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Flounder change colour and pattern for camouflage. We
used a spectrometer to measure reflectance spectra and a
digital camera to capture body patterns of two flounder
species camouflaged on four natural backgrounds of different
spatial scale (sand, small gravel, large gravel and rocks). We
quantified the degree of spectral match between flounder
and background relative to the situation of perfect camouflage
in which flounder and background were assumed to have
identical spectral distribution. Computations were carried
out for three biologically relevant observers: monochromatic
squid, dichromatic crab and trichromatic guitarfish. Our
computations present a new approach to analysing datasets
with multiple spectra that have large variance. Furthermore,
to investigate the spatial match between flounder and
background, images of flounder patterns were analysed using
a custom program originally developed to study cuttlefish
camouflage. Our results show that all flounder and background
spectra fall within the same colour gamut and that, in
terms of different observer visual systems, flounder matched
most substrates in luminance and colour contrast. Flounder
matched the spatial scales of all substrates except for rocks.
We discuss findings in terms of flounder biology; furthermore,
we discuss our methodology in light of hyperspectral
technologies that combine high-resolution spectral and spatial
imaging.
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1. Introduction

Animal colour and body pattern changes are particularly well known in many animals, including
lizards, amphibians, crabs, cephalopods and fish. The functions that these colour changes play in
thermoregulation, intra- and interspecific communication, and camouflage are well documented [1-6]. In
flatfish (e.g. turbots, soles and flounders, which are all members of the order Pleuronectiformes), colour
and pattern changes are achieved by changing the relative visibility of chromatophores (melanophores,
xanthophores, erythrophores, iridophores and leucophores). Melanophores, as well as xanthophores
and erythrophores, are predominantly under neural control, so that the relative visibility of these
darker chromatophores that overlay chromatophores of lighter shades determines the appearance of
a flatfish [7-9].

Effective camouflage obviously increases an animal’s success as a predator as well as its ability to
hide from potential predators. Elegant studies conducted in the early 1900s show the advantage of
colour adaptation in protection against predators [10,11]. The ability to change colour and pattern varies
between flatfish species, but there is good agreement in the literature that its use is to provide camouflage
on the benthic substrate [8,12-16]. Flatfish are generally passive bottom-dwelling animals that serve
a role as predators as well as prey. Larger fish (including larger members of their own species) and
cetaceans are known to include flatfish in their diet. By contrast, many flatfish species are themselves
sit-and-wait predators that feed on a variety of fish, cephalopod and crustacean species [17-19].

The colour and pattern changes of a few flatfish species have been studied in detail since the earlier
part of the twentieth century. Sumner [12] studied several species of flounder and turbot to establish
the limits of their colour and pattern adaptation. He placed them on a variety of natural and artificial
backgrounds and provided a detailed visual inspection of the distinct spots and blotches and colours that
these flatfish showed on the presented backgrounds. Sumner also commented on the degree of colour
and spatial frequency match of fish placed on backgrounds, but a detailed analysis was not possible with
the methodology available at the time. Hewer [14] described the colour and pattern changes of several
flounder and sole species and offered insight into the role of colour and pattern changes in camouflage.
He provided detailed drawings of the various spots and blotches contributing to body patterns, and
three distinct groups of patterns were described: (i) orange, black and white spots, (ii) pale spots, and
(iii) normal area and dark patches. In a study on turbot, plaice and sole, Lanzing [8] showed that the
various types of chromatophores are distributed in a permanent and fixed array, giving the fish a preset
number of available patterns from which they can select the one that is most appropriate on a given
background. Saidel [15] identified five distinct areas (morphological markers) in the winter flounder
Pseudopleuronectes americanus and described the results of using a photomultiplier tube (PMT) to measure
overall reflectance (at the waveband of maximal sensitivity of the PMT, which was unspecified) from the
fish and the adjacent background. He showed that the average reflectance from the fish is affected by the
average reflectance and contrast of the background. Most recently, Kelman et al. [16] studied European
plaice (Pleuronectes platessa) and showed that an increase in substrate contrast and spatial frequency had
a positive influence on the expression of spots and blotches on the fish.

There are varying reports in the literature regarding the time it takes for a flatfish to change its colour
or pattern; and these times are likely to be species specific. The tropical eyed flounder Bothus ocellatus
can match the spatial frequency of background patterns to a fine degree in a surprisingly short period of
time (2-8 s) [20]. Yet the ability of flatfish to adaptively change colour and/or pattern appears to be more
subdued in temperate/colder water species. Sumner [12] reported that it generally took several days
to completely adapt a flatfish (various Mediterranean and northern Atlantic turbot species) to a new
background until no further changes are seen, although he mentioned that body colour/pattern changes
could be detected within seconds of placing the fish on a background. Mast [13] reported that, in flounder
(Paralichthys and Ancylopsetta spp.), changes were accomplished within a matter of hours, while Kelman
et al. [16] reported that plaice could change their pattern in 10-15 min. All authors added that there was
individual variation between fish of the same species and that the level of adaptation and the time it
took to accomplish a complete change depended on the flatfish species in question, the background that
was tested and the previous experience the animal had with the substrate. Flatfish were able to adapt
to a particular background much more quickly when they had repeatedly been exposed to it [12,13].
Flatfish also appear to adapt to natural substrates containing colours that are part of the fish’s colour
repertoire much more quickly than artificial substrates that are unnatural to the fish (e.g. artificially
coloured substrates, checkerboards, etc.) [12,13,15]. Indeed, when settling on substrates, some flounder
species actively choose substrates that are closest in colour and spatial frequency to the repertoire of
changeable skin colours and patterns they have available [21].
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Interestingly, the question of whether flatfish match backgrounds spectrally and spatially has not been
addressed quantitatively, and our objective was to fill this gap in knowledge. Sumner [12] suggested that
based on visual inspection, the flounder and turbot species he worked on (including Rhomboidichthys;
Rhobus; Lopsetta; Paralichthys) often appeared to match the colours of the background. Tyrie et al. [21]
reported similar observations for peacock flounder (Bothus lunatus). In our laboratory study, we used a
hand-held spectrometer to quantify the degree of spectral match of two locally available species of flatfish
(summer flounder Paralichthys dentatus and windowpane flounder Scophthalmus aquosus) on their natural
backgrounds. In addition, we compared the spatial scale (granularity) of the splotches on the body of the
flounder to that of the background substrates using methodology that was developed for quantifying
patterns on bird eggs and cuttlefish [22-24] and modified to study peacock flounder patterns [21]. Since
flounder are both a prey and a predatory animal, and a number of marine animals would benefit from
detecting a camouflaged flounder, we quantified the degree to which these flounder spectrally matched
substrates in the eyes of relevant mono-, di- and trichromatic observers. Furthermore, we provide a
short discussion of the use of modern hyperspectral imaging (HSI) equipment for these types of studies,
especially since both HSI and spectrometry have advantages and disadvantages that are important to
consider when formulating research questions and designing experiments.

