contrast to the two previous strategies, the generalist body colouration does not 
require dynamic assessment and response to different backgrounds. Instead, it allows 
animals to move freely in their environment. However, in nature, even a generalist 
colouration will not be matching all backgrounds that can be present in the natural 
environment. Therefore, a generalist body colouration alone might not be sufficient for 
animals to camouflage and should come with at least some degree of background 
choice or possible adjustment to different backgrounds. It is therefore likely that 
several strategies are interacting and employed at the same time (Caro et al. 2016), 
or can be employed depending on background properties and frequency, and 
ecological or social context (Kjernsmo and Merilaita 2012; Encel and Ward 2021). 
However, most studies on this topic test single strategies for a study organism and the 
interplay and relative importance of the strategies under certain conditions is therefore 
poorly understood (but see Magellan & Swartz, 2013; Smithers et al., 2017, 2018). 
When considering literature and observations of scorpionfishes, it becomes evident 
that these fishes likely show several of the three introduced strategies. My research 
explores these strategies in the two scorpionfish species Scorpaena maderensis and 
Scorpaena porcus.  

 

Model species 

The Madeira rockfish Scorpaena maderensis and the black scorpionfish Scorpaena 

porcus (Figure 8) are species within the Scorpaenidae that, to the human eye, are well 
camouflaged in their natural environment. Both species are ambush predators that sit 
motionlessly between rocks or algae on natural hard substrates and occur mainly 
above 30-40 m (Louisy 2002; Neumann and Paulus 2005). They are generalists that 
feed on a variety of small fishes and invertebrates. Both species can be found along 
the North Eastern Atlantic coast. While S. porcus is common throughout the 
Mediterranean Sea (Whitehead et al. 1984), S. maderensis is common along the 
northwestern African coast and only in specific areas in the Mediterranean, 
predominantly the southern Mediterranean (La Mesa et al. 2005). The visual system 
of S. porcus is characterized by single cones with average sensitivity peaking at 455 
nm and double cones with average sensitivity peaking at 530 nm (Govardovskii and 
Zueva 1988; Schweikert et al. 2018), and unknown visual acuity. Visual system 



- 17 -

properties of S. maderensis are unknown, but closely related species with a similar 
ecology often share similar properties (Caves et al. 2018; Schweikert et al. 2018). 

Figure 8: A) Scorpaena maderensis and B) Scorpaena porcus photographed in their natural 
environment. Photos taken by Leonie John.

Two prey fishes that occur in the geographic range of these two scorpionfish species 
are the black-faced triplefin Tripterygion delaisi and the two-spotted goby 
Pomatoschistus flavescens. T. delaisi is a small cryptobenthic fish that can be found 
on hard substrates. Its visual system is characterized by single cones with average 
peak sensitivity at 468 nm, and double cones with average sensitivity peaking at 517 
and 530 nm (Bitton et al. 2017), and a visual acuity of 7 cycles per degree (Fritsch et 
al. 2017a). P. flavescens is a benthopelagic species and has single and double cones 
with peak sensitivity at 456, 531 and 553 nm (Utne-Palm and Bowmaker 2006). Visual 
acuity for gobies can be estimated with 2.36 cycles per degree (Pierotti et al. 2020).
The two observers probably differ in their ability to distinguish chromatic signals in the 
long wavelengths, as P. flavescens’ long-wavelength cone sensitivity is peaking at a 
longer wavelength compared to T. delaisi.
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Objectives 

 

My research aims to empirically test potential camouflage strategies in scorpionfish, 
specifically in the two species Scorpaena maderensis and Scorpaena porcus. Here, I 
focussed on the question how scorpionfish can camouflage in a heterogeneous 
environment. By quantifying the physiological response of the scorpionfish on different 
backgrounds, I tested whether scorpionfish can dynamically change their body 
colouration (chapter 1), including body pattern (chapter 2). In a behavioural 
experiment, I tested whether scorpionfish show active background choice that 
facilitates camouflage (chapter 3). Additionally, I quantified how well scorpionfish body 
colouration matches their natural substrates to understand whether they have a 
generalist body colouration (chapter 3). Whenever assessing colouration or 
camouflage of scorpionfish, I used visual modelling to account for prey fish vision. The 
objective of these studies was to allow a first assessment of camouflage strategies we 
can find evidence for in these fishes. This work can thus hopefully provide a basis for 
further camouflage research on scorpionfish, including the assessment of established 
and the finding of novel camouflage strategies. This is important for two main reasons: 
camouflage research in predators is rare compared to research in prey, and 
scorpionfish represent an excellent group to study camouflage in predators. Moreover, 
scorpionfish ecology and behaviour are understudied to date, even though these 
fishes are an important part of marine benthic communities.  
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Chapter 1 – Scorpionfish rapidly change colour in response to their 
background

Related publication

John, L., Santon, M., & Michiels, N. K. (2023). Scorpionfish rapidly change colour in 
response to their background. Frontiers in Zoology, 20, 10.

Visual summary
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Summary 

Here, we aimed to understand whether the two scorpionfishes Scorpaena maderensis 
and S. porcus change their body colouration to adjust to different backgrounds. In a 
repeated measures design, we placed scorpionfish on three artificial backgrounds and 
quantified changes in their body luminance and hue as perceived by two potential prey 
fishes, the triplefin Tripterygion delaisi and the goby Pomatoschistus flavescens. Since 
both scorpionfish species are also red fluorescent, we additionally quantified their 
display of red fluorescence on the different backgrounds. The three artificial 
backgrounds all differed in perceived luminance, where the darkest and lightest 
backgrounds were grey, but the intermediate background was orange. We proposed 
that scorpionfish would change their body colouration and become darker or lighter 
corresponding to luminance of the background, and shift their hue towards longer 
wavelengths on the orange background compared to the grey backgrounds, as this 
would facilitate background matching. We proposed that the display of red 
fluorescence should be linked to hue, meaning more red fluorescence should be 
displayed on the medium/orange background. Scorpionfish were placed on all three 
backgrounds in a randomised repeated measures design. We took standardised 
images with a calibrated camera in top view after one and five minutes that 
scorpionfish were placed on a background to document changes in body colouration. 
These images were then processed using the MICA toolbox  (Troscianko and Stevens 
2015; van den Berg et al. 2020) to extract scorpionfish luminance and hue as 
perceived by their prey. We measured display of red fluorescence from additional 
fluorescence photos that were taken after five minutes. We then analysed statistically 
whether these variables differed depending on what background scorpionfish were 
placed on. Moreover, we calculated achromatic and chromatic contrast of scorpionfish 
body colouration to their background to assess background matching. Because 
scorpionfish changed quicker than initially expected, we additionally measured 
luminance change at a higher temporal resolution in a second experiment. 

Results and discussion  

For both scorpionfish species, body luminance and hue as perceived by their prey 
differed depending on the background (Figure 9). Luminance was adjusted on all three 
backgrounds. About 50 % of the total luminance change observed after one minute 
was achieved very rapidly, in five to ten seconds. Hue was shifted towards longer 
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wavelengths on the medium/orange background, compared to both grey backgrounds. 
These results indicate that scorpionfish adjusted their body colouration to improve their 
camouflage and reduce contrast to the background. Looking at achromatic and 
chromatic contrast of scorpionfish to the backgrounds, however, revealed a poor 
background match in all cases. This shows how the exposure to artificial backgrounds 
can induce a physiological response while it probably does not allow the camouflage 
effect that scorpionfish would achieve in nature. Especially the high achromatic 
contrast to the dark/grey and light/grey backgrounds suggests that in their natural 
environment, scorpionfish should avoid such backgrounds when pursuing optimal 
camouflage (Stevens and Ruxton 2019), or show a camouflage strategy other than 
background matching (Cuthill et al. 2005; Stevens and Merilaita 2009b). We explored 
this idea further in chapter 3. Moreover, changes in luminance were stronger than 
changes in hue (as indicated by a higher effect size for luminance change). This finding 
suggests that scorpionfish are either better at dynamically changing luminance than 
(the tested) hue or that achromatic cues are more important than chromatic cues while 
adjusting to backgrounds. 

Chromatic contrast differed considerably depending on which prey fish vision was 
modelled. While colour of scorpionfish and background were similar from triplefin 
visual perspective, they were clearly distinguishable from goby visual perspective. 
These results illustrate the need to consider the visual system properties of naturally 
relevant observers and show that camouflage will oftentimes not work equally well for 
all observers (Fennell et al. 2019). 

While scorpionfish hue was more long-wavelength-shifted on the medium/orange 
background compared to the grey backgrounds, their luminance and their red 
fluorescence display was highest on the light/grey background and intermediate on 
the medium/orange background. These patterns suggest that luminance and hue are 
regulated by two different types of chromatophores (Nilsson Sköld et al. 2013, 2016) 
and that red fluorescence display is related to scorpionfish luminance (Wucherer and 
Michiels 2014). This contradicts our hypothesis that red fluorescence is related to hue 
regulation of the fish, but does not exclude the possibility that red fluorescence could 
be important for the scorpionfish’s camouflage.  
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Figure 9: Scorpionfish change luminance and hue change across backgrounds. Scorpionfish 
luminance (A, B) and hue (C, D) from Tripterygion delaisi (A, C) and Pomatoschistus flavescens (B, D) 
visual perspective. S. m. = Scorpaena maderensis, S. p. = S. porcus. Each point represents a 
measurement for each individual scorpionfish (N = 24 S. maderensis, N = 18 S. porcus) averaged over 
the two time points (after one and five minutes adaptation time to the backgrounds). Markers with 
vertical bars represent predicted mean and 95% compatibility intervals (CIs) based on generalised 
linear mixed models (see John et al. 2023, Appendix A for details). The strength of the difference 
between two groups increases with decreasing degree of overlap of their 95% CIs.
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Chapter 2 - Scorpionfish adjust skin pattern contrast on different backgrounds

Related manuscript

John, L., Santon, M., & Michiels, N. K. (2024). Scorpionfish adjust skin pattern 
contrast on different backgrounds. Ecology and Evolution, 14:e11124.

Visual summary
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Summary 

Here, we tested whether the two scorpionfishes Scorpaena maderensis and S. porcus 
change their body pattern in response to background pattern. After an acclimation on 
a uniform grey background, in a repeated measures design, we placed scorpionfish 
on three experimental black-and-white backgrounds that differed in their pattern patch 
size. All backgrounds had the same average luminance and contrast as perceived by 
the scorpionfish. The background with intermediate patch size was designed to have 
average patch size of scorpionfish pattern as measured in a previous study (John et 
al. 2023). We predicted that scorpionfish would decrease their own patch size on the 
background with smaller patch size and increase their own patch size on the 
background with larger patch size. Comparing scorpionfish body colouration between 
the acclimation and the black-and-white backgrounds, we predicted that fish would 
increase their internal pattern contrast. This could mediate disruptive colouration 
(Stevens and Merilaita 2009b), a beneficial strategy on complex backgrounds (Price 
et al. 2019) such as our high contrasting experimental backgrounds. We took 
standardised images with a calibrated camera in top view after one minute that 
scorpionfish were placed on a background to document changes in body pattern. 
These images were then processed using the MICA toolbox (Troscianko and Stevens 
2015; van den Berg et al. 2020) to extract scorpionfish pattern as perceived by their 
prey fish Tripterygion delaisi. To analyse scorpionfish pattern, we used two 
approaches: the pattern energy analysis (Stoddard and Stevens 2010) and the 
Quantitative Colour Pattern Analysis (QCPA) (van den Berg et al. 2020). These 
allowed us to extract the dominant (i.e. most contrasting) patch size, the average patch 
size and internal pattern contrast as three parameters describing scorpionfish pattern. 
We then analysed statistically whether these parameters differed depending on which 
experimental background scorpionfish were placed on, and whether internal pattern 
contrast differed between the acclimation and the first experimental background.  

Results and discussion 

Scorpionfish did not change size of their most contrasting pattern components (Figure 
10, shape of curve does not differ between backgrounds) but showed changes in 
average patch size, mainly between the medium and large patch size backgrounds. 
Moreover, their internal pattern contrast was increased on the background with 
medium compared to large patch size. An increase of internal pattern contrast was 
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also evident when comparing the acclimation to the first experimental background that 
an individual was placed on, regardless of patch size of that background (Figure 10, 
lower mean pattern energy on acclimation for all pattern size bins).

Figure 10: Scorpionfish pattern on different backgrounds. Pattern energy spectra (pattern energy 
for each patch size) of Scorpaena maderensis and S. porcus body pattern on the acclimation (uniform) 
and the three experimental backgrounds. Dashed vertical lines indicate the most contrasting patch size 
of the experimental background pattern (small: x = 12, medium: x = 32, large: x = 87). The solid lines 
indicate mean pattern energy over all individuals with standard deviation outlined as the dotted lines. 
Pattern energy is defined as the standard deviation of the luminance channel’s cone catches of the 
filtered pixels and gives an indication of contrast. The x-axis describes pattern size in pixels and refers 
to pattern size bins that were used to filter the images. The shape of the curve shows which patch size 
is most contrasting (peak of curve), the area under the curve indicates how contrasting the fish are 
overall. 

Concerning the most contrasting patch size, scorpionfish seem to have a fixed pattern. 
Therefore, they do not seem to follow the strategy of pattern matching to adjust to 
differently patterned backgrounds. Instead, the upregulation of internal contrast on the 
experimental backgrounds suggests that scorpionfish rather employ colour change to 
increase disruptive colouration on highly contrasting and complex backgrounds. 
Average patch size and internal contrast are closely related because an increase in 
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contrast can create new boundaries within the fish pattern and thereby define new, 
smaller patches. It is therefore likely that the changes observed in average patch size 
are a by-product of contrast adjustment. We propose that this is the case rather than 
vice versa because average patch size probably contributes less to camouflage 
performance, as pattern is mainly defined by the most contrasting and thus most 
salient patch size (Stoddard and Stevens 2010). Instead, contrast regulation 
contributes to camouflage by mediating disruptive colouration (Stevens and Merilaita 
2009b) and intensifying most contrasting patch size, and is therefore likely regulated 
as a response to the backgrounds.  

An additional observation in this dataset was that while average values of pattern 
patch size between species were similar, the variation in the raw data differed. Higher 
interindividual variation in patch size in S. porcus compared to S. maderensis indicates 
higher phenotypic variation in this species and suggests the possibility of differential 
use of camouflage strategies between species. However, such effects could also stem 
from differential genetic variation between the species or the local populations. In 
general, scorpionfish pattern is heterogeneous, meaning fish display not only patches 
of a given size but of different size over their whole body (Figure 10, spectra have a 
plateau from ~20 to 40 pixels). This could function as a generalist body pattern that 
aids camouflage on multiple backgrounds, reducing the need to modulate body pattern 
(Merilaita et al. 1999; Briolat et al. 2021), a strategy known from animals found on 
highly complex and heterogeneous backgrounds (Hughes et al. 2019; Nokelainen et 
al. 2019). 
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Chapter 3 - Generalist camouflage and background choice in scorpionfish

Related manuscript

John, L., Santon, M., & Michiels, N. K. Generalist camouflage and background choice 
in scorpionfish. In preparation.

Visual summary



- 28 - 
 

Summary 

Here, we aimed to understand whether the two scorpionfishes Scorpaena maderensis 
and S. porcus have a generalist body colouration on their natural backgrounds and 
whether they show an active background choice to facilitate camouflage. We took 
standardised photographs of natural substrates in the scorpionfish’s habitat and 
calculated chromatic and achromatic contrast of average scorpionfish body 
colouration (data generated in chapter 2) against the substrates, from the visual 
perspective of the two prey fishes Tripterygion delaisi and Pomatoschistus flavescens. 
In a behavioural experiment, we tested scorpionfish preferences for backgrounds 
differing in perceived luminance. For this purpose, scorpionfish were placed in arenas 
with two different backgrounds that they could choose between, and were video-
recorded for 10 minutes. We predicted that scorpionfish would prefer to settle on the 
background that would be most similar to their own average body colouration, a 
strategy to facilitate background matching (Stevens and Ruxton 2019). We also used 
calibrated photography to document scorpionfish body colouration after the 
experiment, to relate body colouration parameters to their choice. In the same 
experimental setup, we additionally tested scorpionfish preferences for backgrounds 
differing in their degree of complexity. We predicted that scorpionfish would prefer to 
settle on the more complex background to enhance camouflage (Kjernsmo and 
Merilaita 2012).  

Results and discussion 

Scorpionfish had low chromatic contrast on a range of natural substrates, but high 
achromatic contrast that would reveal them to their prey (Table 1). However, we 
calculated these contrasts with body colouration data of scorpionfish adjusted to a 
background of intermediate perceived luminance. Scorpionfish can become more dark 
or light (John et al. 2023) and it is likely that they would have adjusted to the natural 
substrates accordingly, possibly lowering achromatic contrast. The low chromatic 
contrast instead shows that even without adjustment, scorpionfish have a reasonable 
chromatic background match to natural substrates that could reduce their need to 
choose backgrounds based on chromatic cues.  
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Table 1: Scorpionfish have low chromatic contrast on natural substrates. Chromatic and 
achromatic contrast of average scorpionfish body colouration against different natural substrates in Just 
Noticeable Differences, as perceived by their prey fish Tripterygion delaisi. Contrasts are based on 
model estimates. Highlighted are values with compatibility intervals that include one JND (dark grey) 
and three JND (light grey), where one JND is the detection threshold under optimal viewing conditions 
and three JND is a more conservative detection threshold that can be assumed for natural conditions 
(Siddiqi et al. 2004). See John et al. in prep., Appendix C, Table 3 for extended table. 

 Chromatic contrast Achromatic contrast 
 S. maderensis S. porcus S. maderensis S. porcus 

Rubble and sand  1.09 0.93 10.42 9.07 
Seagrass leaves  1.17 1.02 12.76 11.40 

Turf algae  2.19 1.98 10.49 11.00 
Red sponge  3.91 3.68 17.84 14.23 
Yellow algae  3.85 3.62 9.44 6.85 

Seagrass stems 7.03 6.78 17.75 14.54 
 

Therefore, we decided to use only achromatic backgrounds in the background choice 
experiments. Against our prediction, scorpionfish did not show a preference for the 
background that was most similar to their own average body luminance. Instead, they 
preferred the darkest background, accepting a high achromatic contrast to the 
background as a consequence. One explanation for this behaviour could be that 
scorpionfish, like many other fishes (Bradner and McRobert 2001; Kjernsmo and 
Merilaita 2012; Smithers et al. 2018), have a preference for dark backgrounds, 
potentially because they indicate shelter and scorpionfish were attempting to hide 
when placed in the new environment. On the other hand, we need to consider that 
scorpionfish body colouration and its function for camouflage might be more complex. 
We offered scorpionfish a background that was close to their average body luminance, 
based on the assumption that scorpionfish would choose according to what 
background would offer the best background match. However, scorpionfish have a 
complex pattern with contrasting patches of different luminance. When calculating 
achromatic contrast to the preferred background using luminance of single patches 
within the body pattern instead of using average body luminance, we can see that the 
lowest contrast is found between dark patches and the dark background (Figure 11). 
Scorpionfish adjusted the luminance or their dark patches in relation to the chosen 
background, potentially improving differential blending and increasing internal pattern 
contrast (see John et al. in prep., Appendix C, Figure 4), both factors that enhance 
disruptive colouration (Stevens and Merilaita 2009b).   
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Figure 11: Distinct patches of scorpionfish body colouration match different backgrounds. 
Achromatic contrast as Just Noticeable Differences (JND) of two distinct patches of scorpionfish body 
colouration against their preferred background in the luminance experiment as perceived by 
Tripterygion delaisi. The dashed lines indicate one and three JND, where one JND is the detection 
threshold under optimal viewing conditions and three JND is a more conservative detection threshold 
that can be assumed for natural conditions (Siddiqi et al. 2004). Colour and shape of the markers 
indicate the body colouration patch. Grey points represent contrast per individual (n = 23 Scorpaena 

maderensis, n = 22 S. porcus tested in the luminance experiment in three choice treatments, cases 
where the light background was preferred were excluded here because of the low number of individuals 
that showed this preference). Markers with vertical bars represent predicted medians and 95% 
compatibility intervals (CIs) based on a generalised linear mixed model (see John et al. in prep., 
Appendix C for details). The strength of the difference between two groups increases with decreasing 
degree of overlap of their 95% CIs. 

When confronted with backgrounds of varying degrees of complexity, fish chose 
randomly. The lack of a preference for a more complex background could either 
indicate that fish do not follow this camouflage strategy, or that they did not respond 
to our artificial backgrounds as we expected, potentially because we did not create 
complexity in a way that it is found in nature (Dimitrova and Merilaita 2010; Rowe et 
al. 2021).  
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Conclusion  

 

Final remarks and limitations 

The combined results from my studies on Scorpaena maderensis and Scorpaena 

porcus draw a conclusive picture of how these fishes camouflage in heterogeneous 
environments. By assessing body colouration and camouflage from the prey’s visual 
perspective, I can show that the strategies employed might be beneficial for the 
scorpionfish to hide from their prey. Both species perform colour and pattern change, 
background choice, and have a generalist body colouration. This demonstrates how 
we need to consider that well camouflaged animals will usually employ multiple 
strategies to maintain camouflage in their oftentimes heterogeneous environments.  

How is dynamic camouflage regulated? 

There are indications that achromatic cues in the background are more strongly driving 
scorpionfish adjustment to the backgrounds than chromatic cues (John et al. 2023, 
John et al. in prep.). Moreover, changes in scorpionfish body luminance relate to 
changes in their internal pattern contrast, which emphasises the importance of 
luminance change to regulate camouflage strategies in these animals (John et al. 
2024; John et al. in prep.). Achromatic cues are also driving background choice in the 
tested species (John et al. in prep.). Low variation in perceived colour of natural 
substrates but high variation in perceived luminance could explain the role of 
background luminance as a pivotal factor regulating dynamic camouflage strategies in 
scorpionfish. This idea is supported by the finding that scorpionfish seem to have low 
chromatic contrast on many natural backgrounds, potentially mitigating the need to 
assess chromatic cues to perform dynamic camouflage strategies (John et al. in 
prep.). However, teasing apart achromatic and chromatic vision is controversial 
(Caves et al. 2019). Research on different animals suggests that achromatic and 
chromatic vision are mediated by different pathways, as different cones are 
responsible for either (Olsson et al. 2018). Yet, there is evidence for the crossing and 
interaction of these two pathways, especially when we assess colour perception 
behaviourally (Caves et al. 2019). It is therefore critical to emphasise here that in their 
natural environment, scorpionfish likely will respond to an interaction of achromatic 
and chromatic cues. Notably, this argumentation is entirely based on the assumption 
that scorpionfish use only vision to assess their environment and respond accordingly. 
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However, recent evidence suggests that colour change in fishes could also be driven 
by light-sensitive skin cells (Kingston and Cronin 2016; Schweikert et al. 2023). Such 
dermal photoreceptors could offer an assessment of the background independently of 
vision (Mäthger et al. 2010; Kingston et al. 2015). The mechanism described by 
Schweikert et al. (2023) moreover indicates that dermal photoreceptors can respond 
to the state of chromatophores, which could be integrated as a feedback system to 
improve background matching. Such a feedback system could allow fine-tuned 
adjustment to backgrounds of different perceived luminance. A mechanism like this 
could explain the gradual luminance changes observed in scorpionfish (John et al. 
2023). It is possible that both vision and dermal photoreception are involved in 
scorpionfish colour change. A contribution of dermal photoreception could help explain 
the importance of achromatic cues mediating change, as such a system would not 
provide colour discrimination (Schweikert et al. 2023).  

Disruptive colouration 

While understanding the importance of disruptive colouration for scorpionfish was not 
initially a focus of my research, I repeatedly found indications that this is one of their 
essential camouflage strategies. Maximum disruptive contrast and differential 
blending are the two core principles in disruptive colouration (Stevens and Merilaita 
2009b). Colour change in the two species therefore directly influences disruptive 
colouration by altering internal pattern contrast (John et al. in prep.). Scorpionfish 
moreover preferred backgrounds that offered lowest contrast to individual patches 
within their pattern instead of their average colouration (John et al. in prep.). This 
indicates that differential blending and thus disruptive colouration is preferred over 
background matching under certain conditions, showing how scorpionfish can flexibly 
switch between camouflage strategies. These findings highlight the conclusion that 
the two scorpionfish species are generalists that can camouflage on a variety of 
backgrounds (Price et al. 2019).  

Natural observers 

Visual modelling is an essential part of understanding camouflage in the correct 
ecological context. While both scorpionfish species prey on small fishes and 
invertebrates, I only modelled prey fish vision. Many small marine invertebrates such 
as cleaner shrimp have monochromatic vision and lower visual acuity than the two 
prey fishes (Caves et al. 2016). However, my studies involved either understanding 
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how chromatic vision impacts camouflage (chapter 1 and 3) or how pattern is 
perceived, which needs a certain level of visual acuity (chapter 2), and I therefore 
neglected monochromatic, low acuity vision. However, it is possible that such different 
visual system properties reveal new functions of scorpionfish colouration and could 
therefore be incorporated into future studies. Eventually, testing predation success 
would be necessary to fully understand the function of camouflage strategies in regard 
to the natural observers.  

Comparing two species 

All empirical tests were done with two closely related species of scorpionfish, which 
allowed understanding whether the observed strategies were species-specific. Finding 
differences between these species would be highly interesting because it could link to 
differences in their ecologies. The two species are found in the same habitat, but it is 
uncertain whether they show the same microhabitat use. Personal observations during 
the specimen collection in my studies allow a first suggestion that S. maderensis might 
have a more limited microhabitat use than S. porcus. This was however not reflected 
in differences in their camouflage, as the species’ overall responses were similar and 
led to the same conclusions for both species. This confirms that colour and pattern 
change, as well as a preference to settle on dark backgrounds are camouflage 
strategies that did not evolve on species level. Indeed, it is likely that many more 
scorpionfish species show these strategies, as indicated by several personal 
observations of various scorpionfishes in the field.  

 

Outlook 

There are many points touched upon in my thesis that remain uncertain to date and 
that I want to highlight as possible future research directions.  

Directly related to my study species, one camouflage strategy is of particular interest. 
The observation that one species might have a higher intraspecific diversity in body 
pattern than the other (John et al. 2024) should be followed up on in more detail. The 
concept of phenotypic variation for camouflage is known, but often studied only 
theoretically by using computer animations (Bond and Kamil 2002; Troscianko et al. 
2021). Here, a negative frequency dependent selection of common phenotypes can 
be confirmed. However, studying this phenomenon in a natural population to 
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understand its effect for camouflage needs to involve multiple populations or even 
species that have a different degree of phenotypic variation as a control group. S. 

maderensis and S. porcus potentially show such a difference but are known to 
otherwise employ similar camouflage strategies (John et al. 2023; John et al. 2024; 
John et al. in prep.). Therefore, they could be an interesting system to study phenotypic 
variation and its effect on predation success in nature. Moreover, finding differences 
between how closely related species camouflage can be important to understand how 
these differences relate to differences in ecology and microhabitat use. For instance, 
populations or species with higher phenotypic variation could have a broader range of 
prey because prey that can form a search image can better avoid individuals from 
populations or species with low phenotypic variation.  

Aside from this specific example, scorpionfishes are generally a well-suited group to 
better understand how camouflage strategies evolved in relation to ecological factors. 
From observations alone, it seems as if there are camouflage strategies that are 
present in most scorpionfish species, but also strategies that single species display, 
or that seem to have evolved several times independently. An intriguing example of 
this would be the evolution of masquerade. Examples of specialized masquerade can 
be found in species of different genera within the scorpionfishes (e.g. Taenianotus 

triacanthus and Pteroidichthys amboinensis) (Smith et al. 2018). This could allow 
using phylogenetic studies in combination with assessment of ecology to understand 
what factors promote the evolution of such a specific camouflage strategy.  

Such studies could also offer a better understanding of how species rely on specific 
ecological factors or microhabitats for their camouflage to work. In the light of current 
benthic habitat degradation in marine environments (Harris 2020), it is important to 
know what microhabitats are vital for certain species that rely on camouflage for 
survival. Moreover, comparing microhabitat use in relation to camouflage could reveal 
which species will be more or less affected by changing microhabitats, and how this 
might affect species composition. Changes in species composition in benthic 
communities can have extensive consequences for the whole ecosystem (Depczynski 
and Bellwood 2003; Bellwood et al. 2006; Brandl et al. 2019).  

Scorpionfishes are a family of predatory fishes that are all well camouflaged and 
therefore would be an excellent group to study the relevance of their predatory lifestyle 
on the evolution of camouflage. While camouflage is a research topic traditionally 
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focussing on camouflaged prey, it is evident that studying camouflaged predators can 
help understand how camouflage is related to lifestyle and specifically predation 
strategy (Pembury Smith and Ruxton 2020). For instance, the evolution of 
mechanisms to enhance complete motionlessness, for which we can find evidence in 
the scorpionfishes, would be especially beneficial for sit-and-wait predators.  

Eventually, by empirically testing camouflage strategies of the two scorpionfish 
species S. maderensis and S. porcus, this work creates a basis for further research in 
this direction and contributes to a better understanding of the ecology of these fishes, 
an important part of the Mediterranean marine benthic community.  
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of i nt er m e di at e l u mi n a n c e. S c or pi o n fis h w er e pl a c e d o n all t hr e e b a c k gr o u n ds i n a r a n d o mis e d r e p e at e d m e as ur es 
d esi g n. W e d o c u m e nt e d c h a n g es i n s c or pi o n fis h l u mi n a n c e a n d h u e wit h i m a g e a n al ysis a n d c al c ul at e d c o ntr ast t o 
t h e b a c k gr o u n ds. C h a n g es w er e q u a nti fi e d fr o m t h e vis u al p ers p e cti v e of t w o p ot e nti al pr e y fis h es, t h e tri pl e fi n Tri p-
t er y gi o n d el aisi a n d t h e g o b y P o m at os c hist us fl a v es c e ns . A d diti o n all y, w e m e as ur e d c h a n g es i n t h e ar e a of s c or pi o n fis h 
r e d fl u or es c e n c e. B e c a us e s c or pi o n fis h c h a n g e d q ui c k er t h a n i niti all y e x p e ct e d, w e m e as ur e d l u mi n a n c e c h a n g e at a 
hi g h er t e m p or al r es ol uti o n i n a s e c o n d e x p eri m e nt.

R e s ult s B ot h s c or pi o n fis h s p e ci es r a pi dl y a dj ust e d l u mi n a n c e a n d h u e i n r es p o ns e t o a c h a n g e of b a c k gr o u n d. Fr o m 
pr e y vis u al p ers p e cti v e, s c or pi o n fis h es’ b o d y a c hr o m ati c a n d c hr o m ati c c o ntr asts a g ai nst t h e b a c k gr o u n d w er e hi g h, 
i n di c ati n g i m p erf e ct b a c k gr o u n d m at c hi n g. C hr o m ati c c o ntr asts di ff er e d c o nsi d er a bl y b et w e e n t h e t w o o bs er v er 
s p e ci es, hi g hli g hti n g t h e i m p ort a n c e of c h o osi n g n at ur al o bs er v ers wit h c ar e w h e n st u d yi n g c a m o u fl a g e. S c or pi o n-
fis h dis pl a y e d l ar g er ar e as of r e d fl u or es c e n c e wit h i n cr e asi n g l u mi n a n c e of t h e b a c k gr o u n d. Wit h t h e s e c o n d e x p eri-
m e nt, w e s h o w e d t h at a b o ut 5 0 % of t h e t ot al l u mi n a n c e c h a n g e o bs er v e d aft er o n e mi n ut e is a c hi e v e d v er y r a pi dl y, 
i n fi v e t o t e n s e c o n ds.