2. Material and methods

2.1. Flounder collection and maintenance

This study used three adult summer flounder Paralichthys dentatus (size: all approx. 40 cm) and three
adult windowpane flounder Scophthalmus aquosus (size: all approx. 30 cm) that were collected by otter
trawl off the coast of Woods Hole, MA in Vineyard and Nantucket Sounds. They were housed in a circular
tank (310 cm diameter; 80 cm tall), filled with recirculating seawater (approx. 16°C) and maintained on
a12L:12 D schedule. The fish were fed a mixed diet of live and frozen squid and fish. When regular
feeding was observed, fish were considered acclimated to captivity and ready for use in trials.

2.2. Experimental design and data collection

A rectangular tank (width: 112 cm; length: 255 cm; height: 60 cm) was subdivided, using grey PVC
sheets, into four compartments of equal size (112 cm x 63 cm) that were large enough to comfortably
house one flounder for the duration of the experiment. The area where the experimental tank was housed
was surrounded with black plastic to reduce disturbance to the animals. The bottoms of the experimental
compartments were covered with a 5-10 cm layer of substrate. Flounder have distinct spots on their
bodies, and these were approximately 1-1.5 cm in diameter for the S. aquosus and 3—4 cm in diameter for
the P. dentatus used in the experiments. Thus, we chose substrates that were within the size ranges of
these spots, as well as substrates that were larger than those spots. Four substrates, collected from local
beaches, were used: sand (sand grains in millimetre range with some small pebbles < 3 cm), small gravel
(approximate size range 3-7 cm, with some smaller sand grains in between), large gravel (approximate
size range 5-10 cm) and rocks (approximate size range 10-15 cm). These substrates are typical of the
natural habitats of the flounder used in this study.

Flounder were placed individually into each compartment and allowed to acclimate for 2 h before
spectral measurements were taken. In our study, we did not notice any colour or pattern changes after
approximately 30 min from the time we placed the animal on the substrate. Animals were only used
once per day. Over the period of one month, all six animals were exposed to all four substrates. There
was no specific order for placing fish on the different substrates. After the acclimation time, spectral
measurements and photographs were taken. To minimize the impact of our presence and not cause
the fish to move or change their body colours or patterns, we moved slowly around the tanks and
moved probes and cameras gradually. Data collection took approximately 15 min. Most fish remained
settled for the duration of the trial. Occasionally, a fish would move and resettle in a different part of the
tank; however, colour and/or pattern changes during this short (usually less than 5 s) resettling period
were not observed. To complete a trial, fish had to remain settled for the duration of data collection.
If an animal moved during data collection, we abandoned that particular dataset and started again
once the animal had resettled. We took spectral reflectance measurements of flounder and background
using a fibre-optic spectrometer (USB 2000, Ocean Optics, Inc., Florida; effective range of measurement:
350-750 nm) connected to a PC laptop. A 400 pm diameter fibre was used. The fibre was hand-held by
one experimenter at a distance of approximately 1 cm, perpendicular to the specimen (i.e. underwater),
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Figure 1. (a) Locations of spectral measurements. Ten measurements were taken of the substrate in a straight line in front of the head.
Twenty measurements were taken along the length of the flounder, followed by 10 substrate measurements in a straight line behind the
fin, as well as parallel to the dorsal fin. Twenty measurements of specific skin regions were also taken (see Material and methods section
for detail). (b) Image of flounder body pattern typically shown on sand substrate. (c) Image of a flounder body pattern typically shown
on gravel and rocks. We identified four distinct body areas that were expressed in a range of intensities depending on substrate: (1) white
spot, (2) area surrounding white spot, (3) black spot and (4) area surrounding black spot (both images are Paralichthys dentatus; same
four spot types were found in Scophthalmus aquosus).

measuring a circular area of 5.0 mm diameter (see eqns 4-6 in [25]). Thus, we ensured that a sufficiently
large area of skin was measured and a reliable spectral signal was obtained, since the flounder body
pattern spot sizes had at least twice that diameter. A second experimenter operated the laptop during
measurements. Regular white balancing was done using a diffuse reflectance standard (Ocean Optics,
WS-1). The reflectance standard was placed adjacent to the area that was being measured, so that both
reflectance standard and object of interest were in the same light field. Unlike in the experiments of
Mathger et al. [26], where the spectral similarity of cuttlefish and substrates was quantified in an outdoor
setting with a natural light field, we were restricted to using indoor tanks because the fish in this
experiment were too big for our outdoor set-up. The holding and experimental tanks were situated in an
alcove surrounded by large windows, thus, illumination was from natural daylight, supplemented by
one indoor fluorescent ceiling light. However, due to the windows, the usable waveband of our dataset
was restricted to 400-700 nm. Dark and light reference spectra were taken frequently to ensure that we
controlled for changes in illumination.

We took spectral measurements of the fish as well as the adjacent substrate in the manner illustrated
in figure 1a. We positioned our measurement points to capture as much of the variation as possible. (1)
Fish measurements. Spectral measurements for each fish were taken in 20 locations along the anterior—
posterior line, starting just behind the head, finishing just before the fin. To ensure we characterized
the entire spectral signature of each flounder, we then took measurements of specific areas on the fish’s
body that are similar to the ‘morphological markers’ of Saidel [15]. These were often not located on the
anterior—posterior line we routinely measured. Four such areas were identified: (i) white spot, (ii) area
around white spot (or fish ‘background’), (iii) black spot, and (iv) area around black spot (figure 1b,c).
Five measurements were taken of each area, for a total of 20 additional measurements. These areas could
be shown by the fish with higher or lower intensity. For example, the white spots could vary between
being large and conspicuous and being almost absent (i.e. taking on the colour of the surrounding body
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area). Similarly, the area around a black spot could be as black as the black spot itself; however, it could
also take on the beige colour of the fish ‘background’ shade. We measured spectra from all areas, and
grouped all of the fish spectra for a total of 40 measurements. (2) Substrate measurements. Ten spectral
measurements were taken in a line in front of the head followed by 10 measurements behind the tail fin
(figure 1a). We followed the anterior-posterior line of the fish when taking these substrate measurements.
Additionally, we took 10 measurements of the substrate in a curve that was equidistant from the dorsal
fin. In total, we took 30 measurements of the substrate. Figures 2 and 3 show all spectral data taken
from one representative flounder on all four substrates for Paralichthys dentatus and Scophthalmus aquosus,
respectively.