C o n cl u si o n B ot h s c or pi o n fis h s p e ci es c h a n g e b o d y l u mi n a n c e a n d h u e i n r es p o ns e t o di ff er e nt b a c k gr o u n ds wit hi n 
s e c o n ds. W hil e t h e a c hi e v e d b a c k gr o u n d m at c hi n g w as s u b o pti m al f or t h e arti fi ci al b a c k gr o u n ds, w e pr o p os e t h at 
t h e o bs er v e d c h a n g es w er e i nt e n d e d t o r e d u c e d et e ct a bilit y, a n d ar e a n ess e nti al str at e g y t o c a m o u fl a g e i n t h e n at u-
r al e n vir o n m e nt.
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B a c k gr o u n d
B a c k g r o u n d m at c hi n g, w h er e b o d y c ol o ur ati o n a n d p at-
t er n  of  a n  a ni m al  ar e  si mil ar  t o  t h e  b a c k g r o u n d,  i s  o n e 
of  t h e  m o st  c o m m o n  str at e gi e s  t o  hi d e  f r o m  pr e d at ors 
or  pr e y  [ 1 , 2 ].  T o  m at c h  t h e  b a c k g r o u n d  i n  a  h et er o g e-
n o u s e n vir o n m e nt, a ni m al s m a y h a v e a fi x e d c ol o ur a n d 
p att er n  t h at  p erf or ms  s u b- o pti m all y  wit h  a  wi d e  r a n g e 
of  b a c k g r o u n d s,  a cti v el y  c h o o s e  m at c hi n g  s u b str at e s 
b y  r el o c ati n g,  or  a dj u st  t h eir  a p p e ar a n c e  i n  r e s p o ns e 
t o  b a c k g r o u n d s  b y  c h a n gi n g  c ol o ur  a n d  p att er n  [3 , 4 ]. 
D e p e n di n g  o n  t h e  u n d erl yi n g  m e c h a ni s m,  t hi s  c ol o ur 
c h a n g e  c a n  h a p p e n  r a pi dl y,  o v er  s e c o n d s  t o  a  f e w  mi n -
ut e s, or sl o wl y, o v er h o urs or d a y s or e v e n m o nt hs [ 3 , 5 , 
6 ]. R a pi d c ol o ur c h a n g e i s m e di at e d b y c hr o m at o p h or e s 
c o nt ai ni n g pi g m e nt or g a n ell e s t h at c a n b e a g g r e g at e d or 
di s p ers e d wit hi n t h e c ell [ 5 ]. D e p e n di n g o n t h e pi g m e nt, 
c hr o m at o p h or e s  c a n  b e  di vi d e d  i nt o  di ff er e nt  t y p e s. 
W hil e m el a n o p h or e s ar e t h e t y p e t h at t y pi c all y r e g ul at e s 
l u mi n a n c e  c h a n g e,  ot h ers  all o w  c h a n g e s  i n  h u e  a n d/ or 
s at ur ati o n [ 5 ]. i s p h y si ol o gi c al, r a pi d c ol o ur c h a n g e f or 
c a m o u fl a g e h a s b e e n d o c u m e nt e d i n r e ptil e s [ 7 , 8 ], a n d i n 
m ari n e  a ni m al s  s u c h  a s  c e p h al o p o d s  ( e. g.  [ 9 , 1 0 ]).  O nl y 
a  f e w  fi s h  s p e ci e s  h a v e  b e e n  st u di e d  i n  t hi s  c o nt e xt,  f or 
e x a m pl e  fl at fi s h  [ 1 1 , 1 2 ]  a n d  r o c k  p o ol  g o bi e s  [1 3 – 1 5 ]. 
St u di e s t h at e m piri c all y m e a s ur e r a pi d c ol o ur c h a n g e f or 
c a m o u fl a g e f r o m t h e vi s u al p ers p e cti v e of n at ur al o b s er v -
ers ar e s c ar c e [ 7 , 1 3 – 1 5 ].

R e d  (l o n g  w a v el e n gt h)  fl u or e s c e n c e  i s  a  wi d e s pr e a d 
c o m p o n e nt  of  b o d y  c ol o ur ati o n  i n  fi s h e s,  a n d  i s  p ar -
ti c ul arl y  c o m m o n  a m o n g  g o bi e s  (Br y a ni n o ps , E vi ot a ), 
tri pl e fi ns (E n n e a pt er y gi us , Tri pt er y gi o n ), dr a g o n et s (S y n -
c hir o p us ) a n d s m all wr a ss e s (Cir r hil a br us, P ar a c h eili n us ), 
b ut  al s o  l ar g er  cr y pti c  pr e d at or y  fi s h e s  [ 1 6 , 1 7 ].  Wit h 
i n cr e a si n g  d e pt h  i n  m ari n e  e n vir o n m e nt s,  l o n g er  w a v e-
l e n gt hs  ar e  a b s or b e d  f a st er  t h a n  s h ort er  w a v el e n gt hs, 
r e s ulti n g i n a bl u e- g r e e n s hift e d li g ht e n vir o n m e nt b el o w 
t e n  m et ers  [1 8 ].  H e n c e,  r e d  r e fl e cti v e  o bj e ct s  a p p e ar 
d ull  g r e y  at  s u c h  d e pt h,  w h er e a s  r e d  fl u or e s c e nt  str u c -
t ur e s c a n still s h o w s u btl e g r a d e s of r e d n e ss b e c a u s e t h e y 
a b s or b s h ort ( bl u e- g r e e n) li g ht a n d r e- e mit t h e e n er g y at 
l o n g er (r e d) w a v el e n gt hs. M a n y m ari n e s u b str at e s ar e r e d 

fl u or e s c e nt,  p arti c ul arl y  w h e n  d o mi n at e d  b y  c al c ar e o u s 
al g a e a n d ot h er s e d e nt ar y or g a ni s ms s u c h a s c or al s [ 1 9 ]. 
F or cr y pti c a n d b e nt hi c fi s h e s, s u c h a s t h e s c or pi o n fi s h e s, 
it h a s t h er ef or e b e e n s u g g e st e d t h at r e d fl u or e s c e n c e c o n-
tri b ut e s t o b a c k g r o u n d m at c hi n g at d e pt h a s a s u btl e b ut 
p o ssi bl y i m p ort a nt c ol o ur c o m p o n e nt [ 1 6 , 2 0 ].

e s c or pi o n fi s h e s ( S c or p a e ni d a e) ar e a f a mil y of b e n -
t hi c  pr e d at ors  t h at  r el y  o n  c a m o u fl a g e  f or  h u nti n g.  A s 
sit- a n d- w ait  pr e d at ors,  t h e y  r e m ai n  m oti o nl e ss  u ntil 
pr e y c o m e s cl o s e e n o u g h t o b e c a u g ht r a pi dl y vi a s u cti o n 
f e e di n g.  S u c h  a m b u s h  pr e d at ors  t h er ef or e  f a c e  str o n g 
pr e ss ur e  t o  e v ol v e  p arti c ul arl y  g o o d  c a m o u fl a g e  [ 2 1 ]. 
B a c k g r o u n d m at c hi n g c a n h el p t o d e cr e a s e d et e ct a bilit y 
b y pr e y [ 1 ] a n d c o ul d t h er ef or e i n cr e a s e f or a gi n g s u c c e ss. 
C ol o ur c h a n g e h a s t h e p ot e nti al t o all o w f or b a c k g r o u n d 
m at c hi n g  o n  v ari o u s  s u b str at e s,  g e n er ati n g  a  br o a d er 
r a n g e  of  s uit a bl e  mi cr o h a bit at s  f or  h u nti n g  [ 2 1 ].  Gi v e n 
t h eir wi d e di stri b uti o n, hi g h s p e ci e s di v ersit y, b e nt hi c sit-
a n d- w ait  pr e d ati o n  t a cti c  a n d  di v ers e  c a m o u fl a g e  str at -
e gi e s,  s c or pi o n fi s h  ar e  a n  i d e al  s y st e m  f or  e x p eri m e nt al 
stu di e s  of  fi s h  c a m o u fl a g e.  Yet,  r e s e ar c h  o n  t hi s  t o pi c  i s 
r ar e [2 2 ].

I n  t hi s  st u d y,  w e  e x pl or e d  c ol o ur  c h a n g e  i n  s c or pi o n-
fi s h e s. We c h o s e t o t e st t w o s p e ci e s, S c or p a e n a m a d er e n-
sis a n d S c or p a e n a p or c us  ( Fi g. 1 ), t o u n d erst a n d w h et h er 
c ol o ur  c h a n g e  w o ul d  b e  s p e ci e s- s p e ci fi c.  We  t e st e d 
w h et h er ( 1) s c or pi o n fi s h r a pi dl y c h a n g e t h eir b o d y l u mi -
n a n c e  a n d  h u e  w h e n  pl a c e d  o n  di ff er e nt  b a c k g r o u n d s, 
a n d ( 2) h o w w ell t h e y m at c h t h eir b a c k g r o u n d b y d oi n g 
s o. S u c h r e s ult s m a y d e p e n d o n t h e vi s u al s y st e m of t h e 
o b s er v er, w hi c h i s hi g hl y v ari a bl e i n m ari n e a ni m al s [ 2 3 , 
2 4 ]. We t h er ef or e a ss e ss e d t h e o bj e cti v e s f r o m t h e vi s u al 
p ers p e cti v e  of  t w o  pr e y  fi s h  s p e ci e s  a s  e c ol o gi c all y  r el -
e v a nt  o b s er v ers  wit h  di ff eri n g  s p e ctr al  s e nsiti vit y,  t h e 
tri pl e fi n Tri pt er y gi o n  d el aisi   a n d  t h e  g o b y P o m at os c his-
t us fl a v es c e ns. T o t e st o bj e cti v e ( 1), w e pl a c e d i n di vi d u al 
s c or pi o n fi s h  of  t h e  t w o  s p e ci e s  o n  t hr e e  arti fi ci al  b a c k-
g r o u n d s:  ( a)  l o w  l u mi n a n c e,  a c hr o m ati c d ar k/ g r e y ,  ( b) 
m e di u m  l u mi n a n c e,  c hr o m ati c m e di u m/ or a n g e ,  a n d  ( c) 
hi g h l u mi n a n c e, a c hr o m ati c li g ht/ g r e y. We e x p e ct e d b ot h 
s c or pi o n fi s h  s p e ci e s  t o  c h a n g e  l u mi n a n c e  a n d  s h o w  t h e 

Fi g. 1 S c or p a e n a m a d er e nsis  (l eft) a n d S. p or c us  (ri g ht) i n t h eir n at ur al e n vir o n m e nt. P h ot os b y LJ
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l o w e st l u mi n a n c e o n t h e d ar k/ g r e y  b a c k g r o u n d, m e di u m 
l u mi n a n c e o n t h e m e di u m/ or a n g e  b a c k g r o u n d a n d hi g h-
e st  l u mi n a n c e  o n  t h e li g ht/ g r e y  b a c k g r o u n d.  A s  f or  t h e 
h u e,  w e  e x p e ct e d  s c or pi o n fi s h  t o  s h o w  a  si mil ar  h u e  o n 
t h e d ar k/ g r e y  a n d t h e li g ht/ g r e y b a c k g r o u n d s, b ut h u e t o 
b e  s hift e d  t o  l o n g er  w a v el e n gt hs  o n  t h e m e di u m/ or a n g e
b a c k g r o u n d. We q u a nti fi e d s c or pi o n fi s h b o d y l u mi n a n c e 
a n d  h u e  b a s e d  o n  c o n e  c at c h e s  f or  t h e  t w o  o b s er v ers 
at  o n e  a n d  fi v e  mi n ut e s  aft er  r el o c ati o n  t o  a  n e w  b a c k -
g r o u n d.  T o  t e st  o bj e cti v e  ( 2),  w e  a ss e ss e d  t h e  d e g r e e  of 
b a c k g r o u n d  m at c hi n g  b y  c al c ul ati n g  a c hr o m ati c  a n d 
c hr o m ati c  c o ntr a st  of  s c or pi o n fi s h  b o d y  a g ai nst  t h e 
b a c k g r o u n d f r o m t h e vi s u al p ers p e cti v e of t h e s a m e t w o 
o b s er v ers. We e x p e ct e d t h at s c or pi o n fi s h di s pl a y a si mi -
l ar  l u mi n a n c e  a n d  h u e  t o  t h e  b a c k g r o u n d  a n d  t h er ef or e 
s h o w  a  l o w  c o ntr a st  o n  all  b a c k g r o u n d s.  We  e x p e ct e d 
b ot h  s c or pi o n fi s h  s p e ci e s  t o  s h o w  a  si mil ar  d e g r e e  of 
b a c k g r o u n d  m at c hi n g.  We  al s o  t e st e d  w h et h er  ( 3)  r e d 
fl u or e s c e n c e  i s  p art  of  t h e  e x p e ct e d  h u e  c h a n g e  m e c h a -
ni s m.  We  t h er ef or e  m e a s ur e d  t h e  t ot al  ar e a  of  s c or pi-
o n fi s h  b o d y  s h o wi n g  r e d  fl u or e s c e n c e  w h e n  pl a c e d  o n 
th e  di ff er e nt  b a c k g r o u n d s.  We  e x p e ct e d  fi s h  t o  s h o w 

m or e  fl u or e s c e n c e  o n  t h e m e di u m/ or a n g e   b a c k g r o u n d 
c o m p ar e d  t o  t h e  ot h er  b a c k g r o u n d s,  a n al o g o u s  t o  t h e 
e x p e ct e d h u e c h a n g e. B e c a u s e b ot h s c or pi o n fi s h s p e ci e s 
o c c ur  i n  s h all o w  w at er  b ut  c a n  al s o  b e  f o u n d  at  d e pt hs 
of 3 0 – 4 0  m [ 2 5 , 2 6 ], r e g ul ati n g r e d fl u or e s c e n c e t o g et h er 
wit h  r e d  r e fl e ct a n c e  c o ul d  e n h a n c e  b a c k g r o u n d  m at c h -
i n g at d e pt hs w er e l o n g- w a v el e n gt h li g ht i s s c ar c e. I n t hi s 
first  e x p eri m e nt,  w e  o b s er v e d  t h at  l u mi n a n c e  a n d  h u e 
c h a n g e s  w er e  h a p p e ni n g  f a st er  t h a n  i niti all y  e x p e ct e d, 
i. e. i n l e ss t h a n a mi n ut e. T o ( 4) q u a ntif y h o w r a pi d t hi s 
c h a n g e  w a s,  w e  c o n d u ct e d  a  s e c o n d  e x p eri m e nt  w h er e 
w e  d o c u m e nt e d  b o d y  l u mi n a n c e  of  s c or pi o n fi s h  e v er y 
fi v e  s e c o n d s  f or  3 0  s,  aft er  r el o c ati o n  f r o m  a  bl a c k  t o  a 
w hit e b a c k g r o u n d.

R e s ult s
C h a n g e s i n l u mi n a n c e a n d  h u e

B ot h  s c or pi o n fi s h  s p e ci e s  c h a n g e d  l u mi n a n c e  a c c or d-
i n g  t o  t h e  b a c k g r o u n d  ( Fi g.  2 A,  B).  S c or pi o n fi s h  b o d y 
l u mi n a n c e  di ff er e d  f or  all  b a c k g r o u n d  c o m p ari s o ns,  f or 
b ot h s c or pi o n fi s h s p e ci e s a n d r e g ar dl e ss of o b s er v er (s e e 
Ta bl e  1 A,  m e di a n  di ff er e n c e s  a n d  9 5 %  CIs  d e vi at e  f r o m 
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Fi g. 2 S c or pi o n fis h l u mi n a n c e a n d h u e c h a n g e a cr oss b a c k gr o u n ds. S c or pi o n fis h l u mi n a n c e ( a v er a g e of t h e m e di u m ( m w) a n d l o n g w a v el e n gt h 
(l w) c o n e c at c h es) fr o m A Tri pt er y gi o n d el aisi  a n d B P o m at os c hist us fl a v es c e ns  vis u al p ers p e cti v e. S c or pi o n fis h h u e (r ati o of s h ort c o m p ar e d t o 
m e di u m a n d l o n g w a v el e n gt h c o n e c at c h es, w h er e hi g h er v al u es i n di c at e a s hift t o w ar ds l o n g er w a v el e n gt hs, s e e M et h o ds) fr o m C T. d el aisi  a n d D
P. fl a v es c e ns  vis u al p ers p e cti v e. S. m. = S c or p a e n a m a d er e nsis , S. p. = S. p or c us . All p a n els s h o w m o d el esti m at es a n d r a w d at a f or all c o m bi n ati o ns of 
b a c k gr o u n d , s p e ci es a n d o bs er v er . E a c h p oi nt r e pr es e nts a m e as ur e m e nt f or e a c h i n di vi d u al fis h ( N= 2 4 S. m a d er e nsis , N= 1 8 S. p or c us ) a v er a g e d o v er 
t h e t w o ti m e p oi nts ( aft er o n e a n d fi v e mi n ut es a d a pt ati o n ti m e t o t h e b a c k gr o u n ds, s e e M et h o ds). M ar k ers wit h v erti c al b ars r e pr es e nt pr e di ct e d 
m e a n a n d 9 5 % c o m p ati bilit y i nt er v als ( CIs) d eri v e d fr o m 1 0, 0 0 0 si m ul ati o ns of t h e p ost eri or distri b uti o n of m o d el p ar a m et ers. T h e str e n gt h of t h e 
di ff er e n c e b et w e e n t w o gr o u ps i n cr e as es wit h d e cr e asi n g d e gr e e of o v erl a p of t h eir 9 5 % CIs



P a g e 4 of 1 5J o h n et  al. Fr o nti ers i n Z o ol o g y           ( 2 0 2 3) 2 0: 1 0 

z er o f or a n y gi v e n c o m p ari s o n). A s e x p e ct e d, m e a n l u mi-
n a n c e  of  b ot h  s c or pi o n fi s h e s  w a s  l o w e st  o n  t h e d ar k/
g r e y   b a c k g r o u n d,  i nt er m e di at e  o n  t h e m e di u m/ or a n g e , 
a n d  hi g h e st  o n  t h e li g ht/ g r e y  b a c k g r o u n d  ( Fi g.  2 A,  B, 
Ta bl e  1 A),  s h o wi n g  t h at  t h e  o b s er v e d  b o d y  l u mi n a n c e 
c h a n g e f oll o w s t h e dir e cti o n of l u mi n a n c e c h a n g e of t h e 
b a c k g r o u n d.  L u mi n a n c e  of S c or p a e n a  m a d er e nsis   w a s 
o v er all hi g h er t h a n t h at of S. p or c us  ( m e di a n di ff er e n c e of 
l u mi n a n c e a v er a g e d o v er b a c k g r o u n d  a n d o bs er v er : 0. 0 2 9, 
9 5 %  CI  0. 0 1 1  t o  0. 0 4 9).  C o m p ari n g  t h e  t w o  o b s er v ers, 
r e s ult s  f or  l u mi n a n c e  c h a n g e  w er e  si mil ar  ( Ta bl e  1 B, 
c o m p ar e  m e di a n  di ff er e n c e s  f or  t h e  s a m e  s c or pi o n fi s h 
s p e ci e s  a n d  b a c k g r o u n d  c o m p ari s o n  b et w e e n  t h e  s e c -
ti o n  “ O b s er v er = T.  d el aisi ”  a n d  s e cti o n  “ O b s er v er = P.  
fl a v es c e ns ”, 9 5 % CIs o v erl a p). S c or pi o n fi s h h a d o n a v er a g e 
a sli g htl y hi g h er l u mi n a n c e f r o m P. fl a v es c e ns  vi s u al p er-
s p e cti v e ( Fi g.  2 B) t h a n f r o m T. d el aisi  vi s u al p ers p e cti v e 
( Fi g.  2 A)  ( m e di a n  di ff er e n c e  of  s c or pi o n fi s h  l u mi n a n c e 
a v er a g e d  o v er b a c k g r o u n d   a n d s p e ci es:  0. 0 1 0,  9 5 %  CI 
0. 0 0 8 t o 0. 0 1 2).

B ot h  s c or pi o n fi s h e s  al s o  c h a n g e d  h u e  i n  r e s p o ns e  t o 
t h e b a c k g r o u n d ( Fi g.  2 C, D). S c or pi o n fi s h b o d y h u e dif -
f er e d  f or  all  b a c k g r o u n d  c o m p ari s o ns  f or  b ot h  s c or pi-
o n fi s h e s  a n d  r e g ar dl e ss  of  t h e  o b s er v er  (s e e  Ta bl e  1 B, 
m e di a n di ff er e n c e s a n d 9 5 % CIs d e vi at e f r o m z er o f or a n y 
gi v e n  c o m p ari s o n).  A s  e x p e ct e d,  m e a n  h u e  w a s  s hift e d 

t o w ar d s  l o n g er  w a v el e n gt hs  (i. e.  a  hi g h er  h u e  v al u e)  f or 
b ot h  s c or pi o n fi s h e s  o n  t h e m e di u m/ or a n g e   b a c k g r o u n d 
c o m p ar e d  t o  t h e d ar k/ g r e y   a n d li g ht/ g r e y  b a c k g r o u n d 
( Fi g. 2 C, D, Ta bl e  1 B). H u e al s o di ff er e d o n t h e li g ht/ g r e y
a n d d ar k/ g r e y   b a c k g r o u n d s  ( Ta bl e  1 B,  s e e li g ht/ g r e y–
d ar k/  g r e y   c o m p ari s o ns),  b ei n g  s hift e d  t o w ar d s  l o n g er 
w a v el e n gt hs o n t h e li g ht/ g r e y b a c k g r o u n d ( Fi g. 2 C, D). I n 
g e n er al, h u e of S. m a d er e nsis  w a s m or e l o n g- w a v el e n gt h 
s hift e d c o m p ar e d t o S. p or c us  ( m e di a n di ff er e n c e of h u e 
a v er a g e d  o v er b a c k g r o u n d   a n d o bs er v er :  0. 0 1 2,  9 5 %  CI 
0. 0 0 3 t o 0. 0 2 1). H u e p er c e pti o n w a s di ff er e nt d e p e n di n g 
o n t h e o b s er v er, h u e c h a n g e s w er e str o n g er f r o m P. fl a v e -
s c e ns c o m p ar e d t o T. d el aisi  vi s u al p ers p e cti v e ( Ta bl e 1 B, 
c o m p ar e  m e di a n  di ff er e n c e s  f or  t h e  s a m e  s c or pi o n fi s h 
s p e ci e s  a n d  b a c k g r o u n d  c o m p ari s o n  b et w e e n  t h e  s e c -
ti o n  “ O b s er v er = T.  d el aisi ”  a n d  s e cti o n  “ O b s er v er = P.  
fl a v es c e ns ”,  9 5 %  CIs  m o stl y  d o  n ot  o v erl a p).  S c or pi o n-
fi s h h a d o n a v er a g e a m or e l o n g- w a v el e n gt h s hift e d h u e 
fr o m P. fl a v es c e ns  ( Fi g. 2 D) c o m p ar e d t o T. d el aisi  vi s u al 
p ers p e cti v e  ( Fi g.  2 C)  ( m e di a n  di ff er e n c e  of  s c or pi o n fi s h 
h u e a v er a g e d o v er b a c k g r o u n d  a n d s p e ci es: 0. 0 3 3, 9 5 % CI 
0. 0 3 2 t o 0. 0 3 5).

B a c k gr o u n d m at c hi n g

M e a n  a c hr o m ati c  c o ntr a st  of  s c or pi o n fi s h  b o d y  a g ai nst 
t h e b a c k g r o u n d w a s a b o v e t h e d et e cti o n t hr e s h ol d o n all 

T a bl e 1 M e di a n di ff er e n c es i n l u mi n a n c e a n d h u e b et w e e n all b a c k gr o u n d c o m bi n ati o ns

M e di a n di ff er e n c e s of A) l u mi n a n c e a n d B) h u e b et w e e n all c o m bi n ati o n s of b a c k gr o u n d , s p e ci es a n d o bs er v er . E sti m at e d e ff e ct si z e s ar e r e p ort e d a s t h e m e di a n 
di ff er e n c e a n d it s 9 5 % c o m p ati bilit y i nt er v al s ( CI s), c al c ul at e d fr o m 1 0, 0 0 0 si m ul ati o n s of t h e p o st eri or di stri b uti o n of m o d el p ar a m et er s. N = 2 4 f or S. m a d er e nsis  a n d 
N = 1 8 f or S. p or c us . E ff e ct si z e str e n gt h i n cr e a s e s wit h i n cr e a si n g d e vi ati o n of m e di a n di ff er e n c e s fr o m z er o, a n d t h e r o b u st n e s s of t h e r e s ult i n cr e a s e s wit h d e cr e a si n g 
d e gr e e of o v erl a p of t h e 9 5 % c o m p ati bilit y i nt er v al s ( CI s) wit h z er o

S c or p a e n a m a d er e n si s S c or p a e n a p or c u s

B a c k gr o u n d M e di a n L o w er CI s  U p p er CI s  M e di a n L o w er CI s  U p p er CI s

( A) L u mi n a n c e. R 2
m ar g = 0. 3 8 7, R 2

c o n d = 0. 9 3 7

O bs er v er = T. d el aisi

M e di u m/ or a n g e – d ar k/ gr e y 0. 0 2 4 0. 0 2 0 0. 0 3 0 0. 0 1 7 0. 0 1 3 0. 0 2 1

M e di u m/ or a n g e –li g ht/ gr e y − 0. 0 3 0 − 0. 0 3 6 − 0. 0 2 4 − 0. 0 2 6 − 0. 0 3 2 − 0. 0 2 1

Li g ht/ gr e y – d ar k/ gr e y 0. 0 5 4 0. 0 4 7 0. 0 6 2 0. 0 4 2 0. 0 3 6 0. 0 4 9

O bs er v er = P. fl a v es c e ns

M e di u m/ or a n g e – d ar k/ gr e y 0. 0 3 0 0. 0 2 5 0. 0 3 6 0. 0 2 2 0. 0 1 8 0. 0 2 7

M e di u m/ or a n g e –li g ht/ gr e y − 0. 0 3 0 − 0. 0 3 7 − 0. 0 2 5 − 0. 0 2 8 − 0. 0 3 4 - 0. 0 2 3

Li g ht/ gr e y – d ar k/ gr e y 0. 0 6 1 0. 0 5 4 0. 0 6 9 0. 0 5 1 0. 0 4 4 0. 0 5 9

( B) H u e. R 2
m ar g = 0. 5 9 7, R 2

c o n d = 0. 8 8 1

O bs er v er = T. d el aisi

M e di u m/ or a n g e – d ar k/ gr e y 0. 0 1 9 0. 0 1 5 0. 0 2 3 0. 0 2 1 0. 0 1 7 0. 0 2 6

M e di u m/ or a n g e –li g ht/ gr e y 0. 0 1 1 0. 0 0 8 0. 0 1 5 0. 0 0 7 0. 0 0 3 0. 0 1 2

Li g ht/ gr e y – d ar k/ gr e y 0. 0 0 7 0. 0 0 3 0. 0 1 1 0. 0 1 4 0. 0 0 9 0. 0 1 8

O bs er v er = P. fl a v es c e ns

M e di u m/ or a n g e – d ar k/ gr e y 0. 0 3 5 0. 0 3 1 0. 0 3 9 0. 0 4 2 0. 0 3 7 0. 0 4 6

M e di u m/ or a n g e –li g ht/ gr e y 0. 0 2 2 0. 0 1 8 0. 0 2 5 0. 0 1 7 0. 0 1 2 0. 0 2 1

Li g ht/ gr e y – d ar k/ gr e y 0. 0 1 4 0. 0 1 0 0. 0 1 7 0. 0 2 5 0. 0 2 0 0. 0 2 9
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b a c k g r o u n d s, r e g ar dl e ss of s c or pi o n fi s h or o b s er v er s p e-
ci e s ( Fi g.  3 A, B, all pr e di ct e d m e a ns a n d t h eir 9 5 % CIs ar e 
a b o v e  o n e  J N D).  B ot h  s c or pi o n fi s h  s p e ci e s  s h o w e d  t h e 
l o w e st m e a n a c hr o m ati c c o ntr a st o n t h e m e di u m/ or a n g e
b a c k g r o u n d  ( Fi g.  3 A,  B,  9 5 %  CIs  of  pr e di ct e d  m e a ns 
d o  n ot  o v erl a p  wit h d ar k/ g r e y   or li g ht/ g r e y).  A c hr o-
m ati c c o ntr a st w a s si mil ar f r o m b ot h vi s u al p ers p e cti v e s 
( Fi g. 3 A, B) ( m e di a n di ff er e n c e of s c or pi o n fi s h b o d y a c h-
r o m ati c  c o ntr a st  a g ai nst  t h e  b a c k g r o u n d  a v er a g e d  o v er 
b a c k g r o u n d  a n d s p e ci es: 0. 2 3, 9 5 % CI − 0. 0 4 t o 0. 4 9).

M e a n c hr o m ati c c o ntr a st of s c or pi o n fi s h b o d y a g ai nst 
t h e  b a c k g r o u n d  w a s  a b o v e  d et e cti o n  t hr e s h ol d  o n  all 
b a c k g r o u n d s, r e g ar dl e ss of s c or pi o n fi s h or o b s er v er s p e -
ci e s  ( Fi g.  3 C,  D,  all  pr e di ct e d  m e a ns  a n d  t h eir  9 5 %  CIs 
ar e a b o v e o n e J N D). O n w hi c h b a c k g r o u n d s c or pi o n fi s h 
h a d t h e l o w e st a n d hi g h e st m e a n c hr o m ati c c o ntr a st w a s 
d e p e n di n g o n s c or pi o n fi s h a n d o b s er v er s p e ci e s ( Fi g.  3 C, 
D,  s e e  A d diti o n al  fil e  1 :  Ta bl e  S 1 B  f or  all  c o m p ari s o ns 
b et w e e n  c hr o m ati c  c o ntr a st  o n  all  b a c k g r o u n d s).  C hr o -
m ati c  c o ntr a st  w a s  cl e arl y  hi g h er  w h e n  c al c ul at e d  f r o m 
P .  fl a v es c e ns  vi s u al  p ers p e cti v e  ( Fi g. 3 D)  c o m p ar e d  t o T. 

d el aisi  vi s u al p ers p e cti v e ( Fi g. 3 C) ( m e di a n di ff er e n c e of 
s c or pi o n fi s h  b o d y  c hr o m ati c  c o ntr a st  a g ai nst  t h e  b a c k -
g r o u n d a v er a g e d o v er b a c k g r o u n d  a n d s p e ci es: 3. 1 1, 9 5 % 
C I 3. 0 3 t o 3. 2 0).

C h a n g e s i n  fl u or e s c e n c e

e fl u or e s c e nt ar e a v ari e d b et w e e n all b a c k g r o u n d s f or 
b ot h  s c or pi o n fi s h  s p e ci e s  (s e e  Ta bl e  2 ,  m e di a n  di ff er-
e n c e s a n d CIs d e vi at e f r o m z er o f or a n y gi v e n c o m p ari-
s o n).  A g ai nst  o ur  e x p e ct ati o ns,  m e a n  fl u or e s c e nt  ar e a 
w a s  n ot  l ar g e st  o n  t h e m e di u m/ or a n g e   b a c k g r o u n d,  b ut 
i n cr e a s e d wit h i n cr e a si n g b a c k g r o u n d l u mi n a n c e i n b ot h 
s p e ci e s  ( Fi g.  4 ,  Ta bl e  2 ,  s e e m e di u m/ or a n g e – d ar k/ g r e y
a n d m e di u m/ or a n g e –li g ht/ g r e y   c o m p ari s o ns,  m e di a n 
di ff er e n c e s  a n d  CIs  d e vi at e  f r o m  z er o,  w h er e  fl u or e s -
c e nt ar e a i s l ar g er o n t h e li g ht/ g r e y t h a n o n t h e m e di u m/
or a n g e   b a c k g r o u n d).  A cr o ss  all  b a c k g r o u n d s, S.  m a d e-
r e nsis  s h o w e d  a  l ar g er  fl u or e s c e nt  ar e a  t h a n S.  p or c us
( m edi a n  di ff er e n c e  of fl u or es c e nt  ar e a   b et w e e n s p e ci es, 
a v er a g e d o v er b a c k g r o u n d : 1 9 3 0. 7 1 pi x el s, 9 5 % CI 5 3 3. 7 6 
t o 3 1 3 7. 4 3).

Fi g. 3 A c hr o m ati c a n d c hr o m ati c c o ntr asts of s c or pi o n fis h b o d y a g ai nst t h e b a c k gr o u n d ar e a b o v e d et e cti o n t hr es h ol d. A c hr o m ati c c o ntr ast 
fr o m A Tri pt er y gi o n d el aisi  a n d B P o m at os c hist us fl a v es c e ns  vis u al p ers p e cti v e i n J ust N oti c e a bl e Di ff er e n c es (J N Ds). C hr o m ati c c o ntr asts fr o m C T. 
d el aisi  a n d D P. fl a v es c e ns  vis u al p ers p e cti v e i n J N Ds. D as h e d li n e= d et e cti o n t hr es h ol d of o n e J N D. S. m. = S c or p a e n a m a d er e nsis , S. p. = S. p or c us . 
All p a n els s h o w m o d el esti m at es a n d r a w d at a f or all c o m bi n ati o ns of b a c k gr o u n d , s p e ci es a n d o bs er v er . E a c h p oi nt r e pr es e nts a m e as ur e m e nt 
f or e a c h i n di vi d u al fis h ( N = 2 4 S. m a d er e nsis , N= 1 8 S. p or c us ) a v er a g e d o v er t h e t w o ti m e p oi nts ( aft er o n e a n d fi v e mi n ut es a d a pt ati o n ti m e t o 
t h e b a c k gr o u n ds, s e e M et h o ds). M ar k ers wit h v erti c al b ars r e pr es e nt pr e di ct e d m e a n a n d 9 5 % c o m p ati bilit y i nt er v als ( CIs) d eri v e d fr o m 1 0, 0 0 0 
si m ul ati o ns of t h e p ost eri or distri b uti o n of m o d el p ar a m et ers. T h e str e n gt h of t h e di ff er e n c e b et w e e n t w o gr o u ps i n cr e as es wit h d e cr e asi n g d e gr e e 
of o v erl a p of t h eir 9 5 % CIs
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R at e of l u mi n a n c e c h a n g e

S.  m a d er e nsis   i n di vi d u al s  t o o k  o n  a v er a g e  a b o ut  1 0  s 
t o  a c hi e v e  5 0 %  a n d  2 3  s  t o  a c hi e v e  8 0 %  of  t h e  b o d y 

l u mi n a n c e c h a n g e m e a s ur e d o v er t h e o b s er v ati o n ti m e of 
6 0  s ( Fi g.  5 ). F or S. p or c us , m or e t h a n 5 0 % of t h e c h a n g e 
w a s alr e a d y a c hi e v e d aft er 5 s, a n d 8 0 % aft er 2 0 s ( Fi g.  5 ).

Di s c u s si o n
C h a n g e s i n l u mi n a n c e a n d  h u e

A s  e x p e ct e d,  b ot h  s p e ci e s  of  s c or pi o n fi s h  c h a n g e d  t h eir 
b o d y l u mi n a n c e a c c or di n g t o t h e l u mi n a n c e of t h e b a c k-
g r o u n d.  e  l o w e st  b o d y  l u mi n a n c e  w a s  o b s er v e d  o n 
th e d ar k/ g r e y   b a c k g r o u n d,  i nt er m e di at e  l u mi n a n c e  o n 
t h e m e di u m/ or a n g e   a n d  t h e  hi g h e st  l u mi n a n c e  o n  t h e 
li g ht/ g r e y.  S c or pi o n fi s h  al s o  c h a n g e d  t h eir  b o d y  h u e  t o 
l o n g er  w a v el e n gt hs  w h e n  pl a c e d  o n  t h e m e di u m/ or a n g e
b a c k g r o u n d  c o m p ar e d  t o  t h e  ot h er  t w o  b a c k g r o u n d s. 
L u mi n a n c e  a n d  h u e  c h a n g e  w er e  al s o  c o n n e ct e d,  a s 
s h o w n b y t h e s hift i n h u e b et w e e n t h e d ar k/ g r e y  a n d t h e 
li g ht/ g r e y  b a c k g r o u n d.  e  t w o  g r e y  b a c k g r o u n d s  h a d 
a  c hr o m ati c  c o ntr a st  b el o w  d et e cti o n  t hr e s h ol d  f r o m 
s c or pi o n fi s h  vi s u al  p ers p e cti v e  (s e e  M et h o d s),  a n d  w e 
t h er ef or e  e x p e ct e d  s c or pi o n fi s h  t o  di s pl a y  a  si mil ar  h u e 
o n b ot h b a c k g r o u n d s. H o w e v er, i n n at ur al e n vir o n m e nt s, 
c h a n g e s of b a c k g r o u n d l u mi n a n c e a n d h u e u s u all y c o m e 
t o g et h er,  e s p e ci all y  f or  c ar ot e n oi d- b a s e d  c ol o urs  [2 7 ]. 

i s  d e p e n d e n c e  of  l u mi n a n c e  a n d  h u e  o c c urr e n c e  a n d 
p er c e pti o n  mi g ht  e x pl ai n  t h e  o b s er v e d  s hift  i n  s c or pi -
o n fi s h  b o d y  h u e  o n  t h e  li g ht er  b a c k g r o u n d.  A n ot h er 
r e a s o n  f or  t h e  o b s er v e d  s hift  i n  h u e  b et w e e n  t h e  g r e y 
b a c k g r o u n d s c o ul d b e a p a ssi v e h u e c h a n g e a s t h e s c or -
pi o n fi s h  c h a n g e d  l u mi n a n c e.  Alt h o u g h  t h e  pr o xi m at e 
m e c h a ni s ms of c ol o ur c h a n g e h a v e n ot b e e n i n v e sti g at e d 
i n  s c or pi o n fi s h,  t h e  o b s er v e d  c ol o ur  c h a n g e  i s  pr o b a bl y 
d u e  t o  t h e  a g g r e g ati o n  or  di s p ersi o n  of  pi g m e nt  or g a -
n ell e s i n c hr o m at o p h or e s, a c o m m o n m e c h a ni s m pr e s e nt 
i n m a n y fi s h s p e ci e s [ 2 8 ]. L u mi n a n c e c h a n g e s ar e pr o b a-
bl y m e di at e d b y m el a n o p h or e s [ 5 ], a n d pi g m e nt or g a n ell e 
a g g r e g ati o n i n t h e m el a n o p h or e s mi g ht h a v e a ff e ct e d t h e 
h u e of t h e s c or pi o n fi s h a s w ell, e. g. b y e x p o si n g u n d erl y -
i n g str u ct ur e s i n t h e fi s h s ki n [2 9 ]. H o w e v er, t h e str o n g er 
c h a n g e  i n  b o d y  h u e  t o w ar d s  l o n g er  w a v el e n gt hs  o n  t h e 
m e di u m/ or a n g e   b a c k g r o u n d  c o m p ar e d  t o  b ot h  g r e y 

T a bl e 2 M e di a n di ff er e n c es i n fl u or es c e nt ar e a of s c or pi o n fis h b o d y a cr oss b a c k gr o u n ds f or b ot h s c or pi o n fis h s p e ci es

Esti m at e d e ff e ct si z e s ar e r e p ort e d a s t h e m e di a n di ff er e n c e a n d it s 9 5 % c o m p ati bilit y i nt er v al s ( CI s), c al c ul at e d fr o m 1 0, 0 0 0 si m ul ati o n s of t h e p o st eri or di stri b uti o n 
of m o d el p ar a m et er s. N = 2 1 f or S c or p a e n a m a d er e nsis  a n d N= 1 6 f or S. p or c us . E ff e ct si z e str e n gt h i n cr e a s e s wit h i n cr e a si n g d e vi ati o n of m e di a n di ff er e n c e s fr o m 
z er o, a n d t h e r o b u st n e s s of t h e r e s ult i n cr e a s e s wit h d e cr e a si n g d e gr e e of o v erl a p of t h e 9 5 % c o m p ati bilit y i nt er v al s ( CI s) wit h z er o

S c or p a e n a m a d er e n si s S c or p a e n a p or c u s

B a c k gr o u n d M e di a n L o w er CI s  U p p er CI s  M e di a n L o w er CI s  U p p er CI s

Di ff er e n c e i n fl u or es c e nt ar e a ( a bs ol ut e pi x el c o u nt). R 2
m ar g = 0. 3 7 3, R 2

c o n d = 0. 8 0 4

M e di u m/ or a n g e – d ar k/ gr e y 2 2 4 4. 9 5 1 3 9 9. 0 3 3 2 7 8. 2 3 1 3 6 4. 0 6 7 3 7. 6 2 2 3 5 0. 4 4

M e di u m/ or a n g e –li g ht/ gr e y − 2 2 1 3. 4 1 − 3 7 1 1. 5 6 − 8 9 7. 3 2 − 9 2 4. 6 2 − 2 0 4 8. 1 − 5 5. 9 0

Li g ht/ gr e y – d ar k/ gr e y 4 4 5 7. 4 8 3 1 9 1. 0 7 5 9 5 7. 1 1 2 3 0 7. 9 0 1 3 5 7. 1 5 3 6 7 4. 7 2

Fi g. 4 Fl u or es c e nt ar e a of s c or pi o n fis h b o d y i n cr e as es wit h 
b a c k gr o u n d l u mi n a n c e. T h e fi g ur e s h o ws m o d el esti m at es a n d 
r a w d at a f or e a c h b a c k gr o u n d a n d s c or pi o n fis h s p e ci es. E a c h p oi nt 
r e pr es e nts a m e as ur e m e nt f or e a c h i n di vi d u al fis h ( N = 2 1 S c or p a e n a 
m a d er e nsis , N= 1 6 S. p or c us ). Fl u or es c e nt ar e a is gi v e n i n a bs ol ut e 
pi x el c o u nt. M ar k ers wit h v erti c al b ars r e pr es e nt pr e di ct e d m e a n a n d 
9 5 % c o m p ati bilit y i nt er v als ( CIs) d eri v e d fr o m 1 0, 0 0 0 si m ul ati o ns of 
t h e p ost eri or distri b uti o n of m o d el p ar a m et ers. T h e str e n gt h of t h e 
di ff er e n c e b et w e e n t w o gr o u ps i n cr e as es wit h d e cr e asi n g d e gr e e of 
o v erl a p of t h eir 9 5 % CIs
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b a c k g r o u n d s i n di c at e s t h at h u e c a n b e r e g ul at e d a cti v el y, 
b y  a n  a d diti o n al  t y p e  of  c hr o m at o p h or e s.  If  l u mi n a n c e 
a n d  h u e  c h a n g e  w er e  m e di at e d  o nl y  b y  t h e  s a m e  t y p e 
of  c hr o m at o p h or e s,  t h e  l o n g  w a v el e n gt h  s hift  i n  b o d y 
h u e  s h o ul d  h a v e  s h o w n  a  si mil ar  p att er n  t o  l u mi n a n c e 
c h a n g e a cr o ss all t hr e e b a c k g r o u n d s. S u c h fi n e r e g ul ati o n 
of l u mi n a n c e a n d h u e b y di ff er e nt c hr o m at o p h or e t y p e s 
c o ul d all o w s c or pi o n fi s h t o c a m o u fl a g e o n di ff er e nt b a c k -
g r o u n d s [ 5 , 1 3 ]. B ot h s c or pi o n fi s h s p e ci e s t e st e d s h o w e d 
si mil ar r e s ult s, s u g g e sti n g t h at s u c h c ol o ur c h a n g e m e c h-
a ni s ms  m a y  b e  pr e s e nt  a cr o ss  t h e  f a mil y  S c or p a e ni d a e, 
w hi c h  ar e  all  b e nt hi c  a m b u s h  pr e d at ors.  Still, S.  m a d er-
e nsis  ap p e ar e d  r e d d er  a n d  li g ht er  o n  e a c h  b a c k g r o u n d 

c o m p ar e d t o S. p or c us . e s e s p e ci e s- s p e ci fi c di ff er e n c e s 
mi g ht b e r el at e d t o di ff er e n c e s i n t h e s p e ci e s’ e c ol o g y, or 
t o  di ff er e nt  c a m o u fl a g e  str at e gi e s  [3 0 ].  P o ssi bl e  d e fi ni n g 
f a ct ors,  e. g.  mi cr o h a bit at  u s e  a n d  r el at e d  b a c k g r o u n d 
pr ef er e n c e s,  ar e  h o w e v er  u n k n o w n  f or  t h e s e  t w o  s p e -
ci e s or a n y ot h er s c or pi o n fi s h. O ur st u d y s h o w s t o w h at 
e xt e nt t h e s e s p e ci e s c a n a dj u st b o d y l u mi n a n c e a n d h u e, 
w hi c h i s v al u a bl e i nf or m ati o n f or f urt h er st u di e s i n v e sti -
g ati n g t h eir c a m o u fl a g e o n n at ur al b a c k g r o u n d s.

B a c k gr o u n d m at c hi n g

C o ntr ar y t o o ur e x p e ct ati o ns, s c or pi o n fi s h di d n ot m at c h 
t h e arti fi ci al b a c k g r o u n d s v er y w ell. A c hr o m ati c c o ntr a st s 

Fi g. 5 Ti m e n e e d e d f or S c or p a e n a m a d er e nsis  a n d S. p or c us  t o c h a n g e b o d y l u mi n a n c e. Fi g ur e s h o ws m e di a n ( p oi nts) a n d i nt er q u artil e r a n g e 
( v erti c al b ars) of t h e pr o p orti o n al c h a n g e i n b o d y l u mi n a n c e e v er y fi v e s e c o n ds f or 2 5 s, r el ati v e t o i niti al (y = 0) a n d fi n al l u mi n a n c e ( y = 1) 
m e as ur e d f or e a c h i n di vi d u al (s e e M et h o ds). T h e bl a c k c ur v e c o n n e cts m e di a ns f or e a c h ti m e p oi nt. T h e gr e y li n es c o n n e ct e a c h d at a p oi nt 
p er i n di vi d u al fis h. T h e d ott e d h ori z o nt al li n es i n di c at e e v er y 1 0 % st e p fr o m 0 t o 1 0 0 %, t h e d as h e d v erti c al li n e r e pr es e nts is a g a p wit h n o d at a 
b et w e e n 2 5 a n d 6 0 s. N = 9 f or S. m a d er e nsis  a n d N= 1 3 f or S. p or c us
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of  fi s h  b o d y  a g ai nst  t h e  b a c k g r o u n d s  w er e  cl e arl y  a b o v e 
d et e cti o n  t hr e s h ol d,  e s p e ci all y  o n  t h e  t w o  g r e y  b a c k-
g r o u n d s.  Yet,  t h e  fi s h  di d  s h o w  a  str o n g  l u mi n a n c e 
c h a n g e  i n  t h e  pr e di ct e d  dir e cti o n,  w hi c h  li k el y  r e d u c e d 
t h e  c o ntr a st  t o  b a c k g r o u n d  l u mi n a n c e.  M or e o v er,  o n 
b a c k g r o u n d s t h at ar e di ffi c ult t o m at c h, fi s h m a y r el y o n 
ot h er  c a m o u fl a g e  str at e gi e s  s u c h  a s  di sr u pti v e  c ol o ur a -
ti o n  [3 1 ],  w hi c h  w e  di d  n ot  q u a ntif y  h er e.  It  i s  p o ssi bl e 
t h at  fi s h  c h a n g e d  c ol o ur  t o  i n cr e a s e  di sr u pti o n,  e. g.  b y 
c h a n gi n g c ert ai n p at c h e s i n t h eir p att er n t o i n cr e a s e p at -
t er n  c o ntr a st  or  f a cilit at e  di ff er e nti al  bl e n di n g  [3 2 ].  e 
p o or  a c hr o m ati c  m at c h  w e  o b s er v e d  m a y  b e  e x pl ai n e d 
b y o ur u s e of arti fi ci al b a c k g r o u n d s of e xtr e m el y l o w a n d 
hi g h  l u mi n a n c e,  w hi c h  mi g ht  di ff er  t o  t h e  l u mi n a n c e 
r a n g e  of  n at ur al  b a c k g r o u n d s.  Si mil arl y,  t h e  or a n g e  h u e 
w e u s e d mi g ht h a v e b e e n t o o arti fi ci al f or t h e s c or pi o n -
fi s h e s, w hi c h m a y e x pl ai n t h at e v e n t h o u g h fi s h a dj u st e d 
b o d y  h u e  t o w ar d s  l o n g er  w a v el e n gt hs  o n  t h e m e di u m/
or a n g e   b a c k g r o u n d,  t h e y  still  h a d  hi g h  c o ntr a st  t o  t hi s 
b a c k g r o u n d.  A n ot h er  e x pl a n ati o n  f or  t hi s  c o ul d  b e  t h e 
s c or pi o n fi s h’s  li mit e d  a bilit y  t o  di s cri mi n at e  l o n g  w a v e -
l e n gt hs  gi v e n  t h eir  s p e ctr al  s e nsiti vit y  [3 3 ].  We  c a n n ot 
e x cl u d e t h at l o n g er a d a pt ati o n ti m e w o ul d h a v e all o w e d 
f or f urt h er i m pr o v e m e nt of b a c k g r o u n d m at c hi n g [7 , 3 4 , 
3 5 ].  E v e n  t h o u g h  n eit h er  s c or pi o n fi s h  s p e ci e s  m at c h e d 
t h e b a c k g r o u n d s w ell w h e n c o nsi d eri n g b ot h a c hr o m ati c 
a n d  c hr o m ati c  c o ntr a st,  t h e  r e s p o ns e  i nt o  t h e  pr e di ct e d 
dir e cti o ns s u g g e st s t h e l u mi n a n c e a n d h u e c h a n g e s w er e 
m e a nt t o i m pr o v e b a c k g r o u n d m at c hi n g. F urt h er st u di e s 
ar e  n e e d e d  t o  t e st  h o w  w ell  s c or pi o n fi s h  c a n  m at c h  t h e 
b a c k g r o u n d of n at ur al s u b str at e s a n d w hi c h f urt h er c a m -
o u fl a g e str at e gi e s ar e d e pl o y e d.

W hil e c h a n g e s i n b o d y l u mi n a n c e a n d a c hr o m ati c c o n-
tr a st s a g ai nst t h e b a c k g r o u n d s w er e c o m p ar a bl e f or b ot h 
m o d ell e d o b s er v ers, t hi s w a s di ff er e nt f or b o d y h u e a n d 
c hr o m ati c  c o ntr a st s.  C hr o m ati c  c o ntr a st  of  s c or pi o n fi s h 
b o d y a g ai nst t h e b a c k g r o u n d s w a s hi g h er f r o m P. fl a v es -
c e ns  t h a n f r o m T. d el aisi  vi s u al p ers p e cti v e, w h er e it w a s 
b el o w  t hr e e  J N Ds  o n  all  b a c k g r o u n d s.  W hil e  w e  d o  n ot 
h a v e b e h a vi o ur al d at a o n a ct u al d et e cti o n t hr e s h ol d s i n T. 
d el aisi , a c o ns er v ati v e a p pr o a c h of t hr e e J N Ds a s d et e c-
ti o n t hr e s h ol d h a s b e e n u s e d f or m a n y a ni m al s i n cl u di n g 
fi s h e s [ 1 3 , 3 5 , 3 6 ], i n di c ati n g t h at t h e c hr o m ati c c o ntr a st 
w o ul d b e di ffi c ult t o p er c ei v e at l e a st f r o m T. d el aisi  vi s-
u al p ers p e cti v e. P. fl a v es c e ns  i s a tri c hr o m at wit h a s p e c-
tr al s e nsiti vit y s hift e d t o l o n g er w a v el e n gt hs c o m p ar e d t o 
T .  d elaisi ,  w hi c h  e x pl ai ns  t h e  b ett er  c ol o ur  di s cri mi n a-
ti o n i n t h e l o n g w a v el e n gt hs. e s e r e s ult s hi g hli g ht t h e 
i mp ort a n c e t o c o nsi d er di ff er e nt o b s er v ers w h e n i n v e sti-
g ati n g a ni m al c ol o ur c h a n g e. I n c a s e s w h er e s c or pi o n fi s h 
m a t c h  b a c k g r o u n d  l u mi n a n c e  w ell,  c hr o m ati c  c o ntr a st 
mi g ht still r e v e al t h e m t o c ert ai n o b s er v ers.

C h a n g e s i n  fl u or e s c e n c e

We  pr e di ct e d  t h at  r e d  fl u or e s c e n c e  w o ul d  b e  u pr e g u-
l at e d  o n  t h e m e di u m/ or a n g e   b a c k g r o u n d.  E v e n  t h o u g h 
o ur e x p eri m e nt w a s c arri e d o ut u n d er s urf a c e li g ht c o n-
diti o ns,  w e  e x p e ct e d  fl u or e s c e n c e  t o  b e  i n cr e a s e d  o n  a 
re d  r e fl e cti v e  b a c k g r o u n d,  si n c e  w e  di d  n ot  e x p e ct  t h e 
fi s h  t o  h a v e  a  p h y si ol o gi c al  c ol o ur  c h a n g e  m e c h a ni s m 
t h at  w o ul d  b e  r e g ul at e d  di ff er e ntl y  d e p e n di n g  o n  a  s p e-
ci fi c  li g ht  e n vir o n m e nt.  C o ntr ar y  t o  o ur  pr e di cti o n,  t h e 
ar e a  of  s c or pi o n fi s h  b o d y  s h o wi n g  fl u or e s c e n c e  w a s  n ot 
l ar g e st  o n  t h e  or a n g e  b a c k g r o u n d,  b ut  o n  t h e  li g ht e st 
b a c k g r o u n d.  i s  s u g g e st s  t h at  di s pl a y  of  r e d  fl u or e s-
c e n c e d e p e n d s o n b a c k g r o u n d l u mi n a n c e. i s m a y b e a 
c o ns e q u e n c e  of  m el a n o s o m e  a g g r e g ati o n  o n  li g ht  b a c k-
g r o u n d s,  a n  e ff e ct  al s o  k n o w n  f r o m  ot h er  fi s h e s  [ 2 9 ]. 
H o w str o n g t h e c o ntri b uti o n of r e d fl u or e s c e n c e i s r el a-
ti v e t o r e fl e ct a n c e i n t hi s e x p eri m e nt, or at d e pt h, w h er e 
re d r e fl e ct a n c e i s m u c h l o w er [ 1 6 , 2 0 ], c a n n ot b e a ss e ss e d 
wit h o ur d at a.

R at e of l u mi n a n c e c h a n g e

C o m p ari n g  t h e  m e a s ur e m e nt s  t a k e n  aft er  o n e  a n d  fi v e 
mi n ut e s, l u mi n a n c e di d n ot c h a n g e m u c h a n y m or e, i n di-
c ati n g t h at c h a n g e s t o o k pl a c e wit hi n o n e mi n ut e, b ef or e 
th e  first  p h ot o  i n  e x p eri m e nt  1  w a s  t a k e n.  A  s e p ar at e 
a ss e ss m e nt  of  t h e  r at e  of  l u mi n a n c e  c h a n g e  i n  e x p eri -
m e nt  2  s h o w e d  t h at  a b o ut  8 0 %  of  t h e  c h a n g e  a c hi e v e d 
aft er  o n e  mi n ut e  h a p p e n e d  alr e a d y  wit hi n  t h e  first  2 0 
t o 2 5  s. M or e t h a n 5 0 % of t h e c h a n g e w a s a c hi e v e d aft er 
1 0  s i n S c or p a e n a m a d er e nsis , b ut alr e a d y aft er 5  s i n S. 
p or c us .  S u c h  r a pi d  c ol o ur  c h a n g e  f or  c a m o u fl a g e  i s  al s o 
k n o w n f r o m tr o pi c al fl o u n d ers [ 1 1 ].

C o n cl u si o n s
i s i s t h e first st u d y i n v e sti g ati n g w h et h er s c or pi o n fi s h 

a dj u st  b o d y  l u mi n a n c e  a n d  h u e  t o  a  gi v e n  b a c k g r o u n d. 
W hil e  fi s h  w er e  u n a bl e  t o  m at c h  t h e  e xtr e m e,  arti fi ci al 
b a c k g r o u n d s  b el o w  d et e cti o n  t hr e s h ol d,  w e  s h o w  t h at 
b ot h s p e ci e s r a pi dl y c h a n g e c ol o ur i n t h e e x p e ct e d dir e c -
ti o n. A s sit- a n d- w ait pr e d at ors, s c or pi o n fi s h ar e a n i d e al 
g r o u p t o st u d y c a m o u fl a g e of pr e d at ors f r o m pr e y vi s u al 
p ers p e cti v e. W hil e t hi s st u d y f o c u ss e d o n t w o s p e ci e s of 
s c or pi o n fi s h a n d t e st e d b a c k g r o u n d m at c hi n g o nl y, t h er e 
ar e m or e s p e ci e s a n d t y p e s of c a m o u fl a g e w ort h e x pl or -
i n g i n t hi s f a mil y.

M et h o d s
St u d y s p e ci e s

e  first  e x p eri m e nt  w a s  c arri e d  o ut  i n  t h e  St ati o n 
d e  R e c h er c h e s  S o u s- m ari n e s  et  O c é a n o g r a p hi q u e s 
( S T A R E S O),  C orsi c a,  Fr a n c e  i n  J u n e  a n d  J ul y  2 0 2 1.  e 
s e c o n d e x p eri m e nt w a s c arri e d o ut i n t h e s a m e l o c ati o n 
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i n J ul y 2 0 2 2. M a d eir a r o c k fi s h S c or p a e n a m a d er e nsis  a n d 
t h e  bl a c k  s c or pi o n fi s h S c or p a e n a  p or c us   ( Fi g.  1 )  w er e 
c a u g ht  wit h  h a n d  n et s  w hil e  S C U B A  di vi n g  u n d er  t h e 
st ati o n’s  g e n er al  s a m pli n g  p er mit.  All  fi s h  w er e  k e pt  i n 
fl o w-t hr o u g h  t a n k s  ( 1 2 5 × 5 5 × 5 8  c m/ 4 0 0  L).  B ot h  s p e -
ci e s  ar e  a m b u s h  pr e d at ors  t h at  sit  m oti o nl e ss  b et w e e n 
r o c k s  or  al g a e  a n d  s e d e nt ar y  a ni m al s  o n  n at ur al  h ar d 
s u b str at e s [ 2 5 ]. S c or pi o n fi s h ar e g e n er ali st s t h at f e e d o n 
a  v ari et y  of  s m all  fi s h e s  a n d  i n v ert e br at e s.  B ot h  s p e ci e s 
m ai nl y  o c c ur  a b o v e  3 0 – 4 0   m  [ 2 5 , 2 6 ].  Fi s h  s a m pl e d  f or 
o ur st u d y w er e c oll e ct e d i n 2 – 1 0  m d e pt h. O b s er v ati o ns 
u n d er  n at ur al  li g ht  c o n diti o ns  i n  t h e  fi el d  i n di c at e  t h at 
b ot h s p e ci e s c a n c h a n g e c ol o ur, a n d t h at t h e y ar e r e d fl u -
or e s c e nt ( p ers o n al o b s er v ati o ns).

E x p eri m e nt 1

E x p eri m e nt al s et u p

T o  eli cit  c h a n g e s  i n  b o d y  c ol o ur ati o n,  fi s h  w er e  alt er-
n at el y  pl a c e d  i n  t hr e e  w hit e  p ol y et h yl e n e  tr a y s 
( 4 0 × 3 0 × 9  c m),  e a c h  wit h  a  di ff er e nt  u nif or ml y  c ol-
o ur e d  b ott o m  ( Fi g.  6 B).  e  w all s  of  all  tr a y s  w er e  k e pt 
w hit e.  e  t hr e e  b a c k g r o u n d s  w er e  a n  a c hr o m ati c,  l o w 
l u mi n a n c e b a c k g r o u n d (d ar k/ g r e y ), a c hr o m ati c, m e di u m 
l u mi n a n c e  b a c k g r o u n d  (m e di u m/ or a n g e ),  a n d  a n  a c h-
r o m ati c,  hi g h  l u mi n a n c e  b a c k g r o u n d  ( li g ht/ g r e y).  We 
e x p e ct e d  fi s h  t o  s h o w  c h a n g e s  i n  l u mi n a n c e  a cr o ss  all 
t hr e e b a c k g r o u n d s. C h a n g e s i n h u e o n t h e or a n g e b a c k-
g r o u n d, b ut n ot o n t h e g r e y b a c k g r o u n d s, w o ul d i nst e a d 
s h o w t h at s c or pi o n fi s h a dj u st b o d y h u e i n d e p e n d e ntl y of 
l u mi n a n c e  (s e e  e x p e ct ati o ns  i n  I ntr o d u cti o n).  We  c h o s e 
a n or a n g e r e fl e cti v e b a c k g r o u n d t o eli cit h u e c h a n g e s i n 
l o n g  w a v el e n gt h  b o d y  r e fl e ct a n c e  a n d  fl u or e s c e n c e.  If 
r e d  fl u or e s c e n c e  i s  p art  of  d y n a mi c  b a c k g r o u n d  m at c h -
i n g o n l o n g w a v el e n gt h b a c k g r o u n d s, w e e x p e ct e d t o s e e 
a m o d ul ati o n of r e d fl u or e s c e n c e o n t h e m e di u m/ or a n g e
b a c k g r o u n d  o nl y.  We  di d  n ot  t e st  fi s h  o n  fl u or e s c e nt 
b a c k g r o u n d s or u n d er d e e p- w at er li g ht c o n diti o ns si n c e 
w e  di d  n ot  e x p e ct  t h e  fi s h  t o  di sti n g ui s h  b et w e e n  r e d 
fl u or e s c e n c e  or  r e fl e ct a n c e,  n or  t o  h a v e  a  p h y si ol o gi c al 

c ol o ur  c h a n g e  m e c h a ni s m  t h at  d e p e n d s  o n  t h e  c urr e nt 
li g ht  e n vir o n m e nt.  We  e x p e ct e d  fi s h  t o  si m pl y  r e g ul at e 
r e d fl u or e s c e n c e d e p e n di n g o n t h e a m o u nt of r e d i n t h e 
b a c k g r o u n d,  r e g ar dl e ss  of  it s  ori gi n.  e d ar k/ g r e y   a n d 
li g ht/ g r e y b a c k g r o u n d s w er e pl a sti c s h e et s s pr a y- p ai nt e d 
wit h  bl a c k  or  li g ht- g r e y  s pr a y  p ai nt  ( bl a c k:  M ar a b o u  d o 
it  C ol o urs pr a y  bl a c k  s ati n  m att,  G er m a n y;  li g ht- g r e y: 
M ai s o n D é c o R el o o k T o ut g al et s ati n m att, Fr a n c e), a n d 
gl u e d o nt o t h e b ott o m of t h e tr a y s. e m e di u m/ or a n g e
b a c k g r o u n d  c o nsi st e d  of  filt er  p a p er  ( L E E  filt er  n o.  2 0 4, 
F ull  C. T.  Or a n g e,  H a m p s hir e,  U K)  pl a c e d  o n  t h e  w hit e 
b ott o m  of  t h e  tr a y,  a n d  c o v er e d  b y  a  tr a ns p ar e nt  pl a sti c 
s h e et.  We  c h o s e  t o  u s e  filt er  p a p er  f or  t hi s  b a c k g r o u n d 
b e c a u s e all c o m m er ci al or a n g e s pr a y p ai nt s w e tri e d w er e 
fl u or e s c e nt, w hi c h i nt erf er e d wit h fi s h fl u or e s c e n c e p h o -
t o g r a p h y (s e e b el o w).

We  q u a nti fi e d  b a c k g r o u n d  a p p e ar a n c e  u si n g  a  s p e c-
tr or a di o m et er  ( S p e ctr a S c a n  P R- 7 4 0,  P h ot o  R e s e ar c h, 
N e w  Y or k,  U S A,  wit h  M S - 7 5  st a n d ar d  l e ns)  p o siti o n e d 
o n a tri p o d l o o ki n g d o w n at a 2 0° a n gl e at t h e tr a y f r o m 
a  di st a n c e  of  ~ 1 0 0  c m  t o  m e a s ur e  b a c k g r o u n d  r e fl e c -
t a n c e  r el ati v e  t o  a  di ff u s e  w hit e  r e fl e ct a n c e  st a n d ar d 
m e a s ur e d  i n  t h e  s a m e  w a y  ( S R S - 9 9 – 0 1 0,  L a b s p h er e, 
N H,  U S A)  (r e fl e ct a n c e  s p e ctr a  i n  A d diti o n al  fil e  1 :  Fi g-
ur e  S 2).  T o  a ss e ss  h o w  s c or pi o n fi s h  w o ul d  p er c ei v e  t h e 
b a c k g r o u n d s,  w e  c al c ul at e d  a c hr o m ati c  a n d  c hr o m ati c 
c o ntr a st s  b et w e e n  t h e  b a c k g r o u n d s  f r o m  a  s c or pi o n fi s h 
vi s u al  p ers p e cti v e  b y  i m pl e m e nti n g  t h eir  s p e ctr al  s e n -
siti viti e s  a n d  c o n e  r ati o  i n  t h e  R e c e pt or  N oi s e  Li mit e d 
m o d el  [ 3 7 ]  u si n g  t h e  p a v o  R- p a c k a g e  [3 8 ]  i n  R  ( v ersi o n 
4. 1. 1) [ 3 9 ] ( Ta bl e  3 ). S. p or c us  vi si o n i s c h ar a ct eri z e d b y 
s h ort- w a v el e n gt h  si n gl e  c o n e s  wit h  a v er a g e  s e nsiti v -
it y  p e a ki n g  at  4 5 5  n m  a n d  m e di u m- w a v el e n gt h  d o u bl e 
c o n e s wit h a v er a g e s e nsiti vit y p e a ki n g at 5 3 0  n m ([ 3 3 ], a s 
cit e d i n [ 2 4 ]). e si n gl e t o d o u bl e c o n e r ati o i s 1: 1 [ 4 0 ]. 
We a ss u m e si mil ar vi s u al pr o p erti e s f or S. m a d er e nsis , f or 
w hi c h t h er e i s n o p u bli s h e d r e c or d.