To document flounder patterning, we also took a series of photographs of the fish and adjacent
background using a waterproof Pentax Optio W20. These photos were used for analysing the spatial
scale of the fish body patterns and the background substrate.

2.3. Data analysis
2.3.1. Chromaticity diagrams

To visualize the spectral match between flounder and their surroundings from the perspective of
different visual systems, we used chromaticity diagrams for animals with colour vision following the
methodology by Kelber et al. [27].

2.3.2. Mathematical measure of spectral similarity

The Spectral Angle Mapper (SAM) metric, most commonly used in remote sensing, is a measure used
to compare novel spectra to a specific known set of spectra; for example, to classify agricultural crops
obtained via aerial surveying among a library of known crop spectra, e.g. corn versus soyabeans [28],
or to classify coral reef organisms and substrates based on their known fluorescent signatures [29].
In this work, we used SAM for the quantification of similarity (or, dissimilarity) in two ways: first to
compare the similarity of flounder and substrate reflectance spectra, and second for the comparison of
granularity spectra of the flounder and that of the substrate (described below). Although SAM is purely
a mathematical similarity metric, it has been shown to be moderately correlated to biological measures
of colour similarity and can be used to obtain a rough estimate of how similar spectra are when spectral
sensitivities of relevant observers are not known [30]. It is calculated as follows:

v v
SAM(v1, v2) = cos ! (172> 2.1)
v [H{v2l
where v1 and v are the N-dimensional vectors, and ||-|| indicates their magnitudes, respectively . It

can be thought of as a measure of alignment between two N-dimensional vectors. This is easiest to
visualize when N =2; two vectors that are parallel (e.g. identical) have an angle, and therefore an
SAM value of zero between them, while two that are perpendicular (most dissimilar) have an angle
of 7 /2. The SAM metric is insensitive to differences in magnitude and only measures the similarity of
spectral shape.

2.3.3. Modelling observer visual systems

Both Paralichthys dentatus and Scophthalmus aquosus are predatory fish but they also fall under the
category of prey to other predators. Therefore, there are a number of observers that would benefit from
being able to detect a camouflaged flounder. We chose three relevant species and, based on knowledge
of their visual pigments, modelled how they might sense the colours of a camouflaged flounder, and
whether they might be able to discriminate them against the substrate (figure 4): (i) squid Doryteuthis
pealeii, (ii) green crab Carcinus maenas, and (iii) Atlantic guitarfish Rhinobatos lentiginosus. Squid have a
single visual pigment at 493 nm [32], and they are a major dietary component of flounder. They also
take great precautions to avoid being eaten once they have detected a flounder [17,18]. Green crabs have
two visual pigments at 440 and 508 nm [33]. Depending on the life stages of the crabs and flounder,
green crabs can be a predator of or prey for flounder. Atlantic guitarfish (a ray species from the Order
Rajiformes, Suborder: Rhinobatiformes, Family: Rhinobatidae) most likely have three visual pigments at
477,502 and 561 nm. This species is in the same family as Rhinobatos (Glaucostegus) typus, for which these
three visual pigment absorbance maxima were reported [34]. Depending on the size of the flounder,
these guitarfish could act as predators of flounder. Although there are relevant observers with more
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Figure 2. All individual spectral measurements of P dentatus (left plots) and substrates (right plots), as well as an image showing a
section of flounder and substrate. Grey lines are individual spectral measurements; heavy black line is the average. (a) Flounder on sand
substrate, (b) flounder on small gravel substrate, (c) flounder on large gravel substrate, (d) flounder on rock substrate. () We computed
the SAM metric for each substrate—flounder combination for ideal and actual scenarios and compared the similarity of these distributions
(see Material and methods). Overall SAM values are low, indicating similar spectral shapes between the animal and the background
spectra. Asterisk indicates that, using the Wilcoxon rank sum test at the 5% significance level, data come from distributions with equal
medians.
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Figure 3. All individual spectral measurements of S. aquosus (left plots) and substrates (right plots), as well as an image showing a
section of flounder and substrate. Grey lines are individual spectral measurements; heavy black line is the average. (a) Flounder on sand
substrate, (b) flounder on small gravel substrate, (c) flounder on large gravel substrate, (d) flounder on rock substrate. (¢) We computed
the SAM metric for each substrate—flounder combination for ideal and actual scenarios and compared the similarity of these distributions
(see Material and methods). Overall SAM values are low, indicating similar spectral shapes between the animal and the background
spectra. Asterisk indicates that, using the Wilcoxon rank sum test at the 5% significance level, data come from distributions with equal
medians.

than three visual pigments (for example, the killifish Fundulus heteroclitus—a fish that flounder prey
upon—has four visual pigments), we did not include any examples in our analysis because our spectral
reflectance dataset was limited to 400-700 nm, and for the animals with more than three visual pigments,
the fourth (etc.) pigment is generally found outside this 400-700 nm range. Previously, Akkaynak et al.
[30] modelled photoreceptor ratios of 1:1 and 1:2 for dichromats and 1:1:1 and 1:2:2 for trichromats,
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Figure 4. Spectral response curves of mono-, di- and trichromatic observers used in the study, normalized to have a value of 1at peak
wavelength.

which are typical fish retina cone mosaic patterns [35,36] and found that both scenarios yielded very
similar results. Therefore, we limited our analysis to photoreceptor ratios of 1:1 for dichromats and
1:1:1 for trichromats.

2.3.4. Modelling spectral discriminability

For chromatic contrast, relevant only for the di- and trichromatic observers (crab and guitarfish), we
used the metric AS (with fraction 0.05) as defined by the Vorobyev-Osorio Receptor Noise Model [37].
Luminance contrast (AL) between the flounder body parts and background substrates, relevant for all
three observers, was calculated as L1 — L, where L = In(kQ); k being the von-Kries adaptation coefficient
and Q the quantum catch value. Spectra were collected under the same ambient conditions for each
dataset, therefore the same von-Kries coefficient was applied to both luminance values (k; =k;). Thus,
AL =Ink1Q1/k2Q2 =1In Q1/Q>. For AL, we only used the long wavelength receptor since it is considered
to be responsible for luminance contrast in fish [38]. Quantum catch value was computed as follows:

Amax
Q=] RoIGS G, 22)
Amin

where R(1) is the reflectance spectrum of the feature of interest, I(1) is the spectrum of the light source,
Si(A) is the spectral sensitivity of the ith photoreceptor (i=S,M,L), and Aminand Amax are the lower and
upper bounds of the visible spectrum, respectively. S;(1) was based on the visual pigment template of
Stavenga et al. [39] with the beta-peak shifted linearly, after Palacios et al. [40] using the equation given
in Hart et al. [41].