E a c h tr a y c o nt ai n e d t w o c e ntr all y pl a c e d P T F E di ff u s e 
g r e y st a n d ar d s ( 1 2 % a n d 7 2 % g r e y, B er g h of Fl u or o pl a sti c 

Fi g. 6 S et u p of e x p eri m e nt 1. A  O v er vi e w of t h e s et u p, B  tr a ys wit h t h e t hr e e b a c k gr o u n ds us e d i n t h e first e x p eri m e nt (fr o m l eft t o ri g ht: d ar k/ gr e y , 
m e di u m/ or a n g e , li g ht/ gr e y)
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Te c h n ol o g y  G m b H,  E ni n g e n  u nt er  A c h al m,  G er m a n y) 
a n d  a  s c al e  b ar  ( Fi g.  6 B).  Tr a y s  w er e  fill e d  wit h  f r e s h 
s e a  w at er  b ef or e  e a c h  tri al.  Tri al s  t o o k  pl a c e  o ut si d e  i n 
a s h a d e d ar e a u n d er t h e o p e n bl u e s k y. P h ot o s t o d o c u -
m e nt  c h a n g e  i n  l u mi n a n c e  a n d  h u e  w er e  t a k e n  wit h  a 
c ali br at e d Ni k o n D 4 D L S R c a m er a ( NI K O N C O R P O R A-
TI O N,  T o k y o,  J a p a n,  Mi cr o- Ni k k or  6 0   m m  l e ns,  R A W 
for m at,  I S O  a n d  a p ert ur e  fi x e d)  p o siti o n e d  i n  t h e  s a m e 
w a y a s t h e s p e ctr or a di o m et er ( Fi g.  6 A).

Si n c e  r e fl e ct a n c e  a n d  fl u or e s c e n c e  b ot h  c o ntri b ut e  t o 
b o d y  c ol o ur ati o n  u n d er  d a yli g ht,  w e  e sti m at e d  c h a n g e s 
i n  r e d  fl u or e s c e n c e  s e p ar at el y  b y  u si n g  a  3 D- pri nt e d, 
c yli n dri c al p h ot o- c h a m b er t h at w a s pl a c e d o v er t h e s c or -
pi o n fi s h  o n  it s  c urr e nt  b a c k g r o u n d  ( A d diti o n al  fil e  1 : 
Fi g ur e  S 3).  e  t o p-li d  of  t h e  c h a m b er  i n cl u d e d  a  ri n g-
li g ht  s o ur c e  a n d  c a m er a- h ol d er  f or  a n  Ol y m p u s  T o u g h 
T G- 6  ( Ol y m p u s  E ur o p a  S E  &  C o.  K G,  H a m b ur g,  G er -
m a n y,  R A W  f or m at,  I S O  a n d  a p ert ur e  fi x e d).  e  ri n g-
li ght  ( W E E FI N E  ri n gli g ht  3 0 0 0,  W E E FI N E  Te c h n ol o g y, 
C hi n a) w a s s et t o “ bl u e” a n d c o v er e d wit h a n a d diti o n al 
c y a n  filt er  ( L E E  filt er  n o.  1 7 2,  L a g o o n  Bl u e,  H a m p s hir e, 
U K) t o bl o c k w a v el e n gt hs a b o v e 5 4 0  n m. e c a m er a w a s 
i nst e a d  e q ui p p e d  wit h  a  d o u bl e  r e d  filt er  ( L E E  filt er  n o. 
1 0 6,  Pri m ar y  R e d,  H a m p s hir e,  U K)  t o  bl o c k  li g ht  b el o w 
5 8 0  n m. i s c o m bi n ati o n of li g ht a n d filt ers a ss ur e d t h at 

o nl y c y a n e x cit ati o n li g ht r e a c h e d t h e fi s h, a n d t h at o nl y 
r e d fl u or e s c e nt e mi ssi o n r e a c h e d t h e c a m er a.

E x p eri m e nt al pr o c e d ur e

We  t e st e d  2 4 S.  m a d er e nsis   a n d  1 8 S.  p or c us .  M e a n 
st a n d ar d  l e n gt h  of  b ot h  s p e ci e s  w a s  si mil ar  o n  a v er a g e 
(S.  m a d er e nsis :  7. 0 4± 1. 0 3  c m  ( m e a n ± S D), S.  p or c us : 
7. 0 3 ± 1. 8 4  c m),  a n d S.  p or c us   h a d  a  sli g htl y  l ar g er  b o d y 
ar e a  t h a n S.  m a d er e nsis   o n  a v er a g e  w h e n  p h ot o g r a p h e d 
f r o m  t h e  t o p  (S.  m a d er e nsis :  7. 5 8± 2. 0 9  c m 2 , S.  p or c us : 
8. 4 1 ± 4. 1 4  c m 2 ).  E a c h  i n di vi d u al  w a s  t e st e d  o n  e a c h 
b a c k g r o u n d.  At  t h e  st art  of  t h e  e x p eri m e nt,  a  fi s h  w a s 
tr a nsf err e d  i nt o  a  m e di u m  l u mi n a n c e  g r e y  a c cli m ati o n-
b o x  fill e d  wit h  f r e s h  s e a  w at er,  w h er e  it  st a y e d  f or  t e n 
mi n ut e s.  i s  a c cli m ati o n  p eri o d  e ns ur e d  i niti al  s h ort-
t er m  a d a pt ati o n  of  e a c h  fi s h  t o  t h e  s a m e  b a c k g r o u n d. 
E a c h fi s h w a s s u b s e q u e ntl y pl a c e d o n t h e first of t h e t hr e e 
e x p eri m e nt al b a c k g r o u n d s. It w a s p h ot o g r a p h e d a s s o o n 
a s it s ettl e d ( wit hi n a mi n ut e). A s e c o n d p h ot o w a s t a k e n 
aft er fi v e mi n ut e s a d a pt ati o n ti m e ( Fi g.  7 A, B). I m m e di -
at el y aft er t hi s, w e pl a c e d t h e c yli n dri c al p h ot o- c h a m b er 
o n  t h e  fi s h,  a d d e d  a  n o n- fl u or e s c e nt  r e d  di ff u s e  r e fl e c-
t a n c e st a n d ar d ( S C S - R D- 0 1 0, L a b s p h er e, N H, U S A) n e xt 
to  it,  cl o s e d  t h e  c h a m b er  ( d et ail s  a b o v e),  t ur n e d  o n  t h e 
li g ht s o ur c e a n d t o o k a p h ot o ( Fi g. 7 C). Ta ki n g a fl u or e s -
c e n c e p h ot o t o o k a b o ut 3 0  s. S u b s e q u e ntl y, t h e fi s h w a s 
pl a c e d  i n  t h e  n e xt  tr a y  a n d  t h e  pr o c e d ur e  w a s  r e p e at e d 
f or  t h e  ot h er  t w o  b a c k g r o u n d s.  E x p o si n g  a  fi s h  t o  all 
b a c k g r o u n d s  r e q uir e d  ar o u n d  2 0   mi n.  e  a c cli m ati o n 
p eri o d w a s n ot r e p e at e d b et w e e n b a c k g r o u n d s. I n w hi c h 
or d er t h e fi s h w er e e x p o s e d t o t h e t hr e e b a c k g r o u n d s w a s 
b al a n c e d a cr o ss all i n di vi d u al s of a s p e ci e s t o a c c o u nt f or 
a p ot e nti al e ff e ct of b a c k g r o u n d or d er. Aft er a c o m pl et e d 
tri al,  fi s h  w er e  eit h er  i m m e di at el y  br o u g ht  b a c k  t o  t h e 
fi el d or r et ur n e d t o a t e m p or ar y h o u si n g t a n k. E a c h i n di -
vi d u al w a s u s e d o nl y o n c e.

I m a g e a n al y si s

T o  q u a ntif y  c h a n g e s  of  l u mi n a n c e  a n d  h u e  b et w e e n 
b a c k g r o u n d s,  w e  u s e d  t h e  M ulti s p e ctr al  I m a g e  A n al y si s 
a n d  C ali br ati o n  ( MI C A)  T o ol b o x  pl u gi n  [ 4 1 ]  f or  I m a g eJ 

T a bl e 3 A c hr o m ati c  a n d  c hr o m ati c  c o ntr asts  b et w e e n 
b a c k gr o u n ds fr o m s c or pi o n fis h vis u al p ers p e cti v e

C o ntr a st s ar e e x pr e s s e d i n J u st N oti c e a bl e Di ff er e n c e s (J N D s) f or e a c h 
b a c k gr o u n d c o m p ari s o n, a s p er c ei v e d b y s c or pi o n fi s h. C o ntr a st s b el o w o n e J N D 
ar e n ot di sti n g ui s h a bl e, a n d i n cr e a si n g v al u e s i n di c at e a n i n cr e a si n g pr o b a bilit y 
of d et e cti o n [ 3 6 ]. All b a c k gr o u n d s di ff er i n l u mi n a n c e ( a c hr o m ati c c o ntr a st). 
T h e m e di u m l u mi n a n c e b a c k gr o u n d ( m e di u m/ or a n g e ) h a s a c o m p ar a bl e 
a c hr o m ati c di st a n c e t o b ot h t h e hi g h a n d t h e l o w l u mi n a n c e b a c k gr o u n d. 
Di ff er e n c e i n c ol o ur ( c hr o m ati c c o ntr a st) b et w e e n t h e t w o gr e y b a c k gr o u n d s i s 
n ot di sti n g ui s h a bl e, w h er e a s t h e m e di u m/ or a n g e  b a c k gr o u n d s h o ws c o ntr a st s 
a b o v e d et e cti o n t hr e s h ol d t o b ot h gr e y b a c k gr o u n d s

B a c k gr o u n d s c o m p ar e d  A c hr o m ati c 
c o ntr a st ( J N D)

C hr o m ati c 
c o ntr a st 
( J N D)

Li g ht/ gr e y – d ar k/ gr e y 2 0. 9 5 0. 9 9

M e di u m/ or a n g e –li g ht/ gr e y 9. 2 9 5. 3 8

M e di u m/ or a n g e – d ar k/ gr e y 1 1. 6 7 6. 3 7

Fi g. 7 S c or pi o n fis h c a n a dj ust b o d y l u mi n a n c e, a n d dis pl a y r e d fl u or es c e n c e. E x e m pl ar y p h ot os of t h e s a m e S. m a d er e nsis  i n di vi d u al A  o n t h e d ar k/
g r e y a n d B  o n t h e li g ht/ gr e y b a c k gr o u n d a n d C  of a fl u or es c e n c e p h ot o of a di ff er e nt S. m a d er e nsis  i n di vi d u al ( a d a pt e d t o t h e d ar k/ gr e y  b a c k gr o u n d)
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( v ersi o n  1. 5 3 o)  [4 2 ].  I m a g e s  w er e  n or m ali z e d  wit h  t h e 
1 2 %  a n d  7 2 %  g r e y  st a n d ar d s  pr e s e nt  i n  e a c h  tr a y,  a n d 
c o n v ert e d  i nt o  3 2- bit  m ulti s p e ctr al  i m a g e s.  F or  e v er y 
i m a g e, w e s el e ct e d t w o r e gi o ns of i nt er e st s ( R OI): ( a) t h e 
‘ b o d y’ of t h e fi s h, e x cl u di n g t h e fi ns si n c e t h e y w er e tr a ns-
p ar e nt,  a n d  ( b)  a  c a.  1  c m 2   s a m pl e  of  t h e  ‘b a c k g r o u n d ’ 
(f or  m or e  d et ail  o n  t h e  R OI  s el e cti o n,  s e e  A d diti o n al 
fil e  1 :  Fi g ur e  S 4).  We  al s o  m e a s ur e d  st a n d ar d  l e n gt h  of 
e a c h  fi s h  r el ati v e  t o  t h e  si z e  st a n d ar d  a n d  e xtr a ct e d  t h e 
ar e a of t h e fi s h b o d y i n c m 2 . All i m a g e s w er e t h e n b at c h-
pr o c e ss e d  u si n g  a  c u st o m- w ritt e n  r o uti n e  f or  MI C A 
i n  I m a g eJ.  First,  r e fl e ct a n c e  i m a g e s  w er e  c o n v ert e d  t o  a 
c o n e- c at c h m o d el, w hi c h i n cl u d e d t h e s p e ctr al s e nsiti vit y 
of  t h e  c a m er a  a n d  a  m o d ell e d  o b s er v er,  a n d  t h e  s p e ctr a 
of  p h ot o g r a p h y  a n d  m o d el  ill u mi n a nt,  w hi c h  w er e  b ot h 
a D 6 5 s p e ctr u m. We c h o s e D 6 5 a s t h e m o d el ill u mi n a nt 
si n c e t hi s w a s t h e li g ht s p e ctr u m u n d er w hi c h t h e e x p eri -
m e nt w a s r u n a n d u n d er w hi c h t h e s c or pi o n fi s h a dj u st e d 
to t h e b a c k g r o u n d s. We m o d ell e d t h e vi si o n of t h e y ell o w 
bl a c k-f a c e d  bl e n n y Tri pt er y gi o n  d el aisi ,  a  c o m m o n  s p e-
ci e s a n d pr e y of s c or pi o n fi s h. T. d el aisi  h a s si n gl e c o n e s 
wit h a v er a g e p e a k s e nsiti vit y at 4 6 8  n m, a n d d o u bl e c o n e s 
wit h a v er a g e s e nsiti vit y p e a ki n g at 5 1 7 a n d 5 3 0  n m [ 4 3 ]. 
Si n c e w e w er e f o c u si n g o n h u e c h a n g e i n t h e l o n g- w a v e -
l e n gt h  p art  of  t h e  vi si bl e  s p e ctr u m,  w e  al s o  m o d ell e d  a 
n a t ur al  o b s er v er  wit h  a  b ett er  a bilit y  t o  p er c ei v e  l o n g 
w a v el e n gt h c h a n g e s, t h e t w o- s p ott e d g o b y P o m at os c his -
t us  fl a v es c e ns,  w hi c h  al s o  o c c urs  i n  t h e  n at ur al  r a n g e  of 
t h e  s c or pi o n fi s h.  i s  fi s h  h a s  si n gl e  a n d  d o u bl e  c o n e s 
wit h  p e a k  s e nsiti vit y  at  4 5 6,  5 3 1  a n d  5 5 3  n m  [ 4 4 ].  We 
a ss u m e d a We b er f r a cti o n of 0. 0 5 f or t h e m o st a b u n d a nt 
c o n e s a n d f or t h e l u mi n a n c e c h a n n el f or b ot h s p e ci e s [ 4 5 , 
4 6 ], a n d a c o n e r ati o (f r o m s h ort e st t o l o n g e st w a v el e n gt h 
p h ot or e c e pt or) of 0. 2 5: 1: 1 f or T. d el aisi  [4 7 ] a n d 0. 7 2: 1: 0. 6 
f or P. fl a v es c e ns  [4 4 , 4 8 ]. We d e fi n e d t h e l u mi n a n c e c h a n-
n el  a s  t h e  a v er a g e  c o n e  c at c h e s  of  t h e  t w o  l o n g er  w a v e-
l e n gt h s e nsiti v e c o n e s, a s fi s h li k el y p er c ei v e a c hr o m ati c 
(l u mi n a n ce) c o ntr a st s t hr o u g h t h e s e p h ot or e c e pt ors [ 4 9 ]. 

e r o uti n e f urt h er pr o c e ss e d t h e i m a g e s t o a dj u st f or T. 
d el aisi  f o v e al s p ati al a c uit y of 7 c y cl e s p er d e g r e e [4 7 ] a n d 
2. 3 6 c y cl e s p er d e g r e e f or g o b y vi si o n [ 5 0 ] f or a vi e wi n g 
di st a n c e of 3 0  c m b y u si n g t h e G a u ssi a n A c uit y C o ntr ol 
a n d  t h e  R e c e pt or  N oi s e  Li mit e d  ( R N L)  R a n k e d  Filt er 
f u n cti o ns of t h e MI C A t o ol b o x [5 1 ]. We t h e n m e a s ur e d 
c o n e  c at c h e s  f or  t h e  R OI  ‘ b o d y’  a n d  ‘ b a c k g r o u n d ’  f or 
b ot h  o b s er v ers.  T o  a ss e ss  s c or pi o n fi s h  c h a n g e s  i n  l u mi -
n a n c e,  w e  c o m p ar e d  l u mi n a n c e  c h a n n el  c o n e  c at c h e s 
m e a s ur e d  f or  ‘ b o d y’  [ 3 5 ].  T o  a ss e ss  c h a n g e s  i n  h u e,  w e 
i nst e a d  c al c ul at e d  t h e  r ati o  of  t h e  di ff er e n c e  b et w e e n 
t h e  c o n e  c at c h e s  of  t h e  s h ort  w a v el e n gt h  r e c e pt or  a n d 
t h e  s u m  of  t h e  t w o  l o n g er  w a v el e n gt h  s e nsiti v e  r e c e p-
t ors  a n d  t h e  t ot al  c o n e  c at c h e s  (T.  d el aisi :  h u e= (( λm a x 5
3 0 + λ m a x 5 1 7) − λ m a x 4 6 8) / ( λ m a x 5 3 0 + λ m a x 5 1 7 + λ m a x 4 6 8), 

P.  fl a v es c e ns :  h u e= (( λm a x 5 5 3 + λ m a x 5 3 1) − λ m a x 4 5 6)  / 
( λm a x 5 5 3 + λ m a x 5 3 1 + λ m a x 4 5 6)),  f oll o wi n g  pr e vi o u s  st u d-
i e s  [1 3 , 1 4 ].  Fi n all y,  w e  c al c ul at e d  t h e  c o ntr a st  of  fi s h 
a g ai nst  t h e  b a c k g r o u n d  a s  p er c ei v e d  b y  t h e  o b s er v ers, 
t o  s e e  h o w  w ell  s c or pi o n fi s h  w er e  m at c hi n g  t h e  b a c k-
g r o u n d s b y c o m p ari n g t h e R OI ‘ b o d y’ t o t h e R OI ‘ b a c k -
g r o u n d ’  for  e a c h  i m a g e.  A c hr o m ati c  a n d  c hr o m ati c 
c o ntr a st s  w er e  c al c ul at e d  i m pl e m e nti n g  t h e  R e c e pt or 
N oi s e Li mit e d m o d el [ 3 7 ] i nf or m e d wit h t h e c o n e c at c h e s 
of  t h e  t hr e e  c hr o m ati c  c h a n n el s,  a n d  t h e  l u mi n a n c e 
c h a n n el  c o n e  c at c h e s  u si n g  t h e  p a v o  R- p a c k a g e  [ 3 8 ]  i n 
R, w h er e w e s et w e b er f r a cti o n a n d c o n e r ati o s f or e a c h 
o b s er v er  a s  d e s cri b e d  a b o v e  [ 1 3 , 1 4 , 3 5 , 3 6 ].  C o ntr a st s 
ar e r e p ort e d a s J u st N oti c e a bl e Di ff er e n c e s (J N Ds), w h er e 
v al u e s b el o w o n e J N D i n di c at e a n i n di sti n g ui s h a bl e c o n -
tr a st a n d hi g h er v al u e s i n di c at e a n i n cr e a s e d pr o b a bilit y 
of d et e cti o n [ 3 6 , 3 7 , 4 6 ].

Fl u or e s c e n c e  p h ot o s  w er e  c orr e ct e d  f or  di ff er e n c e s  i n 
s h utt er  s p e e d  b y  a dj u sti n g  e x p o s ur e  t o  t h e  s a m e  s p e e d 
f or  e a c h  p h ot o  of  o n e  i n di vi d u al  i n  t h e  pr o g r a m  Ol y m-
p u s  W or k s p a c e  ( v ersi o n  1. 5,  O M  Di git al  S ol uti o ns  C or-
p or ati o n),  a n d  s u b s e q u e ntl y  e x p ort e d  a s  TI F.  I m a g e s 
w er e  i m p ort e d  i n  I m a g eJ,  a n d  o nl y  t h e  r e d  c h a n n el  w a s 
s el e ct e d. T o filt er o ut n oi s e, w e r e m o v e d all pi x el s wit h a 
bri g ht n e ss  t hr e s h ol d  b el o w  1 0 0  ( R G B  s c al e),  w hi c h  w a s 
d e fi n e d b ef or e h a n d b y m a n u all y t e sti n g di ff er e nt t hr e s h -
ol d s  a n d  i d e ntif yi n g  t h e  m o st  c o ns er v ati v e  t hr e s h ol d 
w h er e  b a c k g r o u n d  pi x el s  (i. e.  n oi s e)  w er e  r e m o v e d,  b ut 
n ot pi x el s of t h e fi s h f or a n y gi v e n b a c k g r o u n d u s e d. We 
c o u nt e d  t h e  r e m ai ni n g  pi x el s  wit h  ‘ A n al y s e  P arti cl e s’  t o 
q u a ntif y c h a n g e s fl u or e s c e nt ar e a wit hi n t h e fi s h b o d y.

E x p eri m e nt 2

E x p eri m e nt al s et u p

T o m e a s ur e t h e r at e of l u mi n a n c e c h a n g e m or e pr e ci s el y, 
w e t e st e d fi s h i n a di ff er e nt s et u p. A w hit e s h all o w pl a s-
ti c  tr a y  ( 4 0 × 6 0 × 9  c m)  w a s  di vi d e d  i nt o  t w o  c o m p art-
m e nt s ( 4 0 × 3 0 × 9  c m e a c h) b y a r e m o v e a bl e pl a sti c w all. 
O n e  c o m p art m e nt  w a s  k e pt  w hit e,  w hil e  t h e  ot h er  si d e 
w a s c o v er e d i n bl a c k pl a sti c. We c h o s e t o u s e bl a c k a n d 
w hit e b a c k g r o u n d s i nst e a d of t h e s a m e b a c k g r o u n d s a s i n 
e x p eri m e nt 1 si n c e w e w a nt e d t o r e c or d t h e f a st e st p o s -
si bl e  l u mi n a n c e  c h a n g e  a n d  w e  e x p e ct e d  fi s h  t o  c h a n g e 
m o st r a pi dl y if t h e y w o ul d b e m o v e d b et w e e n e xtr e m e s. 
A m o v e a bl e tr a ns p ar e nt pl a sti c c yli n d er of 1 5  c m di a m -
et er a n d 8  c m h ei g ht w a s pl a c e d i n t h e tr a y. It h a d a s m all 
pl a sti c  e d g e  at  t h e  b ott o m  ( 2 × 1  c m)  w hi c h  s er v e d  a s 
a  s c al e  b ar  a n d  o n  w hi c h  t w o  P T F E  di ff u s e  g r e y  st a n d -
ar d s  ( 1 2 %  a n d  7 2 %  g r e y,  B er g h of  Fl u or o pl a sti c  Te c h-
n ol o g y  G m b H,  E ni n g e n  u nt er  A c h al m,  G er m a n y)  w er e 
a tt a c h e d. T o m o v e t h e c yli n d er f r o m t h e o ut si d e, it h a d a 
tr a ns p ar e nt h a n dl e r e a c hi n g o ut of t h e tr a y. A Ni k o n D 4 
D L S R  c a m er a  ( NI K O N  C O R P O R A TI O N,  T o k y o,  J a p a n, 
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Mi cr o- Ni k k or 6 0  m m l e ns, R A W f or m at, I S O a n d a p er-
t ur e fi x e d) w a s p o siti o n e d o n a tri p o d l o o ki n g d o w n at a 
1 0° a n gl e at t h e tr a y f r o m a di st a n c e of  ~ 1 2 0  c m.

E x p eri m e nt al pr o c e d ur e

T o  q u a ntif y  t h e  r at e  of  l u mi n a n c e  c h a n g e,  w e  t e st e d  9 
S.  m a d er e nsis   a n d  1 4 S.  p or c us   i n  t h e  s et u p  f or  e x p eri-
m e nt  2.  A n  i n di vi d u al  w a s  pl a c e d  i n  t h e  c yli n d er  i n  t h e 
bl a c k  c o m p art m e nt  of  t h e  tr a y  f or  o n e  mi n ut e  a c cli m a-
ti o n  ti m e.  e n,  t h e  s e p ar ati n g  w all  w a s  p ull e d  o ut  a n d 
th e fi s h w a s m o v e d i nt o t h e w hit e c o m p art m e nt. We t h e n 
t o o k a p h ot o e v er y s e c o n d f or 3 0  s, a n d a l a st p h ot o aft er 
6 0  s. We a ss u m e d t h at t h e fi n al l u mi n a n c e f or s h ort-t er m 
a d a pt ati o n  w a s  a c hi e v e d  aft er  t hi s  o n e  mi n ut e  si n c e  w e 
o b s er v e d  i n  t h e  first  e x p eri m e nt  t h at  fi s h  c h a n g e d  v er y 
littl e  b et w e e n  o n e  mi n ut e  a n d  fi v e  mi n ut e s  a d a pt ati o n 
ti m e  ( A d diti o n al  fil e  1 :  Fi g ur e  S 5).  Fi s h  w er e  r et ur n e d 
b a c k i nt o t h e fi el d aft er t h e e x p eri m e nt.

I m a g e a n al y si s

P h ot o s  t a k e n  t o  m e a s ur e  t h e  r at e  of  l u mi n a n c e  c h a n g e 
w er e a n al y s e d wit h t h e s a m e MI C A t o ol b o x r o uti n e u s e d 
f or  e x p eri m e nt  1.  We  s el e ct e d  p h ot o s  of  t h e  fi s h  w h e n 
first s ettl e d o n t h e n e w b a c k g r o u n d (s e c o n d 0), a n d f r o m 
s e c o n d  5,  1 0,  1 5,  2 0,  2 5  a n d  6 0.  F or  e a c h  fi s h,  w e  o nl y 
s el e ct e d  a n d  m e a s ur e d  a  s p e ci fi c  p at c h  ( Fi g.  5 A,  d ar k 
d ors al p at c h b e hi n d t h e h e a d f r a m e d b y t h e gill c o v ers), 
b e c a u s e t hi s p at c h w a s e a s y t o l o c at e a n d s el e ct a s a n R OI 
i n  e v er y  i n di vi d u al  r e g ar dl e ss  of  it s  p o siti o n.  We  t h e n 
c o n v ert e d  t h e  i m a g e s  t o T.  d el aisi   vi si o n  a s  d e s cri b e d 
a b o v e,  a n d  e xtr a ct e d  l u mi n a n c e  c h a n n el  c o n e  c at c h e s 
t o t e st h y p ot h e si s 5). We c h o s e t o o nl y pr e s e nt t h e d at a 
f r o m T.  d el aisi   vi si o n  a s  l u mi n a n c e  p er c e pti o n  of  b ot h 
o b s er v ers i s c o m p ar a bl e (s e e Fi g.  1 A, B).

St ati sti c al a n al y si s

E x p eri m e nt 1

We  i m pl e m e nt e d  g e n er ali z e d  li n e ar  mi x e d  m o d el s  wit h 
t h e  gl m m T M B  R- p a c k a g e  [5 2 ]  f oll o wi n g  a  c u st o m-
w ritt e n  g ui d e d  li n e ar  m o d elli n g  R-r o uti n e  [ 5 3 ].  M o d el 
a ss e ss m e nt  f oll o w e d  t h e  g ui d a n c e  of  S a nt o n  et  al.  [ 5 3 ]. 
We  c o m p ut e d  r a n d o mi z e d  q u a ntil e  r e si d u al s  wit h  t h e 
R- p a c k a g e  D H A R M a  [ 5 4 ],  a n d  i ns p e ct e d  t h eir  di stri b u-
ti o n  wit hi n  a n d  a m o n g  f a ct or  pr e di ct or  l e v el s  t h at  ar e 
i n cl u d e d or n ot i n t h e m o d el s, a n d p erf or m e d p o st eri or 
pr e di cti v e  c h e c k s  t o  a ss e ss  m o d el  di s p ersi o n  a n d  o v er -
all  m o d el  fit.  M o d el s  w er e  i niti all y  i m pl e m e nt e d  u si n g 
t h e  m o st  a p pr o pri at e  f a mil y  di stri b uti o n  b a s e d  o n  t h e 
n at ur e  of  t h e  r e s p o ns e  v ari a bl e.  e  f a mil y  w a s  s o m e -
ti m e s  a dj u st e d  aft er  m o d el  a ss e ss m e nt  t o  b ett er  c a pt ur e 
t h e o b s er v e d d at a.

D at a f r o m t h e first e x p eri m e nt ori gi n at e d f r o m 4 2 i n di -
vi d u al s ( 2 4 S. m a d er e nsis  a n d 1 8 S. p or c us ) t h at w er e u s e d 

t o  t e st  o bj e cti v e s  1  a n d  2  (s e e  I ntr o d u cti o n).  O b s er v a-
ti o ns at t h e t w o ti m e p oi nt s ( mi n ut e 1 a n d 5) w er e a v er-
a g e d  si n c e  t h er e  w a s  littl e  v ari ati o n  b et w e e n  t h e s e  t w o 
o b s er v ati o ns  ( A d diti o n al  fil e  1 :  Fi g ur e  S 5).  T o  a ss e ss 
c h a n g e s i n s c or pi o n fi s h b o d y l u mi n a n c e a n d h u e ( 1), w e 
i m pl e m e nt e d  a  g e n er ali s e d  li n e ar  mi x e d  m o d el  u si n g  a 
G a m m a di stri b uti o n (li n k = l o g) f or t h e r e s p o ns e v ari a bl e 
l u mi n a n c e, a n d o n e u si n g a G a u ssi a n di stri b uti o n f or h u e.
B ot h m o d el s i n cl u d e d t h e fi x e d e ff e ct s b a c k g r o u n d ( d ar k/
g r e y,  m e di u m/ or a n g e,  li g ht/ g r e y ), s c or pi o n fis h  s p e ci es (S. 
m a d er e nsis , S.  p or c us )  a n d o bs er v er  (T.  d el aisi,  P.  fl a v es -
c e ns ), a n d t h eir i nt er a cti o n. Fis h I D  w a s u s e d a s a r a n d o m 
i nt er c e pt  t o  a c c o u nt  f or  t h e  r e p e at e d  m e a s ur e m e nt s  of 
e a c h fi s h [ 5 5 ]. We f urt h er i n cl u d e d a r a n d o m sl o p e o v er 
b a c k g r o u n d   i n  t h e l u mi n a n c e  m o d el,  t o  a c c o u nt  f or  dif-
f er e n c e s  i n  t h e  pr e di ct or-r e s p o ns e  r el ati o ns hi p  b et w e e n 
i n di vi d u al  fi s h  [5 6 ].  T o  a ss e ss  h o w  w ell  s c or pi o n fi s h 
m at c h e d  t h eir  b a c k g r o u n d s  ( 2),  w e  i m pl e m e nt e d  a  g e n -
er ali s e d  li n e ar  mi x e d  m o d el  u si n g  a  G a u ssi a n  di stri b u-
ti o n  f or  t h e  r e s p o ns e  v ari a bl e a c hr o m ati c  c o ntr ast,   a n d 
o n e u si n g  a  T w e e di e  di stri b uti o n  (li n k = l o g)  f or c hr o -
m ati c  c o ntr ast.   e  fi x e d  e ff e ct s  a n d  r a n d o m  i nt er c e pt 
w er e i d e nti c al a s d e s cri b e d a b o v e. We f urt h er i n cl u d e d a 
r a n d o m sl o p e o v er b a c k g r o u n d  i n t h e c hr o m ati c c o ntr ast
m o d el. F or e a c h m o d el, r a n d o m sl o p e s w er e a d d e d w h e n 
t h e di ff er e n c e s i n g r o u p m e a ns of i nt er e st v ari e d a m o n g 
t h e r a n d o m pr e di ct ors’ l e v el s.