Based on the Vorobyev-Osorio Receptor Noise Model, AL and AS values less than or equal to 1
(termed just noticeable difference, or [ND) indicate that the spectra being compared are indistinguishable
to the observer (see also [42,43]). However, this threshold is only meaningful when comparing one
spectrum (i.e. one solid colour) to another. Yet, most natural habitats are composed of more than one
colour, and most animal patterns contain more than one colour. In our study, we want to quantify the
similarity of the entire spectral gamut the flounder can express to that of the substrate background.
Under such conditions, how can we use the Vorobyev-Osorio Receptor Noise Model and evaluate and
interpret discriminability between multiple colours? Previously, this kind of comparison has been done
by comparing the percentage of all spectral combinations that result in a AL or AS value less than 1 (see
fig. 3 and 4a in [30]). Here, we take a more structured approach by creating an ‘ideal” camouflage scenario
(described next) between the animal and the background, and comparing the resulting distributions
of AL and AS to those between the ‘actual’ measurements of the animal and the background via a
statistical test.

2.3.5. ldeal camouflage scenario

What would perfect camouflage look like? Simplistically described, a flounder could be effectively
concealed against a given background if it had the same spectral range and texture of the substrate
(i.e. spatial patterning), assuming it did not cast any shadows. Here, we simplify this definition even
further by omitting patterning and focusing only on perfect chromatic camouflage. We created a ‘perfect’
chromatic camouflage scenario by assuming that the fish and the background had the same spectral
gamut. To obtain AL and AS distributions that we termed ‘ideal’, we combined all spectral measurements
from each species of flounder taken on a given substrate, assumed that the background was composed
of the same spectra, and calculated AL and AS for all possible pairwise combinations between them.
Next, we calculated the same for the ‘actual” spectral measurements for fish and substrate. Then we
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converted both the ideal and actual distributions to probability density functions. Finally, we used the
Wilcoxon rank sum test [44] at the 5% significance level to test whether or not the ideal and actual
scenarios came from distributions with equal medians, which gave us a mathematical tool to determine
how good the flounders” camouflage was. For these comparisons, we identified two ways in which
an actual distribution could be statistically equivalent to the ideal: (i) with the acceptance of the null
hypothesis for the Wilcoxon rank sum test at the 5% significance level or (ii) if every AL or AS element
in the actual distribution was less than 1, implying that all pairs of spectra were indistinguishable from
each other. Before applying the Wilcoxon rank sum test, we normalized each bin in each distribution by
sample size in that bin, obtaining the probability of members in that bin in the range 0-1. While more
mathematical than biological, comparing the distribution of JNDs between the theoretical ideal scenario
and the actual measured scenario allows us to gain more insights into the detectability of the flounder,
as seen through the eyes of relevant observers, when multiple colours are involved. For our dataset,
this approach yielded 1200 JND values per flounder per substrate (total of 40 fish spectra; 30 substrate
spectra, resulting in 1200 spectral pairs); these are presented as box plots in figure 6 (luminance contrast)
and figure 7 (chromatic contrast). Note that since the distributions were normalized for probability, the
amplitudes shown no longer correspond to AL or AS thresholds.

2.3.6. Quantification of spatial scale similarity

To characterize the patterns of the camouflaged flounder and their substrates, we used a Matlab
granularity program developed originally for cuttlefish [22]. This granularity program has also been
used to characterize bird egg patterns [24,45] and lizard throat signals [46]. Granularity analysis bins the
pattern markings into seven spatial frequency bands, which range in size from large (Band 1) to very
small (Band 7), and quantifies the contrast at each spatial scale. This provides a granularity spectrum or
curve that summarizes the scale and contrast of light and dark elements in the pattern. The band-pass
filtered images can be added together to reconstruct the original image, and examination of these filtered
images provides a visual summary of the size of the pattern markings isolated in each band. Because
the images did not always include a whole fish, the images were resized to a standard body length
using prominent markings when the head and tail were not visible. All of the tank substrate in each
image was used to analyse substrate patterns. We then used the granularity spectrum of each flounder
and background substrate and represented them as a vector with seven values summarizing the relative
contribution of pattern markings at each spatial scale. The SAM method (described previously) was used
to calculate the spectral angle between each pair of animal versus substrate vectors. Lower SAM classifier
values correspond to better matches between the animal and substrate granularity spectra (values range
from 0 to 7 /2).

3. Results

3.1. Spectral similarity of flounder and substrates

Flounder body pattern varied depending on substrate. On a given substrate, all individuals (three per
species) showed the same spectral response. We identified four distinct body areas that, depending on
the substrate, were expressed in a range of intensities: (i) white spot, (ii) area surrounding white spot, (iii)
black spot, and (iv) area surrounding black spot (figure 1b,c). Overall, there was a good match between
flounder spectral reflectance and the reflectance of all four substrates (sand, small gravel, large gravel
and rocks), as can be seen when looking at the spectral plots as well as the image insets in figures 2
and 3 (which depict one representative dataset of each flounder species on all four substrates). For
both Paralichthys dentatus (figure 2) and Scophthalmus aquosus (figure 3), the spectral dataset has a wide
range (shown in both figures are spectra from all four body areas, ranging from nearly white to nearly
black). In terms of wavelength, the spectra (both flounder and substrates) are broadband, with very few
distinct spectral shades. Overall, most of the spectra are a general ‘brown’ shade (specifically, the spectra
with low y-axis values). Some spectra with higher y-axis values are typical for light or white objects. In
figures 2¢,d and 3c,d, red rocks were clearly identified in the substrate spectral plots (see spectral peak in
the range 600650 nm). To further quantify spectral similarity between flounder and substrate spectra,
we plotted the xy-coordinates of the tri-stimulus values of flounder body components and substrates on
a Maxwell triangle (figure 5), which shows that all animal chromaticities fall within the gamut of those of
the substrates, according to the human visual system. Figure 5a shows the equilateral triangle drawn for
the spectral sensitivities representative of a human with normal colour vision and where the measured

128091 % Dsuado 205y Bio‘Buiysignd/iaposyeforsoss


http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on May 19, 2017

e substrate « animal

0
S L
(b) M M 0 M M
@ substrate
e S. aquosus
= P. dentatus
small large rocks
gravel gravel
—
S &4 | L S L S L S L
400 nm 700 nm
(c) @ substrate
e S. aquosus
= P. dentatus 700 Ilml
- — > co— Ba e s s o COBD
T 400nm  sand small gravel large gravel rocks
(d) squid
40 sand 40 small gravel 40 large gravel 40 rocks
30 u substrate 30 30 30
8 S. aquosus
?8 ‘ u P. dentatus ?g I h ?g i ?g
B e - - el o - — — o
0 5 10 15 0 2 4 6 8 10 12 0 2 4 6 8§ 10 0 2 4 6 8 10
b quantum catch quantum catch quantum catch quantum catch
cral
40 sand 40 small gravel 40 large gravel 40 rocks
30 30 30 30
20 20 20 20
10 10 10 10
— e - - P i N .
0 5 10 150 2 4 6 8 10 12 0 2 4 6 8§ 100 2 4 6 8 10
quantum catch quantum catch quantum catch quantum catch
guitarfish
40 sand 40 small gravel 40 large gravel 40 rocks
30 30 30 30
20 20 20 20
10 10 m 10 h i 10
0 s 10 15 200 5 10 150 5 10 150 s 10 15
quantum catch quantum catch quantum catch quantum catch