We di d n ot o bt ai n fl u or e s c e n c e p h ot o s f or 5 of t h e 4 2 
i n di vi d u al s  b e c a u s e  of  t e m p or ar y  t e c h ni c al  di ffi c ulti e s 
wit h  t h e  p h ot o- b o x  a n d  t h er ef or e  u s e d  d at a  f r o m  o nl y 
3 7 i n di vi d u al s ( 2 1 S. m a d er e nsis  a n d 1 6 S. p or c us ) t o t e st 
o bj e cti v e  3  (s e e  I ntr o d u cti o n)  a n d  a ss e ss  c h a n g e s  i n  t h e 
r e s p o ns e  v ari a bl e fl u or es c e nt  ar e a   (i. e.  t h e  ar e a  of  s c or-
pi o n fi s h b o d y s h o wi n g fl u or e s c e n c e). F or t hi s m o d el, w e 
u s e d  a  n e g ati v e  bi n o mi al  di stri b uti o n  (li n k = l o g).  Si n c e 
t hi s v ari a bl e w a s n ot b a s e d o n vi s u al m o d elli n g, w e h er e 
o nl y  i n cl u d e d  t h e  fi x e d  e ff e ct s b a c k g r o u n d , s p e ci es,  a n d 
t h eir  i nt er a cti o n. Fis h  I D   w a s  al s o  i n cl u d e d  a s  r a n d o m 
i nt er c e pt.

We r e p o rt R 2 - v al u e s a s a m e a s u r e of fit f o r e a c h m o d el 
a n d  r e p o rt  b ot h  t h e  m a r gi n al R 2   ( v a ri a n c e  e x pl ai n e d 
b y  fi x e d  e ff e ct s  o nl y)  a n d  t h e  c o n diti o n al R 2   ( v a ri-
a n c e  e x pl ai n e d  b y  e nti r e  m o d el)  [ 5 7 ]  ( Ta bl e  1 , 2   a n d
A d diti o n al  fil e  1 :  S 1),  u si n g  t h e r 2   f u n cti o n  of  t h e  p e r-
f o r m a n c e  p a c k a g e  [5 8 ].  F o r  g r a p hi c al  di s pl a y s  of  t h e 
re s ult s, o u r fi g u r e s p r e s e nt m o d el p r e di ct e d m e a n s a n d 
t h ei r  9 5 %  c o m p ati bilit y  (i. e.  c r e di bl e)  i nt e r v al s  c al c u-
l at e d  f r o m  t h e  p o st e ri o r  di st ri b uti o n s  of  fitt e d  v al u e s 
o bt ai n e d  f r o m  1 0, 0 0 0  s et s  of  m o d el  p a r a m et e r s  [ 5 2 ]. 

e  s a m e  p o st e ri o r  di st ri b uti o n  of  fitt e d  v al u e s  w a s 
u s e d t o c o m p ut e a n d r e p o rt m e di a n di ff e r e n c e s b et w e e n 
f a ct o r l e v el s a n d t h ei r 9 5 % c o m p ati bilit y i nt e r v al s f o r all 
c o m bi n ati o n s of f a ct o r p r e di ct o r s of i nt e r e st ( Ta bl e s  1 ,2
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a n d A d diti o n al fil e  1 : S 1). E ff e ct si z e st r e n gt h i n c r e a s e s 
wit h  i n c r e a si n g  d e vi ati o n  of  di ff e r e n c e s  f r o m  z e r o,  a n d 
t h e  r o b u st n e s s  of  t h e  r e s ult  i n c r e a s e s  wit h  d e c r e a s -
i n g d e g r e e of o v e rl a p of t h e 9 5 % c o m p ati bilit y i nt e r v al s 
( CI s)  wit h  z e r o.  We  r ef r ai n  f r o m  r e p o rti n g  a s s o ci at e d 
p - v al u e s  b e c a u s e  t h e y  o ff e r  li mit e d  i nf o r m ati o n  a b o ut 
t h e bi ol o gi c al r el e v a n c e of t h e o b s e r v e d e ff e ct s [5 9 , 6 0 ].

E x p eri m e nt 2

We  vis u alis e d  d at a  fr o m  9 S.  m a d er e nsis   a n d  1 4 S.  p or c us
t o  e v al u at e  h o w  f ast  s c or pi o n fis h  a dj ust  b o d y  l u mi n a n c e 
t o  t h e  b a c k gr o u n d  ( o bj e cti v e  4,  s e e  I ntr o d u cti o n).  O n e S. 
p or c us  w as e x cl u d e d fr o m t h e gr a p hs si n c e it s h o w e d littl e 
c h a n g e of l u mi n a n c e wit hi n o n e mi n ut e a n d di d n ot s e e m 
t o  a dj ust  t o  t h e  b a c k gr o u n d  ( a bs ol ut e  di ff er e n c e  b et w e e n 
t0  a n d t6 0 < 0. 0 0 1 l u mi n a n c e c h a n n el c o n e c at c h es). We c al -
c ul at e d t h e pr o p orti o n al c h a n g e i n l u mi n a n c e at e a c h ti m e 
p oi nt  (s e c o n d  5,  1 0,  1 5,  2 0,  2 5),  s c al e d  f or  t h e  t ot al  l u mi -
n a n c e  c h a n g e  of  e v er y  i n di vi d u al  fis h  fr o m  i niti al  t o  fi n al 
l u mi n a n ce. We us e d t h e l u mi n a n c e c h a n n el c o n e c at c h es of 
s e c o n d 0 (t 0 ) as t h e i niti al v al u e f or l u mi n a n c e a n d of s e c o n d 
6 0 (t 6 0 ) as t h e fi n al v al u e f or l u mi n a n c e, a n d c al c ul at e d pr o-
p orti o n al c h a n g e at ti m e tx  as f oll o ws: pr o p orti o n al c h a n g e 
tx = (l u mi n a n c e tx − l u mi n a n c e t0 )/(l u mi n a n c e t6 0 − l u mi-
n a n c e t0 ).  We  t h e n  pl ott e d  t h e  m e di a ns  a n d  i nt er q u artil e 
r a n g e of t h es e pr o p orti o n al c h a n g e v al u es o v er ti m e t o dis -
pl a y h o w m u c h ti m e w as n e e d e d t o c o m pl et e a c ert ai n p er -
c e nt a g e of t h e o v er all a c hi e v e d l u mi n a n c e c h a n g e.
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t h e   d i f f e r e n t   e x p e r i m e n t a l   b a c k g r o u n d s ,   e s p e c i a l l y   w h e n   c o m p a r e d   t o   t h e   a c c l i m a -

t i o n   p h a s e .  T h e s e   r e s u l t s   i n d i c a t e   t h a t   s c o r p i o n f i s h   h a v e   o n e   m a i n   p a t t e r n   t h a t   c a n  

b e   a d j u s t e d   b y   m o d u l a t i n g   i t s   i n t e r n a l   c o n t r a s t .  A   r e d u c t i o n   i n   p a t t e r n   c o n t r a s t   c o u l d  

t h e r e b y   i m p r o v e   b a c k g r o u n d   m a t c h i n g ,   w h i l e   a n   i n c r e a s e   c o u l d   p r o m o t e   c a m o u f l a g e  

v i a   d i s r u p t i v e   c o l o u r a t i o n .
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C u t t l e f i s h   a r e   r e n o w n e d   f o r   t h e i r   a b i l i t y   t o   c h a n g e   p a t t e r n   i n  

r e s p o n s e   t o   d i f f e r e n t   b a c k g r o u n d s   ( B a r b o s a   e t a l ., 2 0 0 8 ;   Ha n l o n   &  

M e s s e n g e r , 1 9 8 8 ;   Ho w   &   S a n t o n , 2 0 2 2 ;  M ä t h g e r   e t a l ., 2 0 0 7 ;   Os o r i o  

e t a l ., 2 0 2 2 ) .  Hi g h l y   v a r i a b l e   p a t t e r n s   c a n   b e   p r o d u c e d   b y   t h e   h i g h -

d im e n s i o n a l   c o n t r o l   a n d   f l e x i b l e   g r o u p i n g   o f   c h r o m a t o p h o r e s   ( W o o  

e t a l ., 2 0 2 3 ) .  W h i l e   c e p h a l o p o d s   a r e   u n r i v a l l e d ,   f i s h e s   s h o w   r e m a r k -

a b l e   p a t t e r n   c h a n g e   t o o .  S o m e   f l a t f i s h e s   c a n   s w i t c h   b e t w e e n   t w o   t o  

t h r e e   d i f f e r e n t   b o d y   p a t t e r n s   ( K e l m a n   e t a l ., 2 0 0 6 ;   R a m a c h a n d r a n  

e t a l ., 1 9 9 6 ;   T y r i e   e t a l ., 2 0 1 5 ) ,   a n d   e x p r e s s   u p   t o   s i x   p a t t e r n   c o m p o -

n e n t s   ( R a m a c h a n d r a n   e t a l ., 1 9 9 6 ) .  Na s s a u   g r o u p e r s   a n d   s l e n d e r   f i l e -

f i s h   d i s p l a y   u p   t o   t h r e e   b o d y   p a t t e r n s   i n   r e s p o n s e   t o   d i f f e r e n t   n a t u r a l  

s u b s t r a t e s   ( A l l e n   e t a l ., 2 0 1 5 ;   W a t s o n   e t a l ., 2 0 1 4 ) .  T h e   r o c k   p o o l   g o b y  

G o bi u s  p a g a n ell u s   c h a n g e s   i t s   p a t t e r n   d e p e n d i n g   o n   t h e   s u b s t r a t e  

g r a n u l a r i t y   b y   m o d u l a t i n g   t h e   c o n t r a s t   o f   c e r t a i n   b a r s   w i t h i n   i t s   p a t-

t e r n   ( S m i t h e r s   e t a l ., 2 0 1 7 ) .  M a n y   m o r e   f i s h   s p e c i e s   c o u l d   p o t e n t i a l l y  

a d j u s t   b o d y   p a t t e r n   f o r   c a m o u f l a g e ,   a s   t h e   a b i l i t y   t o   r a p i d l y   c h a n g e  

c o l o u r   i s   w i d e s p r e a d   i n   f i s h e s   (  Ni l s s o n   S k ö l d   e t a l ., 2 0 1 3 ) .

S c o r p i o n f i s h e s   a r e   s i t - a n d -w a i t   p r e d a t o r s  t h a t   s h o w   v a r i o u s  c a m -

o u f l a g e  s t r a t e g i e s  ( Jo h n  e t a l ., 2 0 2 3 ;   S a n t o n  e t a l ., 2 0 1 8 ) .  S t u d y i n g  

t h e i r  a b i l i t y   t o   d y n a m i c a l l y   c h a n g e  b o d y   c o l o u r a t i o n  c a n  h e l p   t o   u n -

d e r s t a n d  h o w   t h e y   i m p r o v e  c a m o u f l a g e  a n d  t h e r e f o r e  p o t e n t i a l l y  

i n c r e a s e  p r e d a t i o n  s u c c e s s .  A   p r e v i o u s  s t u d y   h a s  s h o w n  t h a t   t h e 

t w o   s p e c i e s  S c or p a e n a m a d er e n si s   a n d S c or p a e n a p or c u s   c a n   r a p i d l y  

a d a p t   t o   b a c k g r o u n d   c o l o u r   ( Jo h n   e t a l ., 2 0 2 3 ). Fi el d o b s er v ati o n s

i n d i c a t e   t h a t  S. p or c u s   i n d i v i d u a l s   v a r y   i n   t h e i r   s k i n   p a t t e r n   (Fi g ur e 1 ,  

p e r s o n a l  o b s e r v a t i o n s  b y   L J) .  W h i l e  t h o s e  m i g h t   b e  i n d i v i d u a l  d i f-

f e r e n c e s  o n l y ,   s c o r p i o n f i s h e s'  a b i l i t y   t o   c h a n g e  b o d y   c o l o u r  r a i s e s 

t h e  p o s s i b i l i t y   t h a t   t h e y   c a n  a l s o   a d a p t   t h e i r  p a t t e r n  i n  r e s p o n s e  t o  

s p e c i f i c   b a c k g r o u n d   f e a t u r e s .

T h e r e f o r e ,   w e  t e s t e d  w h e t h e r  b o t h   s c o r p i o n f i s h  s p e c i e s  a d j u s t  

t h e i r  b o d y   p a t t e r n  i n  r e s p o n s e  t o   b a c k g r o u n d  p a t t e r n  g r a n u l a r i t y  

( i .e .  t h e  p a t c h  s i z e  w i t h i n  t h e  p a t t e r n )  t o   i n c r e a s e  b a c k g r o u n d  p a t-

t e r n  m a t c h i n g .  A f t e r  a n  a c c l i m a t i o n   p h a s e  o n  a  u n i f o r m   g r e y   b a c k -

g r o u n d ,   w e  p l a c e d  i n d i v i d u a l s  o n  t h r e e  e x p e r i m e n t a l  b a c k g r o u n d s  o f  

d i f f e r e n t   g r a n u l a r i t y   b u t   s i m i l a r  av e r a g e  l u m i n a n c e  a n d  c o n t r a s t   e s t i-

m a t e d   u s i n g   t h e  s p e c t r a l  s e n s i t i v i t i e s   o f   s c o r p i o n f i s h  ( G o v a r d o v s k i i   &  

Z u e v a , 1 9 8 8 ;   Jo h n   e t a l ., 2 0 2 3 ;   S c h w e i k e r t   e t a l ., 2 0 1 8 ) .  T h e m e di u m 

gr a n ul arit y   b a c k g r o u n d  w a s  d e s i g n e d  b a s e d  o n  t h e  a v e r a g e  s c o r p i o n -

f i s h  b o d y   p a t c h  s i z e  o b s e r v e d  i n  a  p r e v i o u s  s t u d y   ( Jo h n  e t a l ., 2 0 2 3 ) ,  

t h e fi n e gr a n ul arit y  a n d c o ar s e gr a n ul arit y   b a c k g r o u n d s   i n s t e a d   h a d  

a  s m a l l e r  a n d  l a r g e r  p a t c h  s i z e .  W e  d o c u m e n t e d  s c o r p i o n f i s h  b o d y  

p at t er n af t er 1  mi n o n e a c h b a c k gr o u n d u s i n g c a li br at e d i ma g e a n al -

y s i s   a n d   c o m p a r e d   w h e t h e r   t h e i r   p a t t e r n   d i f f e r e d   d e p e n d i n g   o n  

t h e  b a c k g r o u n d  g r a n u l a r i t y .  W e  e x p e c t e d  t h a t   f i s h  w o u l d  c h a n g e 

t h e i r   p a t t e r n   g r a n u l a r i t y   d e p e n d i n g   o n   b a c k g r o u n d   g r a n u l a r i t y .  I n  

p a r t i c u l a r ,   w e  e x p e c t e d  f i s h  t o   s h o w   s m a l l e r  p a t c h  s i z e  o n  t h e  f i n e 

g r a n u l a r i t y   b a c k g r o u n d  a n d  l a r g e r  p a t c h  s i z e  o n  t h e  c o a r s e  g r a n u -

l a r i t y   b a c k g r o u n d  w h e n  c o m p a r e d  t o   t h e i r  p a t c h  s i z e  o n  t h e  m e d i u m  

g r a n u l a r i t y   b a c k g r o u n d .  W e  d e c i d e d  t o   i n c l u d e  f i s h  p a t t e r n  c o n t r a s t  

i n t o   o u r  a n a l y s i s  b e c a u s e  w e  a l s o   s u s p e c t e d  t h a t   s c o r p i o n f i s h  c o u l d 

i n c r e a s e  p a t t e r n  c o n t r a s t   o n  t h e  h i g h - c o n t r a s t i n g   e x p e r i m e n t a l  

b a c k g r o u n d s ,   r e g a r d l e s s   o f   b a c k g r o u n d   g r a n u l a r i t y ,   w h e n   c o m p a r e d  

t o   t h e  u n i f o r m   a c c l i m a t i o n  b a c k g r o u n d .  W e  u s e d  d i f f e r e n t   i m a g e 

a n a l y s i s   a p p r o a c h e s   t o   c o m p a r e   s c o r p i o n f i s h   p a t t e r n   m e t r i c s   c a l c u -

l a t e d  f r o m   t h e  v i s u a l  p e r s p e c t i v e  o f   a  p o t e n t i a l  p r e y   f i s h ,   t h e  t r i p l e f i n 

Tri pt er y gi o n d el ai si .
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2. 1   |  E x p eri m e nt al a ni m al s

E x p e r i m e n t s   w e r e   c a r r i e d   o u t   i n   t h e   S t a t i o n   d e   R e c h e r c h e s   S o u s -

m a ri n e s et  O c é a n o g r a p hi q u e s (S T A R E S O), C o r si c a, F r a n c e i n Ju n e

a n d   Ju l y   2 0 2 2   a n d   f o l l o w e d   t h e   g e n e r a l   p r o c e d u r e   a n d   s e t u p   u s e d  

b y   Jo h n   e t a l .(2 0 2 3 ) .  M a d e i r a   r o c k f i s h  S c or p a e n a m a d er e n si s   a n d 

t h e   b l a c k   s c o r p i o n f i s h  S c or p a e n a p or c u s   w e r e   c a u g h t   w i t h   h a n d  

n e t s   w h i l e   S C U B A   d i v i n g   u n d e r   t h e   s t a t i o n ' s   g e n e r a l   s a m p l i n g  

p e r m i t .  W e   f o l l o w e d   t h e   E U   a n i m a l   w e l f a r e   l e g i s l a t i o n ' s   d i r e c t i v e  

( Dir e c ti v e 2 0 1 0 / 6 3 / E U) t o e n s u r e t h at o u r r e s e a r c h w a s n ot li k el y

t o   c a u s e   p a i n ,   s u f f e r i n g ,   d i s t r e s s   o r   l a s t i n g   h a r m   e q u i v a l e n t   t o ,  

o r   h i g h e r   t h a n ,   t h a t   c a u s e d   b y   t h e   i n t r o d u c t i o n   o f   a   n e e d l e   i n   a c -

c o r d a n c e wi t h g o o d v e t e ri n a r y p r a c ti c e. Fi s h w e r e k e pt i n s h a d e d

o u t si d e flo w- t hr o u g h s e a w at e r t an k s ( 21 0  ×   1 2 0 ×   5 0  c m / 1 2 0 0  L)

e x p o s e d   t o   t h e   n a t u r a l   l i g h t   c y c l e .  B o t h   s p e c i e s   a r e   a m b u s h   p r e d a -

t o r s   t h a t   s i t   m o t i o n l e s s   o n   v a r i o u s   n a t u r a l   h a r d   s u b s t r a t e s   a n d  

f e e d   o n   s m a l l   f i s h   a n d   i n v e r t e b r a t e s   ( L o u i s y , 2 0 0 2 ) .  B o t h   s p e -

c i e s   c a n   a d j u s t   b o d y   c o l o u r a t i o n   t o   t h e   b a c k g r o u n d   i n   l e s s   t h a n   a  

m i n u t e   ( Jo h n   e t a l ., 2 0 2 3 ) .  Ob s e r v a t i o n s   i n   t h e   f i e l d   s h o w   a   h i g h  

p a t t e r n   v a r i a b i l i t y   b e t w e e n   i n d i v i d u a l s ,   y e t   i t   r e m a i n s   u n c l e a r  

w h e t h e r   s c o r p i o n f i s h   c a n   a d j u s t   s k i n   p a t t e r n   t o   t h a t   o f   t h e   b a c k -

g r o u n d   (Fi g u r e 1 ) .

F I G U R E 1   T w o S c or p a e n a p or c u s   i n d i v i d u a l s w i t h d i f f e r e n t  s k i n p a t t e r n s . P h o t o s b y  M S .
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2. 2   |   E x p eri m e nt al s et u p

T o   e l i c i t   c h a n g e s   i n   b o d y   p a t t e r n ,   f i s h   w e r e   a l t e r n a t e l y   p l a c e d   i n   t h r e e  

p ol y et h yl e n e tr a y s ( 40  ×   3 0 ×   9  c m), e a c h wi t h a b a c k gr o u n d of di ff er-

e n t   p a t t e r n   g r a n u l a r i t y   (Fi g ur e 2 ) .  A n   i d e n t i c a l   t r a y   w a s   u s e d   f o r   i n i t i a l  

a c c l i m a t i o n   b u t   h a d   a   u n i f o r m   g r e y   b a c k g r o u n d .  B a c k g r o u n d s   w e r e  

p r i n t e d   o n   u n d e r w a t e r   p a p e r   ( n o .  3 4 8 7 ;   A v e r y   Z w e c k f o r m   G m b  H,  

G e r m a n y )   w i t h   a   l a s e r   p r i n t e r   ( K y o c e r a   E C  OS Y S   P 7 2 4 0 c d n   K X ,  

K y o c e r a ,   Ja p a n )   a n d   t h e n   l a m i n a t e d   w i t h   m a t t e   l a m i n a t i n g   p o u c h e s  

( 1 2 5   m i c r o n ,   n o .  S - P P 5 2 5 -2 2 ,   P R T   G m b  H,   S w i t z e r l a n d ) .  T h e   t h r e e  

e x p e r i m e n t a l   b a c k g r o u n d s   w e r e   b l a c k - a n d -w h it e   p a t t e r n s   o f   d i f f e r-

e n t   g r a n u l a r i t y   ( f i n e ,   m e d i u m ,   c o a r s e ) .  P a t t e r n e d   b a c k g r o u n d s   w e r e  

c r e a t e d   b y   t a k i n g   p h o t o s   o f   s a n d ,   g r a v e l   a n d   s m a l l   p e b b l e s   o f   d i f f e r -

e n t   s i z e s .  W e   u s e d   I m a g e J  ( v e r s i o n   1 .5 3 o ;   S c h n e i d e r   e t a l ., 2 0 1 2 )   t o  

c o n v e r t   t h e   p h o t o s   i n t o   m a s k s   s h o w i n g   5 0 %   b l a c k   a n d   5 0 %   w h i t e ,  

t o   k e e p   t h e   c o n t r a s t   a n d   a v e r a g e   l u m i n a n c e   p e r c e i v e d   b y   t h e   f i s h  

s i m i l a r .  T h e   m e d i u m   g r a n u l a r i t y   r o u g h l y   m a t c h e d   t h e   a v e r a g e   s t r i p e  

s i z e   o f   s c o r p i o n f i s h   e s t i m a t e d   f r o m   a   p r e v i o u s   s t u d y   ( a v e r a g e   g r a i n  

si z e  =   0. 4  c m2 ;   Jo h n   e t a l ., 2 0 2 3 ) .  T h e   o t h e r   t w o   g r a n u l a r i t i e s   w e r e   d i s -

ti n ctl y s m all er ( a ver a g e gr ai n si z e  =   0. 1  c m2 )   a n d   l a r g e r   ( a v e r a g e   g r a i n  

si z e  =   1  c m2 ) .  T o   c r e a t e   t h e   u n i f o r m   a c c l i m a t i o n   b a c k g r o u n d ,   w e   t o o k  

s t a n d a r d i s e d   p h o t o s   o f   t h e   t h r e e   e x p e r i m e n t a l   a n d   a c c l i m a t i o n   b a c k -

g r o u n d s   o f   d i f f e r e n t   g r e y   l e v e l s   i n   t h e   s e t u p ,   a n d   c a l c u l a t e d   t h e i r   a v e r-

a g e   l u m i n a n c e   u s i n g   s c o r p i o n f i s h   s p e c t r a l   s e n s i t i v i t y   ( G o v a r d o v s k i i   &  

Z u e v a , 1 9 8 8 ;   Jo h n   e t a l ., 2 0 2 3 ;   S c h w e i k e r t   e t a l ., 2 0 1 8 ) .  T h e   a c c l i m a -

t i o n   b a c k g r o u n d ' s   g r e y   l e v e l   c h o s e n   w a s   t h e   o n e   c l o s e s t   t o   t h e   a v e r -

a g e   l u m i n a n c e   o f   t h e   e x p e r i m e n t a l   b a c k g r o u n d s .

T r i a l s  t o o k  p l a c e  o u t s i d e  t h e  s t a t i o n ,   i n  a  s h a d e d  a r e a  u n d e r  t h e 

o p e n s k y. A s m all tra n s p ar e nt pl a sti c fra m e of 2 4  ×   1 8  c m a n d 2  c m

h e i g h t   w a s  p l a c e d  i n  t h e  c e n t r e  o f   t h e  t r a y   t o   p r e v e n t   f i s h  f r o m   h i d -

i n g  i n t h e c o r n e r s o r e d g e s o f   t h e t r a y   (Fi g ur e 2 ) . T o p   v i e w   p h o t o s o f  

f i s h  w e r e  t a k e n  u s i n g   a   c a l i b r a t e d  Ni k o n  D 4   D L S R   c a m e r a   (  NI K  O N 

C O R P O R A TI O N, T o k y o, J a p a n, Ni k k or 6 0   m m m a cr o l en s, R A W f or-

m a t ,   I S  O  a n d  a p e r t u r e  f i x e d )  p o s i t i o n e d  o n  a  t r i p o d  a t   a  2 0 °   a n g l e ,  

a n d  a ~ 1 0 0  c m di st a n c e fro m t he tra y. E a c h tra y c o nt ai n e d t wo

c e ntr all y pl a c e d P T F E diff u s e gr e y st a n d ar d s ( 12 % a n d 7 2 % gr e y,

B e r g h of Fl u or o pl a sti c T e c h n ol o g y G m b H, G e r m a n y) a n d a s c al e b ar.

E a c h tra y w a s al s o e q ui p p e d wi t h a n Ol y m p u s T o u g h T G - 6 c a m er a

(  Ol y m p u s  E u r o p a  S E   &   C o .  K G ,   Ha m b u r g ,   G e r m a n y ,   R A W   f o r m a t ,  

I S O a n d a p er t ur e fix e d) pl a c e d i n a 3  c m wi d e c o m p ar t m e nt o n t he

s id e  o f   t h e  t r a y   (Fi g ur e 2 ) .  T h e   c a m e r a   w a s   c o m p l e t e l y   h i d d e n   d u r i n g  

t h e  t r i a l s ,   a n d  o n l y   a  s m a l l  w i n d o w   f o r  t h e  l e n s  w a s  o p e n e d  a t   t h e 

e n d  o f   e a c h  t r i a l  t o   t a k e  a  s i d e  v i e w   p h o t o   o f   t h e  f i s h .  W e  u s e d  a 

p i c t u r e   o f   a   M i n i   C o l o u r C h e c k e r   C a r d   ( X - R it e  I n c .,   G r a n d  R a p i d s ,   M I ,  

U S A )  t o   c a l i b r a t e  t h e  Ol y m p u s  c a m e r a  i n  t h e  e x p e r i m e n t a l  s e t u p  

u n d e r  t h e  s a m e  l i g h t   c o n d i t i o n s  a s  i n   t h e  e x p e r i m e n t s  ( T r o s c i a n k o   &  

S t e v e n s , 2 0 1 5 ;  v a n d e n B e r g  e t a l ., 2 0 2 0 ) .

2. 3   |   E x p eri m e nt al pr o c e d ur e

W e   t e s t e d   2 1  S. m a d er e n si s   a n d   3 0  S. p or c u s .  B o d y   s i z e   o f   t h e   t w o   s p e -

c i e s   w a s   s i m i l a r   o n   a v e r a g e   ( b o d y   a r e a   i n   t o p   v i e w   f o r  S. m a d er e n si s : 

6. 3  ±   2. 0  c m2 ( m e a n ±   SD), a n d f or S. p or c u s : 6. 4  ±   2. 3  c m2 ) .  E a c h   i n -

d i v i d u a l   w a s   a l t e r n a t e l y   p l a c e d   o n   e a c h   e x p e r i m e n t a l   b a c k g r o u n d . 

T r a y s   w e r e   f i l l e d   w i t h   f r e s h   s e a w a t e r   b e f o r e   e a c h   t r i a l .  A t   t h e   s t a r t  

o f   t h e   e x p e r i m e n t ,   e a c h   f i s h   w a s   f i r s t   p l a c e d   i n   t h e   a c c l i m a t i o n   t r a y ,  

a n d   t h e n   o n   t h e   t h r e e   e x p e r i m e n t a l   b a c k g r o u n d s .  W e   c h o s e   t h e  

u n i f o r m   b a c k g r o u n d   a s   a c c l i m a t i o n   t o   o b t a i n   a   r e f e r e n c e   i m a g e   f o r  

e a c h   i n d i v i d u a l   o n   a   n o n - p a t t e r n e d   ( u n i f o r m )   b a c k g r o u n d ,   a n d   t o   a c -

c l i m a t e   t h e   f i s h   t o   t h e   l u m i n a n c e   o f   t h e   e x p e r i m e n t a l   b a c k g r o u n d s  

b e f o r e   s t a r t i n g   t h e   t r i a l s .  A   f i s h   w a s   p h o t o g r a p h e d   f r o m   t h e   t o p  

1  mi n af t er b e i n g tra n sf err e d i n t he tra y ( mi n ut e 1) a n d af t er 5  mi n

( m i n u t e   5 ) .  T h e n ,   t h e   t r a n s p a r e n t   f r a m e   w a s   r e m o v e d   a n d   a   p i e c e   o f  

P V C   t u b e   w i t h   1 2 %   a n d   7 2 %   g r e y   s t a n d a r d s   o r i e n t e d   s i d e w a y s   w a s  

i n s e r t e d   i n   t h e   t r a y ,   o p p o s i t e   t o   t h e   s i d e   w i t h   t h e   Ol y m p u s   c a m e r a  

c o m p a r t m e n t .  T h e   f i s h   w a s   g e n t l y   m o v e d   u n t i l   i t   s e t t l e d   n e x t   t o  

t h e   s t a n d a r d s .  T h e n ,   t h e   s m a l l   w i n d o w   i n   t h e   c a m e r a   c o m p a r t m e n t  

w a s   o p e n e d   t o   t a k e   a   s i d e   v i e w   p h o t o .  T h e   f i s h   w a s   t h e n   p l a c e d   i n  

t h e   n e x t   t r a y   a n d   t h e   p r o c e d u r e   w a s   r e p e a t e d   f o r   t h e   o t h e r   b a c k -

gr o u n d s. F o r tra n sf erri n g fis h b e t w e e n b a c k gr o u n d s, w e u s e d h a n d

n e t s .  T h e   s i x   p o s s i b l e   b a c k g r o u n d   o r d e r s   ( f o r   t h e   t h r e e   e x p e r i m e n -

t a l   b a c k g r o u n d s )   w e r e   r a n d o m i s e d   a n d   f u l l y   b a l a n c e d   a c r o s s   a l l   i n -

d i v i d u a l s   o f   e a c h   s p e c i e s .  A l l   i n d i v i d u a l s   w e r e   u s e d   o n l y   o n c e   a n d  

t h e n   r e t u r n e d   t o   t h e   f i e l d .

2. 4   |  I m a g e a n al y si s

2. 4. 1   |    Gr a n ul arit y a n al y si s

T o   a n a l y s e  f i s h  b o d y   p a t t e r n ,   w e  u s e d  t h e  m u l t i s p e c t r a l  i m a g e  c a l i-

b r a t i o n  a n d  a n a l y s i s  ( M I C A )  T o o l b o x   p l u g i n  ( v e r s i o n  2 .2 .2 ;   T r o s c i a n k o  

&   S t e v e n s , 2 0 1 5 )  f o r  I m a g e J  ( v e r s i o n  1 .5 4 d ) .  I m a g e s  w e r e  n o r m a l i s e d 

w i t h  t h e  1 2 %   a n d  7 2 %   g r e y   s t a n d a r d s  a n d  c o nv e r t e d  i n t o   3 2 - b it   m u l-

ti s p e ctr al i ma g e s. F o r e a c h i m a g e, w e s e l e ct e d a r egi o n of i nt er e st

( R OI )  o n  t h e  b o d y   o f   t h e  f i s h .  W e  a l w a y s  e x c l u d e d  t h e  f i n s  a n d  p a i d 

a t t e n t i o n  t o   o n l y   s e l e c t   t h e  p a r t   o f   t h e  b o d y   t h a t   w a s  i l l u m i n a t e d 

a t   t h e  s a m e  a n g l e   a s  t h e  g r e y   s t a n d a r d s  u s e d  t o   n o r m a l i s e  t h e  i m -

a g e s .  A l l  p h o t o s  w e r e  t h e n  b a t c h - p ro c e s s e d   u s i n g   a   c u s t o m - w ri t t e n 

r o u t i n e  f o r  M I C A   i n  I m a g e J  ( Jo h n  e t a l., 2 0 2 3 ). Fi r st, b o d y ar e a f or

e a c h  f i s h  w a s  e x t r a c t e d  a s  t h e  n u m b e r  o f   p i x e l s  c o n t a i n e d  i n  t h e  R  OI 

‘ b o d y ’ ,  t o  l a t e r c a l c u l a t e b o d y  a r e a i n c m 2  u s i n g  t h e s c a l e i n t h e p h o -

t o s .  T o   e x c l u d e  p o t e n t i a l  e f f e c t s  t h a t   f i s h  b o d y   o r i e n t a t i o n  i n  t h e  t r a y  

c o u l d  h av e  o n  t h e  p a t t e r n  a n a l y s i s ,   a l l  t o p   v i e w   p h o t o s  w e r e  r o t a t e d 

i n  s u c h  a  w a y   t h a t   a l l  f i s h  w e r e  o r i e n t e d  i n  t h e  s a m e  w a y .  T h e n ,   i m -

a g e s  w e r e  c o nv e r t e d  t o   c o n e  c a t c h e s  u s i n g   a  c o n e - c a t c h  m o d e l  t h a t  

w a s  c o m p u t e d  u s i n g   t h e  s p e c t r a l  s e n s i t i v i t y   o f   t h e  c a m e r a  a n d  o f   a 

m o d ell e d o b s er v er, a n d t he D 6 5 s p e ctr u m a s il l u mi n a nt. W e u s e d

D 6 5 a s il l u mi n a nt b e c a u s e fis h a d j u st e d t o b a c k gr o u n d s u n d er t hi s

s p e c t r u m .  W e  m o d e l l e d  t h e  v i s i o n  o f   t h e  y e l l o w   b l a c k -f a c e d  b l e n n y  

Tri pt er y gi o n  d el ai si ,   a  c o m m o n  p r e y   s p e c i e s  o f   s c o r p i o n f i s h  i n  t h e 

M e d i t e r r a n e a n   S e a   ( S a n t o n   e t a l., 2 0 2 1 ) ,   f o l l o w i n g   p r e v i o u s  s t u d i e s 

( B i t t o n   e t a l., 2 0 1 7 ;   Jo h n   e t a l ., 2 0 2 3 ;   S a n t o n   e t a l ., 2 0 2 0 ) . T . d el ai si

h a s si n gl e c o n e s wi t h a v e r a g e p e a k s e n siti vit y at 4 6 8  n m, a n d d o u bl e

c o n e s wi t h a v e r a g e s e n siti vit y p e a ki n g at 5 1 7 a n d 5 3 0  n m ( Bit t o n
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e t a l ., 2 0 1 7 ) .  W e  a s s u m e d  a  W e b e r  f r a c t i o n  o f   0 .0 5   f o r  t h e  m o s t  

a b u n d a n t   c o n e s   ( C h a m p   e t a l., 2 0 1 6 ;   Ol s s o n  e t a l., 2 0 1 8 ) ,   a n d  e s t i-

m a t e d   i t   t o   0 .1   f o r  t h e  s h o r t   w av e l e n g t h  c o n e s  b a s e d  o n  c o n e  a b u n -

d a n c e  r a t i o s  ( f r o m   s h o r t e s t   t o   l o n g e s t   w av e l e n g t h  p h o t o r e c e p t o r)  o f  

1: 4: 4 ( Frit s c h et al ., 2 0 1 7 ) .  W e  d e f i n e d  t h e  l u m i n a n c e  c h a n n e l  a s  t h e 

av e r a g e  c o n e  c a t c h e s  o f   t h e  t w o   l o n g e r  w av e l e n g t h - s e n s i t i v e  c o n e s ,  

a s  f i s h   l i k e l y   p e r c e i v e  a c h r o m a t i c   ( l u m i n a n c e )  c o n t r a s t s  t h r o u g h  t h i s 

c h a n n e l   ( L y t h g o e , 1 9 7 9 ) .  T h e  r o u t i n e  f u r t h e r  p r o c e s s e d  t h e  i m a g e s 

t o   a d j u s t   f o r T. d el ai si f o ve al s p ati al a c uit y of 7  c y cl e s p e r d e gr e e

( Frit s c h et al ., 2 0 1 7 ;   S a n t o n  e t a l ., 2 0 1 9 ) ,   f o r  a  v i e w i n g   d i s t a n c e  o f  

2 0  c m ( a r el e v a nt vi e wi n g di st a n c e i n n a t ur e ( Sa nt o n et al ., 2 0 2 1 )) ,   b y  

u s i n g   t h e  G a u s s i a n  A c u i t y   C o n t r o l  a n d  t h e  R e c e p t o r  No i s e   L i m i t e d 

( R N L) R a n k e d Fi lt er f un cti o n s of t he MI C A t ool b o x ( va n d e n B e r g

e t a l ., 2 0 2 0 ).  W e  t h e n  r a n  a  g r a n u l a r i t y   ( p a t t e r n   e n e r g y )  a n a l y s i s  o n 

t h e  f i s h  b o d y   u s i n g   t h e  ‘ P a t t e r n  C o l o u r  &   L u m i n a n c e  M e a s u r e m e n t s ’  

f u n c t i o n  o f   t h e  t o o l b o x   ( T r o s c i a n k o   &   S t e v e n s , 2 0 1 5 ) .  T h i s  f u n c -

ti o n u s e s f a st F o uri er tra n sf or m ati o n t o pr o d u c e i ma g e s o n di ff er-

e n t   s p a t i a l  s c a l e s  a n d  m e a s u r e s  t h e i r  p a t t e r n  e n e r g y ,   d e f i n e d  a s 

t h e  s t a n d a r d  d e v i a t i o n  o f   t h e  l u m i n a n c e  c h a n n e l ' s  c o n e  c a t c h e s  o f  

t h e  f i l t e r e d  p i x e l s .  B y   c o m p a r i n g   p a t t e r n  e n e r g y   a t   d i f f e r e n t   s p a -

t i a l  s c a l e s  ( g r a n u l a r i t y   b a n d s ) ,   a  d o m i n a n t   ( h i g h e s t   e n e r g y ,   i .e .  m o s t  

c o n t r a s t i n g )  m a r k i n g   s i z e  c a n  b e  d e t e r m i n e d  ( B a r b o s a  e t a l ., 2 0 0 8 ;  

S t o d d a r d   &   S t e v e n s , 2 0 1 0 )  (Fi g ur e 3 ,   g ra n u l a r i t y   s p e c t r u m   f o r  t h e 

f o u r  b a c k g r o u n d s ) .  W e  a n a l y s e d  9 9   g r a n u l a r i t y   b a n d s  r a n g i n g   f r o m  

2   t o   1 0 0   p i x e l s  i n  s i z e  ( i .e .  u s i n g   1 - p ix e l  s t e p s )  f o r  t h e  t o p   v i e w   p h o -

t o s  a n d  3 0   g r a n u l a r i t y   b a n d s  r a n g i n g   f r o m   2   t o   1 5 0   p i x e l s  ( i .e .  u s i n g  

5 - p ix e l  s t e p s )  f o r  t h e  s i d e  v i e w   p h o t o s .  A n a l y s e s  w e r e  s t o p p e d  a f t e r 

1 0 0   a n d  1 5 0   p i x e l s  b e c a u s e  w i d e r  b i n  s i z e s  e x c e e d e d  t h e   m a x i m u m  

f i s h  a n d  b a c k g r o u n d  p a t c h  s i z e .  G r a n u l a r i t y   b a n d s  d i f f e r e d  b e t w e e n 

t o p   a n d  s i d e  v i e w   p h o t o s  b e c a u s e  t h e  t w o   c a m e r a s  u s e d  h a d  a  d i f-

f e r e n t   r e s o l u t i o n ,   s o   a n a l y s e s  o f   t o p   a n d  s i d e  v i e w   p h o t o s  c a n  a l s o  

n o t   d i r e c t l y   b e  c o m p a r e d  ( r e s o l u t i o n  o f   R  NL   r a n k  f i l t e r e d  i m a g e s : 

t o p vi e w  =   8 3 pi x el s p e r c m , si d e vi e w  =   8 0 pi x el s p e r c m ). W e vi s u -

a l l y   i n s p e c t e d  t h e   g r a n u l a r i t y   s p e c t r a  d e r i v e d  f r o m   t h e  s i d e  v i e w  

p h o t o s  a n d  d i d  n o t   s e e  a n y   d i f f e r e n c e  i n  f i s h  p a t t e r n  d e p e n d i n g   o n 

t h e b a c k gr o u n d ( Fi g ur e A 1 ) .  B e c a u s e   t h i s   w a s   s i m i l a r   t o   t h e   r e s u l t s  

d e r i v e d  f r o m   t h e  t o p   v i e w   p h o t o s ,   w e  f o c u s e d  o n  t h e  t o p   v i e w   f o r 

f u r t h e r  a n a l y s e s .  T o   g e t   t h e  g r a n u l a r i t y   s p e c t r a  o f   t h e  e x p e r i m e n t a l 

b a c k g r o u n d s ,   w e  r a n d o m l y   c h o s e  e i g h t   t o p   v i e w   p h o t o s  p e r  b a c k -

gr o u n d t yp e fro m o u r d a t a s et a n d s e l e ct e d a 1 0  ×   2 0  c mb a c k gr o u n d

p a t c h  i n  e a c h  i m a g e  a s  a n  R  OI  ‘ b a c k g r o u n d ’ .  T h i s  l a r g e  s a m p l i n g   a r e a 

w a s  t o   e n s u r e  t h a t   w e  w o u l d  c a p t u r e  t h e  g r a n u l a r i t y   o f   e a c h  b a c k -

g r o u n d  t y p e .  T h e  p h o t o s  w e r e  p r o c e s s e d  a s  d e s c r i b e d  a b o v e .  W e 

a n a l y s e d  1 5   g r a n u l a r i t y   b a n d s  r a n g i n g   f r o m   2   t o   1 5 0   p i x e l s  ( i .e .  u s i n g  

1 0 -p ix e l  s t e p s )  f o r  t h e  b a c k g r o u n d  s a m p l e s .  W e  r e d u c e d  t h e  n u m -

b e r  o f   g r a n u l a r i t y   b a n d s  f o r  t h e  b a c k g r o u n d s  t o   r e d u c e  c o m p u t a t i o n 

t i m e  f o r  t h e  l a r g e  s a m p l e s  a n d  b e c a u s e  t h e  1 5   b a n d s  s e e m   t o   g i v e  a 

h i g h   e n o u g h   r e s o l u t i o n .

2. 4. 2  |   Q C P A a n al y si s

T h e  g r a n u l a r i t y   a n a l y s i s  i s  w i d e l y   u s e d  t o   a s s e s s  d o m i n a n t   m a r k -

i n g   s i z e   i n   a n i m a l   p a t t e r n   r e s e a r c h   ( P é r e z - R o d r í g u e z  e t a l ., 2 0 1 7 ) . 

F I G U R E 2   E x e m pl ar y t o p vi e w p h ot o s i n t h e e x p eri m e nt al s et u p wit h t h e s a m e S c or p a e n a p or c u s   i n d i v i d u a l o n ( a ) t h e a c c l i m a t i o n 

b a c k g r o u n d a n d t h e t h r e e e x p e r i m e n t a l b a c k g r o u n d s w i t h ( b ) f i n e ,  ( c ) m e d i u m  a n d ( d ) c o a r s e g r a n u l a r i t y . B o d y  a r e a o f  t h i s i n d i v i d u a l w a s 

6. 5  c m 2 . T h e l ef t si d e of e a c h tr a y h a s a s m all c o m p ar t m e nt wit h a c a m er a f or si d e vi e w p h ot o s. Fi s h ar e k e pt i n t h e c e ntr e of t h e tr a y wit h a

t ra n s p a r e n t  p l a s t i c  f r a m e ( b e s t  v i s i b l e i n a ) .
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Ho w e v e r ,   w e  d e c i d e d  t o   c o n s i d e r  a n   a d d i t i o n a l  a p p r o a c h  t o   i nv e s t i -

g a t e  f i s h  p a t t e r n  i n  m o r e  d e t a i l .  W e  u s e d  R  NL   C l u s t e r i n g   o n  t h e  R  NL  

r a n k -f il t e r e d  i m a g e s  t o   a p p l y   t h e  c o l o u r  a d j a c e n c y   a n a l y s i s  ( C A A ) 

f r o m   t h e  Q u a n t i t a t i v e  C o l o u r  P a t t e r n  A n a l y s i s  ( Q C P A )  ( v a n  d e n  B e r g  

e t a l ., 2 0 2 0 ).  C A A   c r e a t e s  c l u s t e r s  o f   p i x e l s  o f   t h e  s a m e  c o l o u r  a n d 

l u m i n a n c e  w i t h i n  a  p a t t e r n ,   b a s e d  o n  a  g i v e n  p e r c e p t i o n  t h r e s h o l d . 

W e  u s e d  t h e  av e r a g e  s i z e  o f   t h e s e  c l u s t e r s  a s  a n  a d d i t i o n a l  m e a s u r e 

o f   p a t t e r n  g r a n u l a r i t y .  W h i l e  f r o m   t h e  g r a n u l a r i t y   a n a l y s i s ,   w e  c a n 

e x t r a c t   t h e  s i z e  o f   t h e  m o s t   c o n t r a s t i n g   p a t c h e s  ( d o m i n a n t   m a r k -

i n g   s i z e ) ,   t h e  C A A   g i v e s  av e r a g e  p a t c h  s i z e  r e g a r d l e s s  o f   c o n t r a s t   ( a l l 

c o n t r a s t s  a b o v e  o u r  g i v e n  p e r c e p t i o n  t h r e s h o l d ) .  T h e  c o m p a r i s o n  o f  

t h e s e   t w o   m e t r i c s   t h e r e f o r e   a l l o w s   u s   t o   u n d e r s t a n d   w h e t h e r   f i s h  

c h a n g e  p a t c h  s i z e  o v e r a l l  ( C A A )  o r  s p e c i f i c a l l y   t h e  d o m i n a n t   m a r k i n g  

s i z e  ( g r a n u l a r i t y   a n a l y s i s ) .  W e  f u r t h e r  u s e d  t h e  l o c a l  e d g e  i n t e n s i t y  

a n a l y s i s  ( L E I A )  o n  t h e  R  NL   r a n k -f il t e r e d  i m a g e s  t o   c o m p a r e  t h e  m e a n 

l u m i n a n c e  c o n t r a s t   v a l u e  a c r o s s  e d g e s  w i t h i n  t h e  f i s h  b o d y   t o   t e s t  

w h e t h e r  p a t t e r n  c o n t r a s t   c h a n g e d ,   i r r e s p e c t i v e  o f   p a t c h  s i z e  ( v a n 

d e n   B e r g   e t a l ., 2 0 2 0 ).  C h r o m a t i c   c o n t r a s t s  w e r e  n o t   a n a l y s e d  b e -

c a u s e ,   f r o m  T. d el ai si   p e r s p e c t i v e ,   t h e r e   w e r e   a l m o s t   n o   p e r c e i v a b l e  

c hr o m ati c c o ntr a st s w it hi n th e fi s h b o d y p at t er n. F or b ot h a n al y s e s,

w e  u s e d  a  p e r c e p t i o n  t h r e s h o l d  o f   o n e  j u s t   n o t i c e a b l e  d i f f e r e n c e 

( J ND )  f o r T. d el ai si   v i s i o n .  W e  r a n  t h e  s a m e  a n a l y s i s  o n  t h e  i m a g e s 

w i t h t h e b a c k g r o u n d s a m p l e s ( s e e a b o v e ) .

2. 5   |  St ati sti c al a n al y si s

W e   i m p l e m e n t e d   g e n e r a l i s e d   l i n e a r   m i x e d   m o d e l s   w i t h   t h e   g l m m T M B  

R -p a c k a g e   ( B r o o k s   e t a l ., 2 0 1 7 )   f o l l o w i n g   a   c u s t o m -w ri t t e n   g u i d e d   l i n -

e a r   m o d e l l i n g   R -r o u t i n e   ( S a n t o n   e t a l ., 2 0 2 3 ) .  M o d e l   a s s e s s m e n t   f o l-

l o w e d   t h e   g u i d a n c e   o f   S a n t o n   e t a l .(2 0 2 3 ) ,   f o c u s i n g   o n   t h e   i n s p e c t i o n 

o f   t h e   d i s t r i b u t i o n   o f   r a n d o m i s e d   q u a n t i l e   r e s i d u a l s ,   c o m p u t e d   w i t h  

t h e   R -p a c k a g e   D  HA R M a   (  Ha r t i g , 2 0 2 2 ) ,   w i t h i n   a n d   a m o n g   f a c t o r   p r e -

d i c t o r   l e v e l s   t h a t   w e r e   i n c l u d e d   o r   n o t   i n   t h e   m o d e l s ,   a n d   p e r f o r m e d  

p o s t e r i o r   p r e d i c t i v e   c h e c k s   t o   a s s e s s   m o d e l   d i s p e r s i o n   a n d   o v e r a l l  

m o d e l   f i t .  M o d e l s   w e r e   i n i t i a l l y   i m p l e m e n t e d   u s i n g   t h e   m o s t   a p p r o p r i-

a t e   f a m i l y   d i s t r i b u t i o n   f o r   t h e   n a t u r e   o f   t h e   r e s p o n s e   v a r i a b l e .

D a t a  a n a l y s e d  o r i g i n a t e d  f r o m   5 1   i n d i v i d u a l s  ( 2 1  S. m a d er e n si s

a n d 3 0  S. p or c u s ). W e o n l y a n al y s e d o b s er v ati o n s af t er 1  mi n of e x -

p o s u r e  t o   t h e  b a c k g r o u n d s  b e c a u s e  o u r  p r e v i o u s  s t u d y   s h o w e d  t h a t  

s c or pi o nfi s h c h a n g e c o l o ur i n l es s t ha n 1  mi n ( Jo h n et al ., 2 0 2 3 ),   a n d 

b e c a u s e  t h e  g r a n u l a r i t y   a n a l y s i s  s p e c t r a  c o m p a r i n g   m e a s u r e m e n t s 

af t er 1 a n d 5  mi n w e r e si mil ar ( Fi g ur e A 2 ) .  T o   c o m p a r e   f i s h   p a t t e r n s  

o n   t h e   d i f f e r e n t   e x p e r i m e n t a l   b a c k g r o u n d s ,   w e   i m p l e m e n t e d   g e n -

er ali s e d lin e ar mi x e d m o d el s u s i n g a G a m m a di stri b uti o n (li n k =  l o g)

f o r  t h e   r e s p o n s e   v a r i a b l e s  d o mi n a nt m ar ki n g si z e   ( g r a n u l a r i t y   a n a l y -

s i s ) ,  p at c h si z e   ( C A A )  a n d p att er n c o ntr a st   ( L E I A ) ,   a n d  s p e c i f i e d b a c k -

gr o u n d   ( f i n e ,   m e d i u m ,   c o a r s e ) ,   s c o r p i o n f i s h s p e ci e s   (S. m a d er e n si s, S. 

F I G U R E 3   P at t er n e n er g y s p e ctr a ( p at t er n e n er g y f or e a c h p at t er n si z e bi n) of t h e a c cli m ati o n ( u nif or m) a n d t h e t hr e e e x p eri m e nt al

b a c k g r o u n d s ( r i g h t  b l o c k ) ,  a n d o f  f i s h p a t t e r n f o r S c or p a e n a m a d er e n si s  a n d S. p or c u s  o n e a c h b a c k g r o u n d ( l e f t  b l o c k ) . D a s h e d v e r t i c a l l i n e s 

i n d i c a t e t h e d o m i n a n t  m a r k i n g  s i z e o f  t h e e x p e r i m e n t a l b a c k g r o u n d p a t t e r n ( f i n e : x =   1 2,  me di u m: x =   3 2, co ar s e: x =   8 7).T h e g r e y li n e s a r e

s p e c t r a f o r  e a c h i n d i v i d u a l . T h e b l a c k l i n e s i n d i c a t e m e a n p a t t e r n e n e r g y  o v e r a l l i n d i v i d u a l s w i t h s t a n d a r d d e v i a t i o n a s t h e g r e y  s h a d e d a r e a . 

No t e t h e d i f f e r e n c e i n p a t t e r n e n e r g y  ( r a n g e o f  y - a x i s ) b e t w e e n f i s h a n d b a c k g r o u n d s . P a t t e r n e n e r g y  i s d e f i n e d a s t h e s t a n d a r d d e v i a t i o n o f  

t h e l u m i n a n c e c h a n n e l ' s c o n e c a t c h e s o f  t h e f i l t e r e d p i x e l s ( s e e S e c t i o n 2 ) .
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p or c u s ) ,   a n d   t h e i r  i n t e r a c t i o n  a s  f i x e d  e f f e c t s  i n  e a c h  m o d e l . Fi s h I D

w a s  u s e d  a s  a  r a n d o m   i n t e r c e p t   t o   a c c o u n t   f o r  t h e  r e p e a t e d  m e a -

s u r e m e n t s  o f   e a c h  f i s h .  W e  a d d e d   r a n d o m   s l o p e s  o v e r  a   s p e c i f i c  

p r e d i c t o r  w h e n  e f f e c t   s i z e s'  d i r e c t i o n  s u b s t a n t i a l l y   v a r i e d  a m o n g  

f i s h   ( K o r n e r -Ni e v e r g e l t   e t a l ., 2 0 1 5 ) .  W e  t h e r e f o r e  o n l y   i n c l u d e d  a 

r a n d o m   s l o p e   o v e r  b a c k gr o u n d  i n t h e d o mi n a nt m ar ki n g si z e   m o d e l .

T o   f u r t h e r   i n v e s t i g a t e   w h e t h e r   f i s h   p a t t e r n   c o n t r a s t   c h a n g e d   b e -

t w e e n   t h e   a c c l i m a t i o n   a n d   t h e   f i r s t   e x p e r i m e n t a l   b a c k g r o u n d ,   w e  

c r e a t e d   a   s u b s e t   o f   t h e   d a t a   t h a t   o n l y   i n c l u d e d   o b s e r v a t i o n s   f o r   t h e  

a c c l i m a t i o n   a n d   t h e   f i r s t   e x p e r i m e n t a l   b a c k g r o u n d   e a c h   f i s h   w a s  

t e s t e d   o n .  W e   i m p l e m e n t e d   a   g e n e r a l i s e d   l i n e a r   m i x e d   m o d e l   u s i n g  

a G a m m a di stri b uti o n (li n k =  l o g) f or t he r es p o n s e v a ri a bl e p at t er n 

c o ntr a st   ( L E I A ) ,   w i t h  e v e nt   ( a c c l i m a t i o n ,   f i r s t   e x p e r i m e n t a l   b a c k g r o u n d )  

a n d  fir st b a c k gr o u n d t y p e  ( f i n e ,   m e d i u m ,   c o a r s e )   a s   m a i n   f i x e d   e f f e c t s . 

Fir st b a c k gr o u n d t y p e   w a s   a   v a r i a b l e   c r e a t e d   t o   g r o u p   o b s e r v a t i o n s   o f  

t h e   a c c l i m a t i o n   w i t h   t h e   f i r s t   e x p e r i m e n t a l   b a c k g r o u n d   t y p e   a n d   i n -

c l u d e d   t o   c o m p a r e   w h e t h e r   a   c h a n g e   i n   c o n t r a s t   d i f f e r e d   b e t w e e n   t h e  

e x p e r i m e n t a l   b a c k g r o u n d s . Fi s h I D   w a s   i n c l u d e d   a s   a   r a n d o m   i n t e r c e p t .

W e   r e p o r t  R 2 -v a l u e s   a s   a   m e a s u r e   o f   f i t   f o r   e a c h   m o d e l   a n d   r e p o r t  

b o t h   t h e   m a r g i n a l   R 2   ( v a r i a n c e   e x p l a i n e d   b y   f i x e d   e f f e c t s   o n l y )   a n d  

t h e   c o n d i t i o n a l  R 2   ( v a r i a n c e   e x p l a i n e d   b y   e n t i r e   m o d e l )   (  Na k a g a w a  

&   S c h i e l z e t h , 2 0 1 3 )   (T a b l e s 1 ,  2 ) ,   u s i n g   t h e  r 2  f u n c t i o n   o f   t h e   p e r f o r-

m a n c e   p a c k a g e   ( L ü d e c k e   e t a l ., 2 0 2 1 ). F o r gr a p hi c al di s pl a y s of t he

r e s u l t s ,   o u r   f i g u r e s   p r e s e n t   m o d e l   p r e d i c t e d   m e a n s   a n d   t h e i r   9 5 %  

T A B L E 1   P air wi s e c o ntr a st s of f i s h p at t er n (A) d o mi n a nt m ar ki n g s i z e, (B) a v er a g e p at c h s i z e a n d (C) lu mi n a n c e c o ntr a st e x pr e s s e d a s t h e

r e s p o n s e r a t i o  b e t w e e n a l l c o m b i n a t i o n s o f  b a c k g r o u n d f o r b o t h s c o r p i o n f i s h s p e c i e s .

S c or p a e n a m a d er e n si s S c or p a e n a p or c u s

R e s p o n s e r ati o L o w e r CI s  U p p e r CI s R e s p o n s e r ati o L o w e r CI s  U p p e r CI s

( A ) D o m i n a n t   m a r k i n g  s i z e   (R 2
c o n d

=  . 6 3 7,R 2
m a r g

=  . 0 5 0)

Fi n e –  m e di u m 1 .0 7 0 .9 0 1 .2 7 1 .0 4 0 .9 0 1 .2 0

Fi n e – c o ar s e 1 .0 0 0 .8 2 1 .2 2 1 .1 0 0 .9 4 1 .3 0

M e di u m – c o ar s e 0 .9 4 0 .8 1 1 .0 9 1. 0 6 0 .9 4 1 .2 0

( B ) A v e r a g e   p a t c h   s i ze ( R 2
c o n d

=  . 5 1 1,R 2
m a r g

=  . 0 6 6)

Fi n e –  m e di u m 1. 1 1 1. 0 1 1. 2 2 1 .0 4 0 .9 7 1 .1 3

Fi n e – c o ar s e 1 .0 0 0 .9 1 1 .1 0 0. 9 1 0. 8 4 0. 9 8

M e di u m – c o ar s e 0. 9 0 0. 8 2 0. 9 9 0. 8 7 0. 8 0 0. 9 4

( C ) L u m i n a n c e   c o n t r a s t   (R 2
c o n d

=  . 8 1 3R 2
m a r g

=  . 0 4 5)

Fi n e –  m e di u m 0. 9 4 0. 8 9 0. 9 9 0. 9 6 0 .9 1 1 .0 1

Fi n e – c o ar s e 1. 0 6 1 .0 0 1 .1 3 1. 0 6 1. 0 1 1. 1 1

M e di u m – c o ar s e 1. 1 3 1. 0 6 1. 2 0 1. 1 0 1. 0 5 1. 1 6

N ot e :  E f f e c t   s i ze i s p r o p o r t i o n a l  t o   t h e   d e v i a t i o n   o f   r a t i o s   f r o m   o n e ,   a n d  t h e   r o b u s t n e s s   o f   t h e   r e s u l t   i n c r e a s e s   w i t h   d e c r e a s i n g   d e g r e e   o f   o v e r l a p   o f  

t h e 9 5 %  c o m p a t i b i l i t y   i n t e r v a l s   ( C I s )  w i t h   o n e .  R e s p o n s e   r a t i o s   w i t h   C I s   e x c l u d i n g   o n e   a r e   h i g h l i g h t e d  i n   b o l d . N =   2 1for S . m a d er e n si s  a n d N =   3 0 for

S. p or c u s .

R e s p o n s e r ati o L o w e r CI s  U p p e r CI s

S c or p a e n a m a d er e n si s

A c cli m ati o n – f ir st e x p eri m e nt al

b a c k g r o u n d   ( p o o l e d )

0. 8 0 0. 7 5 0. 8 5

A c cli m ati o n – f i n e 0. 7 7 0. 6 9 0. 8 5

A c cli m ati o n – m e di u m 0. 8 3 0. 7 4 0. 9 2

A c cli m ati o n – c o ar s e 0. 8 1 0. 7 2 0. 9 1

S c or p a e n a p or c u s

A c cli m ati o n – f ir st e x p eri m e nt al

b a c k g r o u n d   ( p o o l e d )

0. 8 7 0. 8 3 0. 9 2

A c cli m ati o n – f i n e 0. 8 7 0. 8 0 0. 9 5

A c cli m ati o n – m e di u m 0. 8 3 0. 7 6 0. 9 1

A c cli m ati o n – c o ar s e 0. 9 1 0. 8 3 0. 9 9

N ot e :  E f f e c t   s i ze i s p r o p o r t i o n a l  t o   t h e   d e v i a t i o n   o f   r a t i o s   f r o m   o n e ,   a n d  t h e   r o b u s t n e s s   o f   t h e  

r e s u l t  i n c r e a s e s w i t h d e c r e a s i n g   d e g r e e   o f   o v e r l a p   o f   t h e   9 5 %   c o m p a t i b i l i t y   i n t e r v a l s   ( C I s )   w i t h   o n e . 

R e s p o n s e r a t i o s w i t h C I s  e x c l u d i n g   o n e   a r e   h i g h l i g h t e d  i n   b o l d . N =   2 1for S . m a d er e n si s  a n d N =   3 0

f o r S. p or c u s . R 2
c o n d

=  . 8 2 0,R 2
m a r g

=  . 2 5 4.

T A B L E 2   P air wi s e c o ntr a st s of fi s h

p a t t e r n  l u m i n a n c e  c o n t r a s t   ( m e a n  c o n t r a s t  

o f  e d g e s i n L E I A ) e x p r e s s e d a s t h e 

r e s p o n s e r a t i o  b e t w e e n t h e a c c l i m a t i o n 

a n d t h e f i r s t  e x p e r i m e n t a l b a c k g r o u n d f o r 

b o t h   s c o r p i o n f i s h   s p e c i e s ,   e i t h e r   p o o l i n g  

a l l   m e a s u r e m e n t s   i n   t h e   f i r s t   e x p e r i m e n t a l  

b a c k g r o u n d   r e g a r d l e s s   o f   b a c k g r o u n d  

t y p e ,  o r s p l i t  b y  b a c k g r o u n d .
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c o m p a t i b i l i t y   i n t e r v a l s   c a l c u l a t e d   f r o m   t h e   p o s t e r i o r   d i s t r i b u t i o n s   o f  

f i t t e d   v a l u e s   o b t a i n e d   f r o m   1 0 , 0 0 0   s e t s   o f   m o d e l   p a r a m e t e r s   ( B r o o k s  

e t a l ., 2 0 1 7 ) .  W e   f u r t h e r   u s e d   t h e   e m m e a n s   p a c k a g e   ( L e n t h , 2 0 2 3 )   t o  

c o m p u t e   p a i r w i s e   c o n t r a s t s   e x p r e s s e d   a s   r a t i o s   b e t w e e n   f a c t o r   l e v -

e l s   a n d   t h e i r   9 5 %   c o m p a t i b i l i t y   i n t e r v a l s   f o r   a l l   c o m b i n a t i o n s   o f   f a c -

t o r   p r e d i c t o r s   o f   i n t e r e s t   (T a b l e s , 1 ,  2 ) .  E f f e c t   s i z e   s t r e n g t h   i n c r e a s e s  

w i t h   i n c r e a s i n g   d e v i a t i o n   o f   d i f f e r e n c e s   f r o m   o n e ,   a n d   t h e   r o b u s t-

n e s s   o f   t h e   r e s u l t   i n c r e a s e s   w i t h   d e c r e a s i n g   d e g r e e   o f   o v e r l a p   o f   t h e  

9 5 %   c o m p a t i b i l i t y   i n t e r v a l s   ( C I s )   w i t h   o n e .

3   |   R E S U L T S

3. 1   |   C h a n g e i n p at t er n gr a n ul arit y

3. 1. 1   |    D o mi n a nt m ar ki n g s i z e (gr a n ul arit y a n al y si s)

Fr o m i n s p e cti n g t he gr a n ul arit y s p e ctr a, w e c a n n ot s e e c h a n g e s i n

d o m i n a n t   m a r k i n g   s i z e   w h e n   f i s h   w e r e   p l a c e d   o n   b a c k g r o u n d s   o f  

di f f e re n t   g r a n u la r i t y   (Fi g ur e s 3   a n d  4 a ;  T a b l e 1 A ) .  T h i s   b e c o m e s   p a r-

t i c u la r l y   e v i d e n t   w h e n   l o o k i n g   a t   h o w   t h e   s p e c t r a   i n s t e a d   di f f e re d 

b et w e e n   b a c k g r o u n ds   (Fi g ur e 3 ) .  On   a v e r a g e ,   f i s h   s h o w   a   c o n s t a n t  

d o m i n a n t   m a r k i n g   s i z e   s i m i l a r   t o   t h a t   o f   t h e   m e d i u m   g r a n u l a r i t y   b a c k -

g r o u n d   (Fi g ur e 4 a ) .  Ho w e v e r ,   f i s h   h a v e   a   r e l a t i v e l y   h e t e r o g e n o u s   p a t-

t e r n   g r a n u l a r i t y .  W h i l e   t h e   m e a n   c u r v e s   p e a k   a t   a r o u n d   3 2   p i x e l s ,  

p a t t e r n   e n e r g y   r e m a i n s   h i g h   b e t w e e n  ~ 2 0   a n d   4 0   p i x e l s   (Fi g ur e 3 ). F o r

v e r y   r e g u l a r   p a t t e r n s ,   a   s t e e p e r   p e a k   a r o u n d   d o m i n a n t   m a r k i n g   s i z e  

w o u l d   b e   e x p e c t e d .  D o m i n a n t   m a r k i n g   s i z e   o f  S. m a d er e n si s   i s   s i m i la r 

t o   t h a t   o f  S. p or c u s   ( d o m i n a n t   m a r k i n g   s i z e   b e t w e e n   s p e c i e s   r a t i o   a v e r-

a g e d   o v e r  b a c k gr o u n d : 0. 8 7, 9 5 % CI 0. 7 5 – 1 . 0 1). V a ri a n c e of d o mi n a nt

m a r k i n g   s i z e   w a s   h i g h e r   f o r  S. p or c u s   (σ 2 =   9 7. 9 8)t h a n f or S.  m a d er e n si s

(σ 2 =   7 7. 4 5),w hil e t h eir bo d y s i z e s w er e c o m p ar a bl e (s e e S e cti o n 2 ) .