Figure 5. Chromaticity diagrams for animal vision. (a) Maxwell triangle drawn for the human visual system, showing the loci of flounder
and substrate chromaticity coordinates obtained from radiance spectra. The magenta line shows the colour locus of monochromatic lights.
Shown are all spectral data collected for both P dentatus and S. aquosus, and all substrate spectra. (b) Maxwell triangles for trichromatic
quitarfish. Even though the data measured from P, dentatus and S. aquosus are shown with different markers, they overlap significantly
with each other and the background substrate. (c) Chromaticity diagram for the dichromatic crab. (d) Distribution of lightness for each
visual system. Here, we used the quantum catch for the long wavelength receptor (following [47]) of each animal as proxy for lightness.

spectra fall on this diagram. Figure 5b,c shows the equivalent triangles for the trichromatic guitarfish and
the dichromatic crab, respectively. In figure 5d, we show the distribution of lightness (the quantum catch
of the longest wavelength receptor for each animal).

In addition, we used the SAM metric to quantify mathematical similarity between animal and
substrate reflectance spectra for the ideal and actual camouflage scenarios for each experiment (figures 2e
and 3e). Lower SAM values indicate higher spectral similarity, and across all experiments, animal spectra
were most similar to those of sand.
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dichromatic crab (b) and trichromatic ray (c). Results for each of these observers looking at P dentatus are shown in the left panels; results
for S. aquosus are shown in the right panels. The actual values for flounder, as determined by spectral measurements of flounder and
substrates, are shown in dark grey; the theoretical ideal values (a calculation that considers the likelihood of detection if flounder were
identical to background, i.e. a ‘perfect camouflage’ situation) are shown in light grey. Asterisks indicate whether the ideal and actual
distributions are statistically equivalent.
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Figure 7. Box plots showing the actual and ideal AS distributions calculated for two theoretical observers: dichromatic crab (a) and
trichromatic ray (b). Results for each of these observers looking at P dentatus are shown in the left panels; results for S. aquosus are
shown in the right panels. The actual values for flounder, as determined by spectral measurements of flounder and substrates, are shown
in dark grey; the theoretical ideal values (a calculation that considers the likelihood of detection if flounder were identical to background,
i.e. a ‘perfect camouflage’ situation) are shown in light grey. Asterisks indicate that the ideal and actual distributions are statistically
equivalent.

3.2. Spectral similarity in the eyes of potential observers

In figures 6 and 7, the box plots show the distributions (for each species) for luminance (AL) and
chromatic contrast (AS). In each figure, we show the actual distribution for flounder versus substrate
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Figure 8. (a) Images of flounder and substrates (top) and granularity plots (bottom) of P, dentatus. (b) Same as (a) for S. aquosus. On
sand, small gravel or large gravel, flounder matched the spatial scale of the substrate well. A clear mismatch can be seen for flounder on
rocks. The bar plot on the right-hand side of the x-axis depicts the SAM value for each granularity band; see Material and methods for
details of range. (c) For granularity analysis, flounder pattern markings are binned into seven spatial frequency bands, which range in
size from large (Band 1) to very small (Band 7) [22].

spectra (dark grey boxes), and the theoretical ideal values (light grey boxes) that depict perfect
camouflage. In each plot, the asterisks indicate that the ideal and actual distributions are statistically
equivalent based on either of the two criteria we outlined in the Material and methods section. Note
that since the distributions were normalized for probability, the amplitudes shown no longer correspond
to AL or AS thresholds.

In terms of luminance contrast (figure 6), overall, the flounder matched the substrates well on most
substrates. In figure 6, the most striking feature is that both actual flounder values and computed ideal
values were very similar. The data were not all statistically equivalent, however (see point in Discussion).
Notably, from the perspective of the crab visual system, our analysis showed that both species of flounder
were indiscriminable on all substrates. Similarly, on small gravel, analysis showed that both species of
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flounder were indistinguishable from the background in the eyes of all three observers. The trichromatic
guitarfish appeared to be able to detect the flounder on most substrates. However, when assessing
luminance contrast, we only consider the long wavelength receptor, so the result for guitarfish luminance
is likely due to the peak location of its long wavelength photoreceptor, rather than the presence of the
other visual pigments (see also Discussion point about discriminability statistics).

With regard to chromatic contrast AS (figure 7), which concerns the two observers with colour vision
(crab and guitarfish), we can see that both actual and ideal values are similar, again suggesting that
the flounder are indiscriminable from their backgrounds. However, statistically, the distributions of the
ideal AS values (depicting perfect camouflage) are not in the same range as the actual flounder values
(although, visibly, they are very similar; see note in Discussion). The only exception is small gravel, on
which the flounder appear to be indiscriminable from the background to crab and guitarfish.

3.3. Spatial match of flounder on substrates

When flounder settled on substrates with grain sizes similar to the sizes of their pattern markings (sand,
small gravel or large gravel), they matched the spatial scale of the substrate well (figure 8). Bar plots in
the far right side of the x-axis (figure 8) show the average SAM values for each flounder species on all
four substrates. Examination of the granularity curves shows a clear mismatch between flounder and
rock substrate curves, which is also confirmed by high SAM values of 0.921 for windowpane and 0.597
for summer flounder. The images in figure 8a,b also show a clear mismatch of both flounder species
on rocks.

4. Discussion

Consideration of the effect of spectral signals in the eyes of potential observers has greatly advanced our
understanding of visual communication and camouflage in animals [36,48-55]. In this study, we looked
at the camouflage ability of summer flounder and windowpane flounder on four natural substrates
(sand, small gravel, large gravel and rocks) in the eyes of biologically relevant observers (squid, crab and
guitarfish, all of which can be predators or prey depending on the flounder life-history stage). While there
have been a number of studies on flounder camouflage, the majority stem from the early to mid-1900s,
with only a few recent studies [8,12-16,20]. To date, none have used a high-resolution optical instrument
(e.g. a spectrometer) to investigate the degree of colour match flounder can achieve. To our eyes, flounder
resemble substrates found in their natural habitats with high fidelity, and they are often not detectable in
photographs. However, we are interested in assessing this resemblance through the eyes of biologically
relevant observers that live in the same aquatic habitat, and which exert the evolutionary pressure that
ultimately affects flounder camouflage. Flounder body patterning is complex in that it appears to achieve
background resemblance in colour, intensity and pattern. How the relevant prey and predator animals
may sense these features is likely to be different from how they appear to our visual system, and it is well
known that using the human visual system to study animal patterning in nature often leads to highly
misleading conclusions (e.g. [56]).