3. 1. 2   |    A v er a g e p at c h si z e ( C A A)

B o t h   s p e c i e s   s h o w   d i f f e r e n c e s   i n   a v e r a g e   p a t c h   s i z e   d e p e n d i n g   o n   e x -

p e r i m e n t a l   b a c k g r o u n d s . S. m a d er e n si s   s h o w s   a   s m a l l e r   a v e r a g e   p a t c h  

s i z e   o n   t h e   m e d i u m ,   c o m p a r e d   t o   t h e   f i n e   a n d   c o a r s e   b a c k g r o u n d  

(Fi g ur e 4 b ,  T a b l e 1 B ) . S . p or c u s  s h o w s   a   l a r g e r   a v e r a g e   p a t c h   s i z e   o n  

t h e   c o a r s e ,   c o m p a r e d   t o   t h e   m e d i u m   a n d   f i n e   b a c k g r o u n d   (Fi g ur e 4 b ,  

T a b l e 1 B ) .  P a t c h   s i z e   o f  S. m a d er e n si s   i s   s i m i l a r   t o   t h a t   o f  S. p or c u s

( p a t c h   s i z e   b e t w e e n   s p e c i e s   r a t i o   a v e r a g e d   o v e r  b a c k gr o u n d :   1 .0 2 ,  

9 5 %   C I   0 .9 3   t o   1 .1 3 ) .

3. 2   |   C h a n g e i n p at t er n l u mi n a n c e c o ntr a st ( L EI A)

3. 2. 1   |    C o m p ari s o n b et w e e n e x p eri m e nt al

b a c k g r o u n d s

B o t h  s p e c i e s  s h o w   a  l o w e r  p a t t e r n  l u m i n a n c e  c o n t r a s t   o n  t h e 

c o a r s e ,   c o m p a r e d   t o   t h e   m e d i u m   g r a n u l a r i t y   b a c k g r o u n d   (Fi g ur e 4 c ,  

T a b l e 1 C ) .  P a t t e r n  c o n t r a s t   o f  S. m a d er e n si s   i s  s i m i l a r  t o   t h a t   o f  S. 

p or c u s   ( p a t t e r n  c o n t r a s t   b e t w e e n  s p e c i e s  r a t i o   av e r a g e d  o v e r b a c k -

gr o u n d : 1. 0 3, 9 5 % CI 0 . 9 2 t o 1. 1 6).

3. 2. 2   |    C o m p ari s o n b et w e e n a c cli m ati o n a n d fir st

e x p e r i m e n t a l   b a c k g r o u n d

Fi s h i n cr e a s e d t he c o ntr a st of t heir p a t t er n w h e n m o v e d fr o m t he

a c c l i m a t i o n  t o   t h e  f i r s t   e x p e r i m e n t a l  b a c k g r o u n d ,   r e g a r d l e s s  o f   i t s 

g r a n u l a r i t y   (Fi g ur e 5 ,  T a b l e 2 ) .

4   |   D I S C U S S I O N

W e   i n v e s t i g a t e d   w h e t h e r   t h e   t w o   s c o r p i o n f i s h   s p e c i e s  S c or p a e n a 

m a d er e n si s   a n d  S. p or c u s   c h a n g e   t h e i r   p a t t e r n   d e p e n d i n g   o n   t h e  

g r a n ul a rit y of t heir vi s u al b a c k g r o u n d. Fi s h c h a n g e d t heir a v e r-

a g e   p a t c h   s i z e   a n d   p a t t e r n   c o n t r a s t .  Ho w e v e r ,   d o m i n a n t   m a r k i n g  

s i z e ,   t h e   m o s t   c o n t r a s t i n g   c o m p o n e n t   o f   t h e   p a t t e r n   ( B a r b o s a  

e t a l., 2 0 0 8 ;   S t o d d a r d   &   S t e v e n s , 2 0 1 0 ) ,   w a s   n o t   m o d u l a t e d   o n  

d i f f e r e n t   g r a n u l a r i t y   b a c k g r o u n d s .  T h i s   w a s   i n   c o n t r a s t   t o   o t h e r  

c a m o u f l a g e d   b e n t h i c   f i s h e s   s u c h   a s   d i f f e r e n t   s p e c i e s   o f   f l o u n d e r ,  

w h i c h   c a n   a d a p t   t h e i r   b o d y   p a t t e r n   d o m i n a n t   m a r k i n g   s i z e   f l e x -

i b l y   t o   d i f f e r e n t   s u b s t r a t e   g r a n u l a r i t i e s   ( A k k a y n a k   e t a l., 2 0 1 7 ;  

R a m a c h a n d r a n   e t a l ., 1 9 9 6 ) .  P o s s i b l y ,   s c o r p i o n f i s h   d i d   n o t   c h a n g e  

i n   o u r   e x p e r i m e n t   b e c a u s e   t h e   r i g h t   c u e s   t o   i n d u c e   p a t t e r n  

c h a n g e ,   s u c h   a s   s p e c i f i c   p a t t e r n   c o m p o n e n t s ,   o r   e v e n   t a c t i l e   o r  

o l f a c t o r y   c u e s ,   w e r e   m i s s i n g   ( S t e v e n s   &   R u x t o n , 2 0 1 9 ) .  Ho w e v e r ,  

t h e r e   m i g h t   w e l l   b e   m o r p h o l o g i c a l   o r   p h y s i o l o g i c a l   r e s t r a i n t s   t h a t  

p r e v e n t   s c o r p i o n f i s h   f r o m   m o d u l a t i n g   p a t t e r n   e l e m e n t s ,   s u c h  

a s   t h e   i n a b i l i t y   t o   r e g u l a t e   t h e   c h r o m a t o p h o r e s   o f   d i f f e r e n t   s k i n  

p a t c h e s   i n d e p e n d e n t l y .  S i m i l a r   t o   o t h e r   f i s h e s   s u c h   a s   t h e   r o c k  

p o o l   g o b y  G o bi u s  p a g a n ell u s   ( S m i t h e r s   e t a l ., 2 0 1 7 ) ,   o r   t h e   f l a t-

f i s h e s  P ar ali c ht h y s l et h o sti g m a   a n d  P s e u d o pl e ur o n e ct e s a m eri c a n u s

( S a i d e l , 1 9 7 7 ) ,   s c o r p i o n f i s h   s e e m   t o   h a v e   o n e   d o m i n a n t   b o d y   p a t-

t e r n   w i t h   a   g i v e n   p a t c h   s i z e ,   w h i c h   c a n   b e   m o d u l a t e d   b y   a d j u s t i n g  

t h e   c o n t r a s t   b e t w e e n   p a t c h e s .

T h e   C o l o u r   A d j a c e n c y   A n a l y s i s   r e v e a l e d   s m a l l   c h a n g e s   i n   a v e r -

a g e   p a t c h   s i z e   d e p e n d i n g   o n   b a c k g r o u n d   g r a n u l a r i t y .  T h i s   i n d i c a t e s  

t h a t   f i s h   c h a n g e d   t h e i r   p a t t e r n   i n   r e s p o n s e   t o   t h e   b a c k g r o u n d ,   b u t  

w i t h o u t   m o d u l a t i n g   t h e i r   d o m i n a n t ,   m o s t   c o n t r a s t i n g   m a r k i n g  

s i z e . S. m a d er e n si s   h a v e   t h e   s m a l l e s t   a v e r a g e   p a t c h   s i z e   o n   t h e   m e -

d i u m   g r a n u l a r i t y   b a c k g r o u n d ,   a n d  S. p or c u s   h a v e   a   s m a l l e r   p a t c h  

s i z e   o n   b o t h   f i n e   a n d   m e d i u m   g r a n u l a r i t y   b a c k g r o u n d s .  Ho w e v e r ,  

t h e   a v e r a g e   p a t c h   s i z e   r e m a i n s   s u b s t a n t i a l l y   l a r g e r   t h a n   t h a t   o f  

t h e   m e d i u m   g r a n u l a r i t y   b a c k g r o u n d .  T h e r e f o r e ,   i t   i s   u n c l e a r   h o w  

t h e s e   s m a l l   o b s e r v e d   c h a n g e s   m a y   a f f e c t   t h e   f i s h e s '   c a m o u f l a g e .  I t  

i s   i n d e e d   m o r e   p l a u s i b l e   t h a t   c h a n g e s   i n   a v e r a g e   p a t c h   s i z e   m i g h t  

o n l y   b e   a   b y - p r o d u c t   o f   t h e   c h a n g e s   i n   p a t t e r n   c o n t r a s t   t h a t   w e  

o b s e r v e d .  A s   f i s h   m o d u l a t e   c o n t r a s t   w i t h i n   t h e i r   p a t t e r n ,   p e r-

c e i v e d   s i z e   o f   s o m e   p a t c h e s   m a y   v a r y   d u e   t o   s o m e   e d g e s   b l e n d i n g  

i n   o r   b e c o m i n g   m o r e   a p p a r e n t .  P a t t e r n   c o n t r a s t   o f   b o t h   s p e c i e s  

 20457758, 2024, 3, 
Do

wnloaded fro
m https://onlinelibrary.

wiley.co
m/doi/10.1002/ece3.11124, 

Wiley 
Online 

Library on [26/03/2024]. 
See the 

Ter
ms and 

Conditions (https://onlinelibrary.
wiley.c

o
m/ter

ms-and-conditions) on 
Wiley 

Online 
Library for rules of u

se; 
O

A articles are governed by the applicable 
Creative 

Co
m

mons 
License



8 of 1 3   |      J O H N e t a l .

F I G U R E 4   Fi s h p at t er n m etri c s d e p e n di n g o n b a c k gr o u n d gr a n ul arit y. ( a) D o mi n a nt  m ar ki n g si z e i s t h e s p ati al s c al e ( m e a s ur e d i n

p ix e l s ) s h o w i n g  t h e h i g h e s t  c o n t r a s t  p e r i n d i v i d u a l f i s h ,  b a s e d o n t h e g r a n u l a r i t y  a n a l y s i s . D a s h e d h o r i z o n t a l l i n e s i n d i c a t e t h e d o m i n a n t  

m a r k i n g  s i z e o f  t h e e x p e r i m e n t a l b a c k g r o u n d s ( f i n e : y =   1 2,  me di u m: y =   3 2, co ar s e: y =   8 7).(b) A v er a g e p at c h s i z e i s th e a v er a g e s i z e of

c lu s t e r s d e r i v e d f r o m  t h e R  NL  c l u s t e r e d i m a g e o f  t h e f i s h b o d y  i n t h e C A A . D a s h e d h o r i z o n t a l l i n e s i n d i c a t e t h e av e r a g e p a t c h s i z e  o f  t h e 

e x p e r i m e n t a l   b a c k g r o u n d   p a t t e r n   ( f i n e :  y =   4,  me di u m: y =   8, co ar s e: y =   1 4).(c) L u mi n a n c e c o ntr a st i s gi v e n a s t h e m e a n c o ntr a st v al u e of

e d g e s  b a s e d o n t h e L E I A . P o i n t s r e p r e s e n t  o b s e r v a t i o n s f o r e a c h i n d i v i d u a l f i s h ( N =   2 1S c or p a e n a m a d er e n si s ,  N =   3 0S. p or c u s ) . M a r k e r s w i t h 

v e r t i c a l b a r s r e p r e s e n t   p r e d i c t e d m e d i a n s a n d 9 5 %  c o m p a t i b i l i t y  i n t e r v a l s ( C I s ) d e r i v e d f r o m  1 0 , 0 0 0  s i m u l a t i o n s o f  t h e p o s t e r i o r d i s t r i b u t i o n 

o f  m o d e l p a r a m e t e r s . T h e s t r e n g t h o f  t h e d i f f e r e n c e b e t w e e n t w o  g r o u p s i n c r e a s e s w i t h d e c r e a s i n g  d e g r e e o f  o v e r l a p  o f  t h e i r 9 5 %  C I s .
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i n   t h e   L o c a l   E d g e   I n t e n s i t y   A n a l y s i s   w a s   h i g h e s t   o n   t h e   m e d i u m  

g r a n u l a r i t y   b a c k g r o u n d .  P o s s i b l y ,   f i s h   i n c r e a s e d   p a t t e r n   c o n t r a s t  

e s p e c i a l l y   o n   t h e   m e d i u m   g r a n u l a r i t y   b a c k g r o u n d   b e c a u s e   t h i s   i s  

c l o s e s t   t o   t h e i r   o w n   d o m i n a n t   m a r k i n g   s i z e .  I n c r e a s i n g   p a t t e r n   c o n -

t r a s t   o n   a   s i m i l a r   b a c k g r o u n d   c o u l d   i m p r o v e   b a c k g r o u n d   p a t t e r n  

m a t c h i n g   b y   i n t e n s i f y i n g   t h e   p a t t e r n   t h r o u g h   t h e   i n c r e a s i n g   c o n -

t r a s t. F u r t h e r m o r e, al l fis h  h a d a s u b s t a nti all y l ow e r p a t t e r n c o n -

t r a s t   i n   t h e   a c c l i m a t i o n   u n i f o r m   b a c k g r o u n d   c o m p a r e d   t o   t h e   f i n e ,  

m e d i u m   a n d   c o a r s e   e x p e r i m e n t a l   o n e s .  W h i l e   t h i s   c o u l d   b e   a   r e s u l t  

o f   d i f f e r e n c e s   i n   p a t t e r n   g r a n u l a r i t y ,   i t   i s   l i k e l y   t h a t   t h e   d i f f e r e n c e  

i n   c o n t r a s t   i n d u c e d   t h i s   c h a n g e ,   a s   t h e   a c c l i m a t i o n   w a s   t h e   o n l y  

b a c k g r o u n d   w i t h o u t   c o n t r a s t .  On   b a c k g r o u n d s   w i t h   h i g h - c o n t r a s t  

p a t t e r n s ,   f i s h   m i g h t   i n c r e a s e   t h e i r   p a t t e r n   c o n t r a s t   r e g a r d l e s s   o f  

b a c k g r o u n d   g r a n u l a r i t y   t o   i m p r o v e   d i s r u p t i o n   b y   d i s p l a y i n g   m a x i-

m u m   d i s r u p t i v e   c o n t r a s t   ( S t e v e n s   &   M e r i l a i t a , 2 0 0 9 b ) .  W e   s u g g e s t  

t h a t   b o t h   c o n t r a s t   a n d   g r a n u l a r i t y   m a y   i m p a c t   t h e   p a t t e r n   r e g u -

l a t i o n   o f   t h e   f i s h .  I t   i s   k n o w n   t h a t   c u t t l e f i s h   u s e   b o t h   p a t t e r n   s i z e  

a n d   p a t t e r n   c o n t r a s t   a s   c u e s   t o   a d j u s t   t h e i r   b o d y   p a t t e r n   a n d   t h a t  

b a c k g r o u n d s   w i t h   h i g h e r   c o n t r a s t   e l i c i t   b o d y   p a t t e r n s   w i t h   h i g h e r  

c o n t r a s t   ( B a r b o s a   e t a l ., 2 0 0 8 ) .

A n   i n d i v i d u a l   f i s h   p a t t e r n   i s   r e l a t i v e l y   h e t e r o g e n o u s   i n   t e r m s  

o f   d o m i n a n t   m a r k i n g   s i z e   a n d   a v e r a g e   p a t c h   s i z e ,   m e a n i n g   f i s h  

h a v e   p a t c h e s   o f   d i f f e r e n t   s i z e s   a n d   n o t   a   v e r y   r e g u l a r   p a t t e r n .  T h i s  

c o u l d   f u n c t i o n   a s   a   g e n e r a l i s t   b o d y   p a t t e r n   t h a t   w o r k s   w e l l   o n  

m u l t i p l e   b a c k g r o u n d s ,   r e d u c i n g   t h e   n e e d   t o   m o d u l a t e   b o d y   p a t-

t e r n   ( B r i o l a t   e t a l ., 2 0 2 1 ;   M e r i l a i t a   e t a l ., 1 9 9 9 ) ,   a   s t r a t e g y   k n o w n  

f r o m   a n i m a l s   f o u n d   o n   h i g h l y   c o m p l e x   a n d   h e t e r o g e n o u s   b a c k -

g r o u n d s   (  Hu g h e s   e t a l ., 2 0 1 9 ;   No k e l a i n e n   e t a l ., 2 0 1 9 ) .  M o r e o v e r ,  

s c o r p i o n f i s h   c o u l d   s h o w   f u r t h e r   a d a p t a t i o n s   t h a t   i m p r o v e   t h e i r  

c a m o u f l a g e   a n d   r e d u c e   t h e   n e e d   t o   a d j u s t   p a t t e r n   t o   d i f f e r e n t  

b a c k g r o u n d s ,   s u c h   a s   a n   a c t i v e   b a c k g r o u n d   s e l e c t i o n   ( S t e v e n s   &  

R u x t o n , 2 0 1 9 ) .  W h i l e   w e   o v e r a l l   o b s e r v e d   s i m i l a r   r e s u l t s   f o r   b o t h  

s c o r p i o n f i s h   s p e c i e s ,   t h e r e   s e e m s   t o   b e   a   h i g h e r   i n d i v i d u a l   v a r i a -

t i o n   o f   d o m i n a n t   m a r k i n g   s i z e   i n  S. p or c u s   c o m p a r e d   t o  S. m a d er e n -

si s ,   a n d   t h i s   c a n n o t   b e   e x p l a i n e d   b y   a   s y s t e m a t i c   v a r i a t i o n   i n   b o d y  

s i z e .  Hi g h   i n d i v i d u a l   v a r i a t i o n   i n   p a t t e r n   c o u l d   b e n e f i t   c a m o u f l a g e  

b y   d i s r u p t i n g   t h e   s e a r c h   i m a g e   o f   p r e y   o r   p r e v e n t i n g   s e a r c h   i m a g e  

f o r m a t i o n   ( B o n d   &   K a m i l , 2 0 0 2 ;   S t e v e n s   e t a l ., 2 0 1 4 ;   S u r m a c k i  

e t a l ., 2 0 1 3 ) .  I n d i v i d u a l   p a t t e r n   v a r i a t i o n   c a n   a l s o   b e   f a v o u r e d   b y  

l i v i n g   i n   a   v e r y   h e t e r o g e n e o u s   h a b i t a t   ( M e r i l a i t a   e t a l ., 1 9 9 9 ) ,   a n d 

i t   i s   p o s s i b l e   t h a t   t h e   s p e c i e s   d i f f e r   i n   t h e i r   m i c r o h a b i t a t   u s e   w i t h  

S. p or c u s   l i v i n g   i n   m o r e   c o m p l e x   m i c r o h a b i t a t s   o r   h a v i n g   a   m o r e  

g e n e r a l i s t   h a b i t a t   u s e .  A n   a s s e s s m e n t   o f   s c o r p i o n f i s h   c o l o u r a t i o n  

a n d   b e h a v i o u r   i n   t h e i r   n a t u r a l   e n v i r o n m e n t   c o u l d   h e l p   t o   u n d e r-

s t a n d   t h e   i m p o r t a n c e   o f   s k i n   p a t t e r n   f o r   t h e i r   c a m o u f l a g e   a n d  

c o n s e q u e n t l y ,   p r e y   c a p t u r e   s u c c e s s .

F I G U R E 5   Fi s h c h a n g e t h eir p at t er n c o ntr a st b et w e e n a c cli m ati o n a n d t h e fir st e x p eri m e nt al b a c k gr o u n d. C o ntr a st i s gi v e n a s t h e m e a n

c o n t r a s t  v a l u e o f  e d g e s b a s e d o n t h e L E I A . T h e h o r i z o n t a l l i n e s c o n n e c t  d a t a p o i n t s o f  a n i n d i v i d u a l ,  c o l o u r s i n d i c a t e t h e b a c k g r o u n d t y p e 

u s e d i n t h e f i r s t  e x p e r i m e n t a l b a c k g r o u n d . P o i n t s r e p r e s e n t  o b s e r v a t i o n s f o r e a c h i n d i v i d u a l f i s h ( N =   2 1S c or p a e n a m a d er e n si s ,  N =   3 0S. 

p or c u s ) . M a r k e r s w i t h v e r t i c a l b a r s r e p r e s e n t  p r e d i c t e d m e d i a n s a n d 9 5 %  c o m p a t i b i l i t y  i n t e r v a l s ( C I s ) d e r i v e d f r o m  1 0 , 0 0 0  s i m u l a t i o n s o f  t h e 

p o s t e r i o r d i s t r i b u t i o n o f  m o d e l p a r a m e t e r s . T h e s t r e n g t h o f  t h e d i f f e r e n c e b e t w e e n t w o  g r o u p s i n c r e a s e s w i t h d e c r e a s i n g  d e g r e e o f  o v e r l a p  

o f  t h e i r 9 5 %  C I s .

 20457758, 2024, 3, 
Do

wnloaded fro
m https://onlinelibrary.

wiley.co
m/doi/10.1002/ece3.11124, 

Wiley 
Online 

Library on [26/03/2024]. 
See the 

Ter
ms and 

Conditions (https://onlinelibrary.
wiley.c

o
m/ter

ms-and-conditions) on 
Wiley 

Online 
Library for rules of u

se; 
O

A articles are governed by the applicable 
Creative 

Co
m

mons 
License



1 0 of 1 3   |      J O H N e t a l .

A U T H O R C O N T R I B U T I O N S

L e o ni e J o h n:   C o n c e p t u a l i z a t i o n   ( e q u a l ) ;   d a t a   c u r a t i o n   ( l e a d ) ;   f o r m a l  

a n a l y s i s  ( l e a d ) ;   i nv e s t i g a t i o n  ( l e a d ) ;   m e t h o d o l o g y   ( l e a d ) ;   v i s u a l i z a -

ti o n (le a d); wr iti n g – or i gi n al dr af t (le a d); wr iti n g – r evi e w a n d e d it-

i n g   ( e q u a l ) . M at t e o S a nt o n:   C o n c e p t u a l i z a t i o n   ( e q u a l ) ;   m e t h o d o l o g y  

( s u p p or ti n g);  writi n g – r evi e w a n d e d iti n g ( eq u al). Ni c o K. Mi c hi el s:

C o n c e pt u ali z ati o n (e q u al); w riti n g – r e vi e w a n d e diti n g (e q u al).
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Appendix C 

Related publication to chapter 3 

John, L., Santon, M., & Michiels, N. K. (2024). Generalist camouflage and 

background choice in scorpionfish. In preparation. 
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Abstract 

For a successful hunt, marine ambush predators such as scorpionfish need to be well 

camouflaged in the eyes of their prey. We explored two strategies that the two Mediterranean 

scorpionfish species Scorpaena maderensis and S. porcus might employ to maintain their 

camouflage in a heterogeneous environment. A generalist body colouration allows an 

imperfect but reasonable background match on many natural substrates. We calculated 

chromatic and achromatic contrast of scorpionfish against a range of natural substrate 

samples using calibrated photography and visual modelling of three natural observers. 

Scorpionfish matched many substrates with relatively low chromatic contrasts for all 

observers, but had high achromatic contrast. As an alternative strategy, fish might choose to 

settle on backgrounds on which they are most cryptic and avoid others. We tested scorpionfish 

in a behavioural experiment where they were able to choose between A) backgrounds that 

were similar or contrasting to their own average luminance and B) backgrounds that were 

more or less complex. Scorpionfish did not prefer backgrounds of luminance similar to their 

own average luminance but settled more often on darker backgrounds. Scorpionfish chose 

backgrounds randomly when they differed in complexity only. We propose that the preference 

for dark backgrounds can enhance disruptive colouration by showing that certain patches 

within the fish pattern matched best the dark background. Considering their ability to change 

colour to intensify disruptive colouration, and the chromatic background match on multiple 

natural substrates, we conclude that scorpionfish are generalists that can camouflage in a 

range of microhabitats using different strategies.  

Keywords  

background choice, background matching, habitat complexity, generalist camouflage, 

heterogeneous habitat, visual modelling  
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Introduction 

Animals show different strategies to camouflage in heterogeneous or changing environments 

(Hughes et al., 2019). They can flexibly change colour (Duarte et al., 2017), have a generalist 

body colouration that allows camouflage on several backgrounds (Briolat et al., 2021; 

Nokelainen et al., 2019), or actively choose backgrounds that maximise their crypsis (Stevens 

& Ruxton, 2019). In the marine environment, some fishes preferentially settle on backgrounds 

that match their own body colouration (Smithers et al., 2018; Tyrie et al., 2015). An alternative, 

yet not exclusive, strategy to improve crypsis is to choose more complex backgrounds. ‘Visual 

clutter’ in the background is characterised by variation in colour, shapes and edge orientations, 

with more variable backgrounds being more complex (Dimitrova & Merilaita, 2010; Rowe et 

al., 2021). Complex backgrounds overload observers with visual information and may 

complicate detection of prey or predators (Dimitrova & Merilaita, 2010, 2012; Merilaita, 2003; 

Xiao & Cuthill, 2016), even compensating for suboptimal background matching (Rowe et al., 

2021). However, investigations  of choice in the context of background complexity are rare 

and remain inconclusive (Kjernsmo & Merilaita, 2012; Perkovic & Mettke-Hofmann, 2018).  

Scorpionfishes (family Scorpaenidae) are well-camouflaged sit-and-wait marine benthic 

predators that attack approaching prey by sudden suction feeding. The Mediterranean species 

Scorpaena maderensis and Scorpaena porcus are found on a variety of substrates that differ 

in colour, luminance, pattern and complexity (personal observations). Both species are known 

to rapidly change their colour and pattern depending on background features, with the 

strongest changes observed being changes in luminance (John et al., 2023). These changes 

also regulate internal contrast and average patch size of the skin pattern (John et al., 

accepted). S. porcus is a dichromat with cones with maximum peak absorbance at short (455 

nm) and medium (530 nm) wavelengths (Govardovskii & Zueva, 1988; Schweikert et al., 

2018). We do not have data for the visual system of S. maderensis but assume similar 

properties. As dichromats, scorpionfish should have a limited ability to distinguish between 

differently coloured substrates. If changes in body colouration are controlled by vision (Duarte 
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et al., 2017; Stevens, 2016), it is therefore possible that scorpionfish adjustment to different 

backgrounds is not primarily driven by chromatic but achromatic vision. Moreover, they could 

benefit greatly from a generalist body colouration that allows settling on substrates without 

assessing their colouration (Hughes et al., 2019; Merilaita et al., 1999).   

We therefore investigated 1) whether scorpionfish can distinguish colours in their natural 

habitat and how well their body colouration matches different substrates. We used calibrated 

photography of natural substrates and visual modelling to quantify chromatic differences 

between substrate types from scorpionfish visual perspective. Additionally, we quantified 

scorpionfish background match against those substrates from the visual perspective of 

conspecifics and two prey fish. We expected that scorpionfish would show a low chromatic 

contrast on most of the natural substrates where they usually settle. Given the naturally high 

variation in perceived luminance of backgrounds, we expected scorpionfish to have a higher 

and more variable achromatic contrast to the substrates.  

We further investigated 2) whether scorpionfish use perceived luminance as a cue to actively 

choose the backgrounds to settle on. We therefore conducted a behavioural experiment where 

scorpionfish were allowed to choose between grey backgrounds of different luminance. We 

expected scorpionfish to prefer backgrounds that were closer to their average body luminance. 

An alternative strategy for background choice that would be less dependent on the own body 

colouration would be a preference depending on degree of background complexity. We tested 

this concept in the same experimental setup. We expected scorpionfish to choose the more 

complex background because increased background complexity could improve crypsis.  

Because we found an unexpected preference of scorpionfish for the darker backgrounds, we 

investigated 3) the background matching of scorpionfish body colouration on their preferred 

backgrounds. We measured body colouration of distinct patches within the fish pattern and 

calculated contrast to the background and internal pattern contrast to understand their choice 

in the context of potential benefits for their camouflage.  
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Methods 

1. Natural habitat sampling and background matching 

The Madeira Rockfish Scorpaena maderensis and the Black Scorpionfish Scorpaena porcus 

are benthic ambush predators. Both species can change body colouration (John et al., 2023) 

and pattern (John et al., accepted) in response to their background and likely more camouflage 

strategies (Santon et al., 2018). We took standardised photos of natural substrates where 

scorpionfish were caught for the behavioural experiment, and where these species are known 

to occur from previous studies (John et al., 2023, John et al., accepted). We focused on six 

common substrate types: (1) rubble covered with sand and epiphytes (rubble and sand), (2) 

seagrass leaves, which are partially covered by epiphytes, (3) seagrass stems just above the 

roots, (4) turf algae, (5) yellow algae (Dictyota cf. fasciola) and (6) a species of red sponge (cf. 

Crambe crambe). Raw photos were taken while SCUBA-diving at 6 m depth using a calibrated 

Nikon D4 DLSR camera (Nikkor 60 mm macro lens). This was an intermediate depth of the 

range where we typically caught scorpionfish (2-10 m). We used a pole with a dark grey 

standard (9 % grey) attached to its tip to place the standards in the images perpendicularly to 

the lens of the camera. The pole also served to standardise the distance between substrate 

and camera in each picture (~50 cm). To analyse substrate colour, we used the Multispectral 

Image Calibration and Analysis (MICA) Toolbox plugin (version 2.2.2) (Troscianko & Stevens, 

2015) for ImageJ (version 1.54d). Images were normalised with the 9 % grey standard and 

converted into 32-bit multispectral images. For each image, we selected one or more regions 

of interest (ROIs), selecting only areas in the photo that were in the same plane as the grey 

standard and therefore had the same exposure. All images were then batch-processed using 

a custom-written routine for MICA in ImageJ (John et al., 2023). Normalised images were 

converted to cone catches using the spectral sensitivity of the camera and of the modelled 

observer, and the spectra used during photography and as a model illuminant, which were 

measured in our sampling location at 6 m depth (Bitton et al., 2017). We then measured cone 

catches for the ROIs in the image. The first two modelled observers were the prey fishes 
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Tripterygion delaisi (Santon et al., 2020, 2021)(cone sensitivities peaking at 468, 517 and 530 

nm (Bitton et al., 2017) cone ratio 0.25:1:1 (Fritsch et al., 2017))  and Pomatoschistus 

flavescens (cone sensitivities peaking at 456, 531 and 553 nm (Utne-Palm & Bowmaker, 

2006), cone ratio 0.72:1:0.6 (Green et al., 2019)), while the third was a conspecific scorpionfish 

Scorpaena porcus (cone sensitivities peaking at 455 and 530 nm (Govardovskii & Zueva, 

1988; Schweikert et al., 2018), cone ratio 1:1 (Lyall, 1957)). The spectral sensitivity of S. 

maderensis is not known, so we assumed it to be similar to the one of S. porcus. For all 

observers, we assumed a Weber fraction of 0.05 for the most abundant cones and for the 

luminance channel (defined as average cone catches of the two longer wavelength sensitive 

cones (John et al., 2023; Lythgoe, 1979)) (Champ et al., 2016; Olsson et al., 2018). We used 

the Receptor Noise Limited model (Vorobyev & Osorio, 1998) in the R (version 4.1.1) (R Core 

Team, 2021) package pavo (Maia et al., 2019) to calculate mean achromatic and chromatic 

contrasts between each substrate type using the cone catches measured from the images for 

each colour channel and the luminance channel, specifying the weber fraction and cone ratios 

of each observer as described above (John et al., 2023). Contrasts are reported as Just 

Noticeable Differences (JND), where values below one JND indicate an indistinguishable 

contrast under optimal viewing conditions, and values above one indicate an increased 

probability of detection (Siddiqi et al., 2004; Vorobyev & Osorio, 1998). Three JND are often 

considered as a more conservative approach to interpret results because a detection threshold 

of one JND is unlikely under natural viewing conditions (Abernathy et al., 2017; Siddiqi et al., 

2004; da Silva et al., 2020; Stevens et al., 2014). Additionally, we used previously published 

data on scorpionfish colouration to calculate contrast between different individual scorpionfish 

and each of the natural substrates from the visual perspective of the three observers. 