Our study adds a new approach to dealing with datasets for which multiple spectra need to be
compared. In our dataset, only sand can be considered close to chromatically uniform—at least at the
physical scale at which the substrates were measured; also, an approaching predator is unlikely to
resolve sand grains from a distance. Gravel and rocks vary in size, shape and colour contrast, creating
non-uniform, non-homogeneous backgrounds. This makes it a challenge to use the Vorobyev—Osorio
Receptor Noise Model, and finding biologically meaningful interpretations of the AL and AS values, and
in turn assessing detectability. Computing a theoretical baseline (a ‘perfect’ camouflage scenario) gave us
a meaningful comparison of spectral gamuts. Our results show that all flounder and background spectra
fall within the same gamut when assessed from a human’s visual system, but this is not necessarily true
for non-human observers. Whether or not a flounder can be chromatically discriminated from a given
background not only depends on spectral similarity between the animal and the background, but also the
peak and width of the spectral response curves of the observers, and our results certainly show that some
animals are better at detecting particular background colours than others. We must point out that the data
presented in figures 6 and 7 (actual fish versus computed ideal) appear to be strikingly similar, which
would suggest that flounder were almost perfectly camouflaged to all observers. However, we only
found statistical significance between actual fish measurements and ideal computed values (described as
statistically equivalent) in a small number of pairs. For these pairs, confidence is high, so those truly have
the same spectral distribution. The other pairs appear similar upon visual inspection but statistically they
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did not meet criteria to be equivalent. They may nevertheless be equivalent; the Wilcoxon rank sum test
may not have been strong enough. Furthermore, while our data analysis may suggest that colour vision
is more likely to help break flounder camouflage, we need to consider these statistical criteria before we
can be confident that this is truly the case, and such a statement should certainly not be generalized.

It should be pointed out that our spectral dataset was taken at a distance of approximately 1 cm
from the flounder/substrate and that it is extremely unlikely that any observer would be this close to a
target. More likely, a predator would be many centimetres, even metres, away when swimming over, or
moving by a flounder camouflaged on a substrate, thus visually taking in a much larger scene. Water type
and turbidity also play a major role in underwater visibility. The natural habitats of these flounder are
particularly turbid nearshore waters [57]. Therefore, it is conceivable that flounder might be even better
camouflaged to potential observers in their natural habitats, where reduced visibility makes detection
less likely.

In terms of spatial frequency, we found that flounder and substrate granularity bands are similar for
sand, small gravel and large gravel. This result is similar to what has been reported for cuttlefish Sepia
officinalis, where changeable body patterns are adjusted according to the spatial scale of the substrate
[58]. This is the type of behaviour that is expected for animals that camouflage using the mechanism
of background matching (versus disruptive coloration) [59-62]. On rocks, we found a clear mismatch,
making flounder conspicuous on rocks (e.g. S. aquosus on rocks; figure 8b; right image and plot). It
should be taken into consideration that flounder are benthic animals that often bury themselves when
resting [63]. In our laboratory experiment, burying behaviour was only possible on the sand and small
gravel substrate (although they did not bury themselves during experiments); the large gravel and rock
substrates were too large to enable flounder to bury. To the best of our knowledge, it is unknown whether
flounder actively choose substrates that allow them to bury themselves, or whether they equally well
settle on substrates that do not permit burying. Certainly, some flounder species have been reported to
choose substrates that better match their body pattern repertoire [21].

In our study, we investigated two components of camouflage: how similar animal and background
are in terms of spectra and spatial frequency (granularity). We cannot assess the effectiveness of the
overall camouflage—we quantified each of these components individually, and detected a good match;
however, camouflage effectiveness is a function of the sum of several components including but not
limited to colour and granularity. How spectral and granularity match, once combined, influence the
effectiveness of camouflage in the eyes of a prospective observer remains an open question. Another
interesting aspect is flounder size relative to camouflage ability. We used adult animals in our study but
it would be valuable to compare our results across other life-history stages.

Recently, several researchers have become interested in using HSI techniques to answer biological
questions in living animals, in particular animal camouflage [47,64]. HSI is widely used in many
industries and scientific fields that deal with stationary objects (e.g. [28,65,66]), but long exposure times
and high costs still make their commonplace use in most research laboratories prohibitive. We did not
have HSI available during the data collection that led to this paper. For our study, we used a spectrometer,
which, to date, has been the most used instrument for quantifying coloration in animals, leading to
many advances, particularly in camouflage (see table 1 in [25] for a partial list). However, without a
carefully set-up grid for data acquisition and tedious data registration afterwards, spectrometers do not
provide spatially coherent datasets, which are key to the evaluation of camouflage. To demonstrate the
importance of spatial assessment in camouflage, in figure 9 we synthesized two chromatically equivalent
scenes of flounder settled on rocks. In figure 9a, the rocks that are the same colour as the flounder
have been placed adjacent to it, and in figure 9b, the rocks have been rearranged so that their colours
are contrasting with the colours of the flounder. We argue that the flounder in figure 90 is easier to
detect than the one in figure 94, even though the spectral gamut in both scenes is identical. Thus, when
a scene contains multiple colours, we often cannot reach conclusions about camouflage effectiveness
simply by comparing point-by-point spectral measurements. This shortcoming can be remedied by the
use of spatial imagers like a calibrated RGB camera or hyperspectral imager [67].

A comprehensive way of capturing an entire visual scene is using a hyperspectral imager since it
records a given scene with high spectral and spatial resolution, without biasing it from the point of view
of the human visual system the way off-the-shelf RGB cameras do [67]. A calibrated hyperspectral image
can be filtered using the visual sensitivity curves of a non-human animal, obtaining that animal’s view
of the scene, from which the discriminability of the animal’s body colours from the background colours
in terms of JNDs can be extracted (e.g. [47,64]). HSI also has an advantage over a regular RGB-type
camera in terms of pattern analysis, in that HSI captures information outside of the visible spectral range
(note that some off-the-shelf cameras can be modified to extend their spectral sensitivity). Although RGB

128091 % Dsuado 205y Bio‘Buiysignd/iaposiefor'soss


http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on May 19, 2017

(®)

Figure 9. Two hypothetical, chromatically equivalent scenes of flounder settled on rocks. (a) Rocks that are the same colour as the
flounder have been placed adjacent to it; (b) rocks are arranged so that their colours contrast with the colours of the flounder, making the
flounder in (b) easier to detect even though the spectral gamut of both scenes (a and b) is identical.

cameras still find use in characterizing biological specimens (e.g. [55]), extending the spectral sensitivity
range beyond the human visible spectrum is biologically relevant (e.g. [68]). Thus, pattern information
that would go unnoticed in an RGB image can be revealed using a hyperspectral imager. However, when
interpreting how a pattern that is depicted in an RGB or hyperspectral image might be perceived by
a non-human observer, one has to rely on models developed for human texture perception [69]; such
models for animals do not exist, and doing psychophysics experiments with animals, especially fish, has
been difficult [27,70]. Thus, while a hyperspectral imager offers an unbiased, high-resolution spectral
photograph, and may reveal spatial bands that might not be detectable in RGB images, interpretation of
body patterns, in the context of the background substrates, still relies on human vision-based techniques.

However, despite the obvious benefits of HSI, spectrometers still have advantages over HSI systems.
In the last decade, commercially available spectrometers have continuously improved in terms of spectral
bandwidth, sensitivity and speed. In terms of data quality, these spectra are generally of higher resolution
than most hyperspectral imagers. The Ocean Optics USB 2000 spectrometer used in this study sampled
the visible spectrum in 0.38 nm intervals, resulting in 790 measurements between 400 and 700 nm. By
contrast, a commercially available hyperspectral imager, SpectraCAM, takes only eight measurements
between 300 and 900 nm. A Surface Optics Corporation custom-built imager has 16 channels, with a
spectral range from 360 to 660 nm, measuring at an interval of approximately 20 nm (R. Hanlon, MBL).
In comparison, the hyperspectral imager used by Chiao et al. [47] samples the spectrum in 412 bins,
but this is still half the resolution of a spectrometer.

The caveat, of course, is that spatial information is not instantly available when using a spectrometer.
In theory, reconstructing a scene spatially from point-by-point spectral measurements is not impossible;
however, it would require multiple optical fibres and spectrometers, so that data can be taken in
a synchronized fashion. This is tedious and error-prone and obviously easier with HSI equipment.
However, HSI is still in the early stages of development with regard to biological application, for which
speed is often a critical component of data collection because of a target’s mobility or colour-changing
properties. Currently, a typical HSI scan takes of the order of several seconds to minutes to complete,
which is acceptable for stationary targets (thus, HSI finds much use in medical and food industries) but
more difficult for living biological specimens. Lastly, HSI equipment is still expensive and out of the
range for many researchers. Thus, our study demonstrates an inexpensive way of fully characterizing
two aspects of a camouflaged target in a complex environment; yet, our analysis can be taken further
with a hyperspectral imager, and a more comprehensive and integrated evaluation of camouflage can be
performed.

128001 % s uado 205y BuoBuysiqndAsaposieforsos:


http://rsos.royalsocietypublishing.org/

Downloaded from http://rsos.royalsocietypublishing.org/ on May 19, 2017

Ethics. All animals were cared for and experiments were conducted in accordance with the regulations of the MBL
Institutional Animal Care and Use Committee (IACUC Regulations).

Data accessibility. Data are available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.f51f5 [71].
Authors’ contributions. D.A. carried out analysis of spectral data, and drafted and wrote the manuscript. L.S. carried out
analysis of spatial data and helped with writing of the manuscript. A.B. contributed to data collection and helped
write the manuscript. L.M. conceived, designed and coordinated the study, collected data and wrote the manuscript
with D.A. All authors gave their final approval for publication.

Competing interests. We declare we have no competing interests.

Funding. L.M. was partially funded by a Joan Ruderman Award from the Marine Biological Laboratory. D.A. was
funded by grant no. NIH-NEI EY021473 to R. Rosenholtz at MIT CSAIL. A.B. is grateful for funding from POCI 2010

and Fundo Social Europeu through the Fundacao para a Ciéncia e Tecnologia, Portugal (SFRH/BD/11303/2002).
Acknowledgements. We would like to thank Justine J. Allen and Michelle Staudinger for help and discussion and R. T.

Hanlon for support, as well as Misha Vorobyev and one anonymous reviewer for their constructive comments on the

manuscript.

References

Vukusic P, Sambles JR. 2003 Photonic structures in
biology. Nature 424, 852—855. (doi:10.1038/nature

change. J. Exp. Zool. 10, 409-506. (doi:10.1002/jez.
1400100405)

2.

Spottiswoode CN, Stevens M. 2010 Visual modeling
shows that avian host parents use multiple visual

01941) 13. Mast S0.1916 Changes in shade, color and pattern cues in rejecting parasitic eggs. Proc. Nat! Acad. Sci.

2. Hemmi JM, Marshall JN, Pix W, Vorobyev M, Zeil J. in fishes and their bearing on the problems of USA107, 8672—8676. (doi:10.1073/pnas.0910486107)
2006 The variable colours of the fiddler crab Uca adaptation and behaviour with special reference to 24. Stoddard MC, Stevens M. 2010 Pattern mimicry of
vomeris and their relation to background and the flounders Paralichthys and Ancylopsetta. Wash. host eggs by the common cuckoo, as seen through
predation. J. Exp. Biol. 209, 4140-4153. Dep. Fish. Res. Bull. 34, 173-238. a bird’s eye. Proc. R. Soc. B277,1387-1393.
(doi:10.1242/jeb.02483) 14. Hewer HR.1931 Studies in colour-changes in (doi:10.1098/rsph.2009.2018)

3. Méthger LM, Denton EJ, Marshall NJ, Hanlon RT. fish—Part V: the colour-pattern in certain flat-fish 25. Akkaynak D. 2014 Use of spectroscopy for
2009 Mechanisms and behavioral functions of and their relation to the environment. J. Linn. Soc. assessment of color discrimination in animal vision.
structural colouration in cephalopods. J. R. Soc. Zool. 37,493-513. (doi:10.1111/j.1096-3642.1931. J. Opt. Soc. Am. A 31, A27-A33. (doi:10.1364/J0SAA.
Interface 6, $149-5163. (doi:10.1098/rsif. th02363.x) 31.000A27)
2008.0366.focus) 15. Saidel WM. 1988 How to be unseen: an essay in 26. Méthger LM, Chiao C-C, Barbosa A, Hanlon RT. 2008

4. Meadows MG, Butler MW, Morehouse NI, Taylor LA, obscurity. In Sensory biology of aquatic animals (eds. Color matching on natural substrates in cuttlefish,
Toomey MB, Mc Graw KJ, Rutowski RL. 2009 J Atema, R Fay, AN Popper, W Tavolga), pp. 487-513. Sepia officinalis. J. Comp. Physiol. A 194, 577-585.
Iridescence: views from many angles. J. R. Soc. New York, NY: Springer. (do0i:10.1007/500359-008-0332-4)