Scorpionfish photos were taken in a previous study of S. maderensis and S. porcus on a grey 

experimental background (n = 20 S. maderensis and n = 30 S. porcus), and converted to cone-

catch models using the same procedure as described above (John et al., accepted). These 

photos were taken under a D65 spectrum but converted using the light spectrum measured at 

6m depth as model illuminant. Using the same procedure described above, we calculated 
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contrast between the average scorpionfish body colouration and each sample of natural 

substrates (46 natural substrate photos in total).  

2. Background choice 

Experimental backgrounds  

Luminance experiment 

In the first choice experiment, we tested whether scorpionfish prefer a background with a 

perceived luminance that is more similar to their average body luminance, compared to a 

darker and lighter background. We restricted the testing to backgrounds varying in luminance 

because scorpionfish change luminance more than colour (John et al. 2023), and because we 

suspected that from their own perspective, they match colours in their natural habitat well (see 

methods section 1), which was confirmed by the outcome of this study (see results section 1).  

Scorpionfish were tested in three choice treatments, choosing between two backgrounds 

each, giving all combinations of three backgrounds: a light, medium and dark grey background 

(Figure 1A). To create the experimental backgrounds, we took standardised photos of a grey 

scale under experimental light conditions and calculated average luminance of the grey values 

from the perspective of the scorpionfish visual system (Govardovskii & Zueva, 1988; John et 

al., 2023; John et al., accepted; Schweikert et al., 2018). We then calculated the weber 

contrast of average scorpionfish body luminance when adjusted to a light, medium, and dark 

grey background (data from: John et al., 2023; John et al., accepted) against each grey value 

of the scale. For the medium background, we chose the grey value that had the smallest weber 

contrast (0.03) to the medium-grey adapted scorpionfish. The light and dark backgrounds were 

instead created to be too light and dark to be matched by scorpionfish body luminance. Their 

grey values had the same high weber contrast (0.33) to the light- or dark-adapted scorpionfish. 

The central starting zone and the acclimation cylinder had an intermediate luminance between 

each combination of the two experimental backgrounds. 
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Figure 1: A) Schematic view of the three choice treatments in the luminance experiment. The circular 

area in the centre represents the starting zone. B) Exemplary photo of the setup, choice treatment

‘medium-dark’. The scorpionfish is in the acclimation cylinder without the opaque walls inserted and 

can watch the setup before being released.

Complexity experiment

Here, we tested whether scorpionfish prefer the more complex background when given a 

choice between two different levels of background pattern complexity. Background complexity 

can be defined by many different properties such as diversity of shapes, variability in edge 

orientation and luminance, or colour heterogeneity (Dimitrova & Merilaita, 2010; Rowe et al., 

2021). We designed all backgrounds to have the same average luminance, colour and 
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contrast, but added a pattern including bars of different orientation. Scorpionfish have a body 

pattern with bars (John et al., accepted) and we used average width of these bars to design 

the rectangles used in our backgrounds (0.3 x 0.07 cm for S. maderensis and 0.3 x 0.09 cm 

for S. porcus, both bar sizes were equally frequent and randomly distributed on all 

backgrounds). All backgrounds had the same mean grey value equal to the medium grey in 

the luminance experiment, and the same number of bars per area in a lighter grey. All bars 

also had an identical (rectangular) shape, but their orientation differed, creating complex and 

simple backgrounds by altering edge orientation. We designed the complex background by 

having bars at randomly differing orientations, and the two simple backgrounds with bars 

equally oriented. Because scorpionfish might prefer backgrounds with a pattern that is similar 

to their own, one simple background featured vertical bars that would match the orientation of 

the bars in the body pattern of the scorpionfishes, while the other simple background had 

horizontal bars as a control. Scorpionfish tend to settle against vertical structures (the wall in 

the setup), and therefore would be viewed either from the side, matching the vertical bars of 

the wall, or from the top, matching the vertical bars of the bottom (Figure 2A). Scorpionfish 

were tested in three choice treatments, choosing between two backgrounds each, giving all 

combinations of three backgrounds: with random, vertical or horizontal bar orientation. We 

expected scorpionfish to preferentially settle on backgrounds with random bar orientation if 

they preferred complex over simple backgrounds. In case of a preference for pattern matching, 

we expected a preference for the backgrounds with vertical bar orientation instead. 
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Figure 2: A) Schematic view of the three choice treatments in the complexity experiment. The circular 

area in the centre represents the starting zone. Note that the patterns are not to scale. B) Exemplary 

photo of the setup in the complexity experiment, choice treatment ‘vertical-horizontal’. The scorpionfish 

is in the acclimation cylinder without the opaque walls inserted and can watch the setup before being 

released.

Experimental setup and procedure

Experiments were carried out at the Station de Recherches Sous-marines et 

Océanographiques (STARESO), Corsica, France, in June and July 2023. Scorpionfish were 

caught under the station’s general sampling permit, using hand nets while SCUBA diving in 

depths of 2 to 10 m. We followed the EU animal welfare legislation’s directive (Directive 
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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 

accordance with good veterinary practice. Scorpionfish were kept in shaded outside flow-

through seawater tanks (210 × 120 × 50 cm3) exposed to natural light before and in between 

experiments. Each individual was tested in two independent experiments (details below) with 

at least one day between them. All individuals were eventually returned to the field. We tested 

23 S. maderensis and 27 S. porcus. 

We used three identical arenas made from plant pot saucers (60 cm diameter and 9 cm height, 

Primavera 70, Plastkon product s.r.o.) with inserted plastic cylinders (60 cm diameter and 21 

cm height) as walls. The bottom and walls were covered with printed and laminated paper 

(matte laminating pouches 125 micron, no. S-PP525-22, PRT GmbH). For the luminance 

experiment, backgrounds were printed by WiesingerMedia GmbH (Tübingen). For the 

complexity experiment, backgrounds were printed on underwater paper (no. 3487, Avery 

Zweckform GmbH) with a laser printer (Kyocera ECOSYS P7240cdn KX). The setup was split 

into quadrants which were alternatingly covered with the two backgrounds (Figure 1). We 

chose this design to minimize possible side preference effects. The centre of the setup was a 

neutral starting zone (18 cm diameter). At the beginning of a trial, an acclimation cylinder (15 

cm diameter, 10 cm height) of transparent plexiglass was placed in the starting zone. For the 

acclimation time, the cylinder had opaque inner walls of the same colour and luminance as 

the starting zone. Attached inside the cylinder were two grey standards (12 and 72 %) needed 

for calibrated photography (Figure 1B, 2B). Trials were filmed with a GoPro Hero 7, and RAW 

photographs were taken at the beginning and the end of trials with a calibrated Nikon D4 DLSR 

camera (Nikkor 60 mm macro lens). The camera was placed on a tripod in ~ 100 cm distance 

to the setup, looking down in a ~20 ° angle. The GoPro was mounted on top of the camera, 

looking down in approximately the same distance and angle. Setups were filled with fresh sea 

water before each trial (water level 9 cm). Starting a trial, a scorpionfish was caught from a 

housing tank using hand nets and transferred to the setup in a white bucket. After that, the 
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GoPro recording was started, and the scorpionfish gently transferred into the acclimation 

cylinder. Scorpionfish were allowed to acclimate for one minute. Then, the opaque walls of the 

acclimation cylinder were lifted, allowing the scorpionfish to see the rest of the setup for one 

minute. Photos of the fish were taken before and after this one minute acclimation. The 

acclimation cylinder was then lifted and the scorpionfish filmed for another 10 minutes. Then, 

the GoPro recording was stopped and fish were pulled towards the centre using the 

transparent acclimation cylinder. Fish were photographed immediately when positioned in the 

centre (back in the starting zone). Catching the fish with the cylinder, pulling it into the starting 

zone and taking a photo took less than five seconds, a time in which fish should not have been 

able to change colour again (John et al., 2023). The scorpionfish were then placed back into 

the bucket with a hand net, either to be transferred to take the next choice treatment, or 

returned into the housing tank. The order of the two experiments and three choice treatments 

per experiment was balanced across individuals. Setup orientation was alternated and 

balanced across individuals for each choice treatment.  

Behavioural data analysis  

To analyse background preferences from the videos, we used the program BORIS (version 

8.20.4) (Friard & Gamba, 2016). We measured how much time each individual settled on each 

background, only including events where scorpionfish did not move for at least five seconds 

(duration settled). If a scorpionfish was sitting on both backgrounds, we considered the 

background under its eyes as the one chosen. To understand whether there was a difference 

in the duration settled and the events where scorpionfish did not move for an extended period 

of time, we looked at an additional variable: we noted when an individual for the first time 

settled on a background and did not move for at least one minute (choice variable first settled). 

Because duration settled showed the same pattern as first settled, we display only results for 

first settled (Figure S1).  
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3. Background matching in luminance experiment 

Because we found an unexpected preference of the scorpionfish for dark backgrounds, we 

decided to look at fish colouration related to choice in more detail. Therefore, we converted 

the images taken of the scorpionfish after a trial to cone catches for the observer Tripterygion 

delaisi (see procedure described above in Methods section 1). Our photography and model 

illuminant were a D65 spectrum because this was the spectrum under which the behavioural 

experiment took place. As region of interest (ROI), we selected specific parts of the 

scorpionfish pattern to analyse perceived luminance of both type of patches. Both scorpionfish 

species have a pattern of alternating dark and light bars and we selected two patches within 

those bars close to the tail fin that were typically well distinguishable. We also selected eight 

1 cm2 samples per background from randomly selected photos and calculated achromatic 

contrast of scorpionfish body colouration and the background that they chose per trial (for 

details on contrast calculation see Methods section 1). We moreover calculated achromatic 

contrast of both patches within one individual’s pattern as an estimate of internal pattern 

contrast.  

Statistical analysis 

We used the glmmTMB package (Brooks et al., 2017) to implement generalised linear mixed 

models for 1. achromatic and chromatic contrast of scorpionfish against natural substrates, 2. 

choice in both behavioural experiments and 3. scorpionfish body colouration parameters on 

the chosen background following a guided linear modelling routine for R (Santon et al., 2023). 

The routine guides through model assessment inspecting the distribution of randomized 

quantile residuals, computed with the R-package DHARMa (Hartig, 2022), within and among 

factor predictor levels that were included or not in the models, and performing posterior 

predictive checks to assess model dispersion and overall model fit. We chose family 

distribution based on the nature of the response variable. We use the r2 function of the 

performance package (Lüdecke et al., 2021) to report marginal and conditional R2 as a 

measure of fit for each model (Nakagawa & Schielzeth, 2013). We graphically report model 
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predicted medians and their 95 % compatibility intervals (CIs) calculated from the posterior 

distributions of fitted values obtained from 10,000 sets of model parameters (Brooks et al., 

2017). 

1. Natural habitat sampling and background matching 

We implemented one model per scorpionfish species, both using a Gamma distribution (link 

= log) for the response variables achromatic contrast and chromatic contrast. We specified 

substrate type and observer and their interaction as fixed effects. We used fish ID and photo 

ID as random factors.  

2. Background choice 

From the initial 23 S. maderensis and 27 S. porcus, some individuals never settled on any 

experimental background. Therefore, we included only observations from 23 S. maderensis 

and 22 S. porcus individuals for the luminance experiment, and for 23 individuals for both 

species for the complexity experiment. To analyse a potential preference statistically, we 

transformed the variable first settled into a hypothesis-driven success/failure variable that 

indicated whether an individual first settled on the background we expected it to settle (1) or 

on the opposite background (0) (Table 1).  

Table 1: Expectations of scorpionfish preference to settle on one of the backgrounds in each choice 

treatment. 

 Choice treatment Success / Expected (1) Failure / Unexpected (0) 

Luminance 
experiment 

dark - light dark light 
medium - light medium light 
medium - dark medium dark 

Complexity 
experiment 

vertical - horizontal vertical horizontal 
complex - horizontal complex horizontal 
complex - vertical complex vertical 

 

We implemented both models using a binomial distribution (link = logit) for the response 

variable first settled (success/failure) and had scorpionfish species and choice treatment and 

their interaction as fixed effects. We defined fish ID as random factor. A preference for one of 

two backgrounds can be assumed when the CIs are completely on that side of the probability 
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scale, excluding the (random) probability of 0.5. To describe a preference or random choice 

better, we calculated median differences of choice to the random choice threshold 0.5. 

Differences and their 95% compatibility intervals (CIs) are calculated by subtracting the 

random choice threshold of 0.5 from estimates from 10,000 simulations of the posterior 

distribution of model parameters. CIs including zero indicate a random choice. 

3. Background matching in luminance experiment 

Because we wanted to understand how different patches in the scorpionfish body colouration 

contribute to camouflage, we analysed luminance channel cone catches, achromatic contrast 

against the backgrounds that fish chose, meaning the background they first settled on in each 

choice treatment, and internal pattern contrast of an individual on the chosen background. We 

excluded cases where individuals preferred the light background because of the low sample 

size. This left us with a total of 41 preferences for the dark background by S. maderensis and 

34 by S. porcus, and 18 preferences for the medium background by S. maderensis and 20 by 

S. porcus. While inspecting the data we did not find an effect of choice treatment on 

scorpionfish body colouration and therefore did not include this factor into statistical analysis. 

We implemented models using a Gamma distribution (link = log) for the response variables 

luminance channel cone catches, achromatic contrast and internal pattern contrast. We 

specified scorpionfish species, patch and chosen background and their interaction as fixed 

effects. We used fish ID as random factor. 
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Results 

1. Natural habitat sampling and background matching 

From a scorpionfish’s visual perspective, all substrates differed from each other with a 

chromatic contrast of more than one Just Noticeable Difference (JND) (Table 2). However, 

only the seagrass stems differed clearly from the other substrates with values above three 

JND. 

Table 2: Chromatic contrast (JND) (mean ± SD) from the visual perspective of a scorpionfish, for all 

comparisons of natural substrates in the contrast analysis.  

 Rubble 
and sand  

Seagrass 
leaves  Turf algae  Red 

sponge 
Yellow 
algae  

Seagrass 
stems 

 Scorpionfish view 
Rubble and sand -      
Seagrass leaves  1.36 ± 1.42 -     

Turf algae  1.23 ± 1.33 1.90 ± 1.04 -    
Red sponge 2.05 ± 1.01 2.23 ± 0.85 2.28 ± 0.77 -   
Yellow algae  3.11 ± 1.35 3.91 ± 1.96 2.38 ± 1.08 3.29 ± 0.65 -  

Seagrass stems  8.22 ± 4.84 9.03 ± 5.12 7.50 ± 4.76 8.34 ± 4.70 5.37 ± 4.51 - 
 

Both species showed low chromatic contrast below the detection threshold of one JND on 

rubble and sand from the scorpionfish and triplefin perspective, on seagrass leaves from 

triplefin perspective and on the red sponge from scorpionfish perspective (Table 3A). When 

considering a detection threshold of three JND, scorpionfish matched the colour of seagrass 

leaves and turf algae well (Table 3A). Achromatic contrast was above detection threshold of 

one and three JND for both species on all substrates for all observers (Table 3B).   
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Table 3: A) Chromatic and B) achromatic contrast of Scorpaena maderensis and S. porcus average 

colouration on different natural substrates as perceived by three natural observers. Estimates are based 

on individual calculations of Just Noticeable Difference (JND) of scorpionfish colouration (n = 20 S. 

maderensis and n = 30 S. porcus measured, adapted to a grey background) against each sample. 

Estimates are predicted medians and 95% compatibility intervals (CIs) derived from 10,000 simulations 

of the posterior distribution of model parameters. Values below one JND indicate optimal background 

matching. Values where the CIs include one or three JND are highlighted in bold and underlined 

respectively. 

A) Chromatic contrast 

Substrate (n photos) 
Scorpionfish view Triplefin view Goby view 

Estimate CIs Estimate CIs Estimate CIs 
 Scorpaena maderensis (R2cond = 0.910, R2marg = 0.698) 

Rubble and sand (13) 1.12 0.90, 1.38 1.09 0.88, 1.35 1.58 1.27, 1.95 
Seagrass leaves (9) 1.34 1.04, 1.73 1.17 0.91, 1.51 1.77 1.38, 2.29 

Turf algae (9) 2.35 1.82, 3.04 2.19 1.70, 2.83 3.36 2.60, 4.36 
Red sponge (3) 1.50 0.97, 2.29 3.91 2.53, 5.96 4.24 2.74, 6.47 
Yellow algae (6) 4.96 3.64, 6.75 3.85 2.82, 5.22 6.66 4.87, 9.04 

Seagrass stems (6) 9.40 6.95, 12.78 7.03 5.19, 9.54 12.10 8.91, 16.44 
 Scorpaena porcus (R2cond = 0.902, R2marg = 0.710) 

Rubble and sand (13) 0.96 0.77, 1.19 0.93 0.75, 1.15 1.36 1.10, 1.68 
Seagrass leaves (9) 1.22 0.94, 1.58 1.02 0.79, 1.33 1.58 1.22, 2.04 

Turf algae (9) 2.10 1.63, 2.72 1.98 1.53, 2.55 3.03 2.34, 3.92 
Red sponge (3) 1.42 0.90, 2.19 3.68 2.35, 5.67 4.00 2.55, 6.17 
Yellow algae (6) 4.69 3.44, 6.41 3.62 2.65, 4.94 6.30 4.63, 8.60 

Seagrass stems (6) 9.08 6.63, 12.47 6.78 4.95, 9.30 11.69 8.51, 16.01 
B) Achromatic contrast 

Substrate (n photos) 
Scorpionfish view Triplefin view Goby view 

Estimate CIs Estimate CIs Estimate CIs 
 Scorpaena maderensis (R2cond = 0.950, R2marg = 0.117) 

Rubble and sand (13) 10.24 7.05, 14.90 10.42 7.19, 15.23 10.01 6.87, 14.55 

Seagrass leaves (9) 12.49 7.92, 19.76 12.76 8.11, 20.24 12.28 7.80, 19.49 

Turf algae (9) 10.40 6.61, 16.21 10.49 6.66, 16.28 10.38 6.61, 16.12 

Red sponge (3) 15.98 7.46, 34.35 17.84 8.35, 38.61 13.10 6.16, 28.33 

Yellow algae (6) 8.89 5.13, 15.22 9.44 5.45, 16.13 7.91 4.55, 13.51 

Seagrass stems (6) 26.11 15.08, 45.67 17.75 10.28, 30.81 15.81 9.16, 27.71 

 Scorpaena porcus (R2cond = 0.882, R2marg = 0.135) 
Rubble and sand (13) 8.93 6.23, 12.75 9.07 6.35, 13.00 8.75 6.10, 12.49 

Seagrass leaves (9) 11.15 7.20, 17.26 11.40 7.36, 17.71 10.98 7.10, 17.01 

Turf algae (9) 10.91 7.09, 16.71 11.00 7.14, 16.79 10.88 7.06, 16.63 

Red sponge (3) 12.92 6.19, 26.64 14.23 6.77, 29.28 11.91 5.68, 24.62 

Yellow algae (6) 6.46 3.82, 10.80 6.85 4.04, 11.43 5.82 3.43, 9.75 

Seagrass stems (6) 23.51 13.86, 40.00 14.54 8.58, 24.72 12.89 7.60, 21.90 
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2. Background choice

Both species preferred the dark over the light or medium background and the medium over 

the light background when they first settled (Figure 4A, Table 4A). Both species showed a 

random choice for backgrounds differing in complexity and edge orientation when they first 

settled for at least one minute (Figure 4B, Table 4B). 

Figure 3: Choice of Scorpaena maderensis and S. porcus for all three background combinations in A) 

the luminance and B) the complexity experiment. Choice was defined by a scorpionfish settling for at 

least one minute for the first time. Points represent choice of each individual (n = 23 S.  maderensis, n 

= 22 S. porcus for A) the luminance experiment and n = 23 S.  maderensis, n = 22 S. porcus for B) the 

complexity experiment, note that not every individual settled in every choice treatment) and were scored 

with 1 for a choice that was expected by our hypothesis and with 0 for a choice against our hypothesis. 

Markers with horizontal bars represent predicted medians and 95% compatibility intervals (CIs) derived 

from 10,000 simulations of the posterior distribution of model parameters. The dashed line indicates the 

random choice threshold 0.5. CIs excluding 0.5 indicate a non-random choice. 

Table 4: Median differences of choice to the random choice threshold 0.5 for A) the choice treatments

in the luminance experiment (n = 23 S.  maderensis, n = 22 S. porcus) and B) the choice treatments in 
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the complexity experiment (n = 23 S.  maderensis, n = 23 S. porcus). Differences and their 95% 

compatibility intervals (CIs) are calculated by subtracting the random choice threshold of 0.5 from 

estimates from 10,000 simulations of the posterior distribution of model parameters. CIs excluding zero 

indicate a non-random choice and are highlighted in bold. 

 S. maderensis S. porcus 
Choice treatment Estimate CIs Estimate CIs 

A) Luminance experiment (R2cond = 0.499) 
dark - light 0.41 0.19, 0.48 0.40 0.18, 0.47 
medium - light 0.34 0.10, 0.45 0.25 0.02, 0.39 
medium - dark -0.41 -0.48, -0.21 -0.26 -0.40, -0.04 

B) Complexity experiment (R2cond = 0.048) 
vertical - horizontal 0.00 -0.20, 0.19 0.03 -0.19, 0.24 
complex - horizontal 0.15 -0.07, 0.32 -0.12 -0.30, 0.10 
complex - vertical -0.06 -0.26, 0.17 -0.15 -0.33, 0.09 

 

3. Background matching in luminance experiment 

S. maderensis decreased the luminance of both their dark and light patches when choosing 

the dark over the medium background (Figure 5A, Table 5A). S. porcus only decreased the 

luminance of their dark patch (Figure 5A, Table 5A). When calculating achromatic contrast of 

dark and light patches in the fish colouration to the background that fish preferred, lowest 

achromatic contrast was found for the dark patches on the dark background and for the light 

patches on the medium background (Figure 5B, Table 5B). S. maderensis had a similar 

internal contrast regardless of their preferred background while S. porcus reduced internal 

contrast on the medium compared to the dark background (Figure 5C, Table 5C). 
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Figure 4: Body colouration of Scorpaena maderensis and S. porcus after choosing a background in the 

luminance experiment as perceived by Tripterygion delaisi. A) Luminance channel cone catches of the 

two selected patches of body colouration, and achromatic contrast as Just Noticeable Differences (JND) 

of the two patches B) against the preferred background and C) against each other. The dashed lines 

(B) indicate one and three JND. Colour and shape of the markers indicate the body colouration patch

(A, B). Grey points represent individual cone catches (A) or JND (B, C). Markers with vertical bars 

represent predicted medians and 95% compatibility intervals (CIs) derived from 10,000 simulations of 

the posterior distribution of model parameters. Cases where the light background was preferred were 

excluded because of the low number of individuals that showed this preference (n = 23 S.  maderensis, 

n = 22 S. porcus tested in the luminance experiment in three choice treatments).
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Table 5: Pairwise contrasts for body colouration parameters of Scorpaena maderensis and S. porcus 

as perceived by Tripterygion delaisi, comparing parameters between the preferred backgrounds. 

Contrasts expressed as response ratios of A) luminance channel cone catches of the two selected 

patches of body colouration between the dark and medium background, and achromatic contrast as 

Just Noticeable Differences (JND) of the two patches B) against the preferred background and C) 

against each other, between the dark and medium background. Effect size is proportional to the 

deviation of ratios from one, and the robustness of the result increases with decreasing degree of 

overlap of the 95% compatibility intervals (CIs) with one. Response ratios with CIs excluding one are 

highlighted in bold. N = 23 for S. maderensis and N = 22 for S. porcus.  

 S. maderensis S. porcus 
 Estimate CIs Estimate CIs 

A) Luminance channel cone catches – dark vs. medium background preferred 
(R2cond = 0.847, R2marg = 0.722) 

dark patch  0.78 0.73, 0.85 0.87 0.81, 0.94 
light patch 0.88 0.81, 0.95 0.98 0.90, 1.05 

B) Achromatic contrast to background – dark vs. medium background preferred  
(R2cond = 0.647, R2marg = 0.632) 

dark patch 0.26 0.21, 0.34 0.25 0.19, 0.31 
light patch 3.15 2.48, 4.00 1.07 0.85, 1.36 

C) Achromatic internal pattern contrast – dark vs. medium background preferred  
(R2cond = 0.647, R2marg = 0.616) 

internal contrast 1.18 0.98, 1.42 1.45 1.21, 1.74 
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Discussion 

Natural habitat sampling and background matching 

Under perfect viewing conditions, scorpionfish should be able to differentiate between all 

substrate types as their chromatic contrast is above one Just Noticeable Difference (JND). 

However, under natural viewing conditions, it is unlikely that such low contrast values can be 

routinely detected. Therefore, other studies suggest to consider more conservative perception 

thresholds such as e.g. three JND to interpret results (Abernathy et al., 2017; Siddiqi et al., 

2004; da Silva et al., 2020; Stevens et al., 2014). Considering such a conservative approach, 

four out of the six substrates had a similar colour from scorpionfish visual perspective. In an 

environment where common substrates vary but are similar relative to only a few substrates 

standing out strongly, a generalist body colouration might be promoted (Merilaita et al., 1999). 

Scorpionfish had a chromatic contrast below one JND only on few natural substrates and only 

from the visual perspective of the triplefin or conspecifics in the modelled depth at 6 m at mid-

day light conditions. However, considering the conservative approach, scorpionfish matched 

several common substrate types, also from the perspective of the goby. Animals with a 

generalist body colouration typically match no or only few backgrounds perfectly, but show a 

sub-optimal match on many backgrounds (Hughes et al., 2019). Our results support this idea 

for scorpionfish when looking at chromatic contrast only. However, looking at average 

achromatic contrast, scorpionfish did not match any of the substrates well. This was primarily 

caused by a high variation of perceived luminance of the natural substrates. Substrate 

luminance perception is influenced strongly by variable factors such as weather conditions, 

shading and texture of a substrate, which explains why achromatic contrast of scorpionfish 

against the substrates was high. Possibly it is also the reason why dynamic changes in 

luminance in these fishes are stronger than changes in hue (John et al., 2023). We calculated 

scorpionfish contrast to the substrates with data of scorpionfish adjusted to a background of 

intermediate luminance (John et al., accepted). It is likely that they can achieve a lower 

achromatic contrast after adjustment to the background (John et al., 2023). 
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Scorpionfish had a colour similar to rubble, sand and epiphytic growth on seagrass, all of 

which are common in the Mediterranean Sea. This could allow for reasonably good 

background matching on such substrates (Stevens & Merilaita, 2009a). But even on 

mismatching backgrounds scorpionfish could be camouflaged by means of masquerade, 

where animals appear like common, irrelevant objects to the viewer (Skelhorn, 2015). 

Scorpionfish have a complex skin texture including skin flaps and spines and typically sit 

motionlessly on the substrate. These features could enhance the masquerading effect and 

make the fish appear like an irrelevant object, for instance a rock overgrown with epiphytes.  

Luminance experiment 

In the choice experiment, scorpionfish preferentially settled on a darker background in all 

choice treatments. When choosing between a background of perceived luminance similar to 

their own body and a darker background, scorpionfish preferred the darker background and 

therefore potentially risked mismatch to the background. A preference for dark backgrounds 

was previously shown in several fish species (Bradner & McRobert, 2001; Kjernsmo & 

Merilaita, 2012; Smithers et al., 2018) and might be linked to an escape response that 

scorpionfish showed in the setup. Individuals might have chosen the background that most 

resembled shelter in their natural habitat, i.e. dark cracks and crevices for hiding. We cannot 

exclude that in a foraging context under natural conditions, scorpionfish instead prefer to settle 

on backgrounds that are most similar to their own average body luminance. Nevertheless, we 

can conclude that scorpionfish do not settle randomly, but actively choose between 

backgrounds. Moreover, we used average scorpionfish colour to calculate background match, 

even though scorpionfish have a patchy and contrasting body pattern. Calculating background 

match of individual patches within the scorpionfish pattern revealed that their dark patches 

have the lowest achromatic contrast on the dark background. Therefore, scorpionfish may 

have preferred this background to improve camouflage through disruptive colouration. Here, 

the different patches could allow differential blending and in S. porcus, the increased internal 

contrast  indicates aiming for maximum disruptive contrast (Stevens & Merilaita, 2009b). 
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Disruptive colouration is a more generalist camouflage strategy compared to background 

matching, because it offers crypsis on a wider range of backgrounds  (Cuthill et al., 2005; 

Phillips et al., 2017; Price et al., 2019; Robledo-Ospina et al., 2017). Taking together the 

aspects of chromatic background matching of natural substrates, achromatic background 

choice, and disruptive colouration, scorpionfish seem to be generalists that can settle 

differently coloured substrates and use their colour change and possibly background choice 

to cope with luminance variation in their habitat. 

Complexity experiment 

Scorpionfish did not differentiate between backgrounds of different complexity when settling. 

While it is possible that scorpionfish do not exhibit a preference for more complex 

backgrounds, it is also likely that our experimental design failed to elicit a response. Our 

backgrounds only differed in the degree of edge orientation. It is possible that the difference 

in complexity was too weak or created by the wrong features, since visual complexity is 

normally defined by multiple factors (Dimitrova & Merilaita, 2010; Rowe et al., 2021). 

Moreover, in the natural environment, substrate complexity can be assessed not only by visual 

cues but possibly also by tactile and olfactory cues. It is possible that scorpionfish indeed have 

a preference to settle on more complex backgrounds, but that their choice is guided by more 

than the visual sense (Stevens & Ruxton, 2019). Experiments in the natural environment could 

help to better understand whether there is a background preference in scorpionfish and what 

cues define it.  

Species comparison 

We tested two congeneric scorpionfish species to understand potential differences and 

similarities in their body colouration and behaviour. Since both species are competing for the 

same habitat and share the same lifestyle, differences in camouflage strategies could indicate 

relevant niche partitioning (Stevens & Ruxton, 2019). However, we find similar results for both 

species. For the background choice experiments, we cannot exclude that under more natural 

conditions, we would see differences between the species. S. maderensis is a species known 
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to be common around eastern Atlantic islands and only in specific areas in the Mediterranean, 

predominantly the southern Mediterranean (La Mesa et al., 2005). The species was rarely 

present in our sampling location in the northern Mediterranean several years ago, but is 

common now (personal observations by NKM and STARESO). Understanding their potential 

to outcompete congeneric species like S. porcus is therefore of great interest.   
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Supplementary 

Table S1:  Chromatic contrast (JND) (mean ± SD) from the visual perspective of the triplefin and the 

goby, for all comparisons of natural substrates that were included in the contrast analysis (section 1). 

Values below one and three JND are bold and underlined respectively.  

 Rubble and 
sand  

Seagrass 
leaves  Turf algae  Red 

sponge 
Yellow 
algae  

Seagrass 
stems 

 Triplefin view 
Rubble and 

sand -      
Seagrass leaves  0.72 ± 0.83 -     

Turf algae  0.73 ± 0.55 1.14 ± 0.56 -    
Red sponge 2.47 ± 0.44 2.85 ± 0.72 1.99 ± 0.35 -   
Yellow algae  2.34 ± 0.64 2.77 ± 0.28 1.70 ± 0.40 1.63 ± 0.50 -  

Seagrass stems  5.60 ± 1.77 6.02 ± 1.86 4.96 ± 1.71 4.06 ± 1.73 3.31 ± 1.72 - 
 Goby view 

Rubble and 
sand -      

Seagrass leaves  1.70 ± 1.81 -     
Turf algae  1.56 ± 1.49 2.48 ± 1.03 -    

Red sponge 3.34 ± 1.16 3.96 ± 1.31 3.22 ± 0.89 -   
Yellow algae  4.16 ± 1.50 5.25 ± 1.63 3.14 ± 1.17 3.88 ± 0.82 -  

Seagrass stems  10.34 ± 5.60 11.41 ± 5.84 9.31 ± 5.53 9.50 ± 5.48 6.49 ± 5.26 - 
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Figure S1: Absolute duration (seconds) that scorpionfish were settled on both backgrounds per 

background combination for the luminance experiment (left) and the complexity experiment (right), split 

by scorpionfish species (top row: Scorpaena porcus, bottom row: S. maderensis), background 

combination (x-axis) and background (colour).  
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