Interface 6, $107-S113. (d0i:10.1098/rsif. 16.  Kelman EJ, Tiptus P, Osorio D. 2006 Juvenile plaice 27. Kelber A, Vorobyev M, Osorio D. 2003 Animal colour
2009.0013.focus) (Pleuronectes platessa) produce camouflage by vision—behavioural tests and physiological

5. Seago AE, Brady P, Vigneron J-P, Schultz TD. 2009 flexibly combining two separate patterns. J. Exp. concepts. Biol. Rev. 78, 81-118. (doi:10.1017/51464
Gold bugs and beyond: a review of iridescence Biol. 209, 3288-3292. (doi:10.1242/jeb.02380) 793102005985)
and structural colour mechanisms in beetles 17. Staudinger MD. 2006 Seasonal and size-based 28. Gowen AA, 0'Donnell CP, Cullen PJ, Downey G, Frias
(Coleoptera). J. R. Soc. Interface 6, S165—5184. predation on two species of squid by four fish JM. 2007 Hyperspectral imaging—an emerging
(doi:10.1098/rsif.2008.0354.focus) predators on the Northwest Atlantic continental process analytical tool for food quality and safety

6. Stuart-Fox D, Moussalli A. 2009 Camouflage, shelf. Fish. Bull. 104, 605. control. Trends Food Sci. Technol. 18, 590—598.
communication and thermoregulation: lessons 18. Staudinger MD, Juanes F. 2010 Feeding tactics of a (doi:10.1016/j.if5.2007.06.001)
from colour changing organisms. Phil. Trans. R. behaviorally plastic predator, summer flounder 29. Zawada DG, Mazel CH. 2014 Fluorescence-based
Soc. B364, 463—470. (doi:10.1098/rsth.2008. (Paralichtys dentatus). J. Sea Res. 64, 68—75. dlassification of Caribbean coral reef organisms and
0254) (doi:10.1016/j.seares.2009.08.002) substrates. PLoS ONE 9, e84570. (doi:10.1371/journal.

7. Scott GT.1965 Physiology and pharmacology of 19. Staudinger MD, Hanlon RT, Juanes F. 2011 Primary pone.0084570)
color change in the sand flounder Scopthalamus and secondary defences of squid to cruising and 30. Akkaynak D, Allen JJ, Mathger LM, Chiao C-C,
aquosus. Limnol. Oceanogr. 10, R230—R246. ambush fish predators: variable tactics and their Hanlon RT. 2013 Quantification of cuttlefish (Sepia
(doi:10.4319/10.1965.10.suppl2.r230) survival value. Anim. Behav. 81, 585-594. officinalis) camouflage: a study of color and

8. Lanzing WJR. 1977 Reassessment of chromatophore (doi:10.1016/j.anbehav.2010.12.002) luminance using in situ spectrometry. J. Comp.
pattern regulation in two species of flatfish 20. Ramachandran VS, Tyler CW, Gregory RL, Physiol. A199, 211-225. (doi:10.1007/500359-
(Scophthalamus maximus; Pleuronectes platessa). Rogers-Ramachandran D, Duensing S, Pillshury C, 012-0785-3)

Neth. J. Sea Res. 11, 213-222. (d0i:10.1016/ Ramachandran C. 1996 Rapid adaptive camouflage 31. Kruse FA, Lefkoff AB, Boardman JW, Heidebrecht KB,
0077-7579(77)90008-4) in tropical flounders. Nature 379, 815-818. Shapiro AT, Barloon PJ, Goetz AFH. 1993 The spectral

9. Burton D. 2002 The physiology of flatfish (doi:10.1038/379815a0) image processing system (SIPS)—interactive
chromatophores. Microsc. Res. Techn. 58, 481-487. 21. Tyrie EK, Hanlon RT, Siemann LA, Uyarra MC. 2015 visualization and analysis of imaging spectrometer
(doi:10.1002/jemt.10166) Coral reef flounders, Bothus lunatus, choose data. Remote Sensing Environ. 44,145-163.

10.  Sumner F. 1934 Does ‘protective coloration’ substrates on which they can achieve camouflage (doi:10.1016/0034-4257(93)90013-N)
protect?—results of some experiments with fishes with their limited body pattern repertoire. Biol. J. 32. Muntz WRA, Johnson MS. 1978 Rhodopsins of
and birds. Proc. Natl Acad. Sci. USA 20, 559-564. Linn. Soc. 114, 629-638. (doi:10.1111/bij. oceanic decapods. Vis. Res. 18, 601-602.
(doi:10.1073/pnas.20.10.559) 12442) (doi:10.1016/0042-6989(78)90210-9)

1. Sumner FB.1935 Evidence for protective value of 22. Barbosa A, Mathger LM, Buresch KC, Kelly J, Chubb 33. Martin FG, Mote MI. 1982 Color receptors in marine
changeable coloration in fishes. Am. Nat. 69, C, Chiao CC, Hanlon RT. 2008 Cuttlefish camouflage: crustaceans: a second spectral class of retinular cell
245-266. (d0i:10.1086/280597) the effects of substrate contrast and size in evoking in the compound eyes of Callinectes and Carcinus.

12. Sumner FB.1911 The adjustment of flatfishes to uniform, mottle or disruptive body patterns. Vis. J. Comp. Physiol. 145, 549-554. (doi:10.1007/BF006

various backgrounds: a study of adaptive color

Res. 48,1242-1253. (doi:10.1016/.visres.2008.02.011)

12820)

128091 % Dsuado 205y Bio‘Buiysigndfiaposyeforsoss


http://dx.doi.org/10.5061/dryad.f51f5
http://dx.doi.org/10.1038/nature01941
http://dx.doi.org/10.1038/nature01941
http://dx.doi.org/10.1242/jeb.02483
http://dx.doi.org/10.1098/rsif.2008.0366.focus
http://dx.doi.org/10.1098/rsif.2008.0366.focus
http://dx.doi.org/10.1098/rsif.2009.0013.focus
http://dx.doi.org/10.1098/rsif.2009.0013.focus
http://dx.doi.org/10.1098/rsif.2008.0354.focus
http://dx.doi.org/10.1098/rstb.2008.0254
http://dx.doi.org/10.1098/rstb.2008.0254
http://dx.doi.org/10.4319/lo.1965.10.suppl2.r230
http://dx.doi.org/10.1016/0077-7579(77)90008-4
http://dx.doi.org/10.1016/0077-7579(77)90008-4
http://dx.doi.org/10.1002/jemt.10166
http://dx.doi.org/10.1073/pnas.20.10.559
http://dx.doi.org/10.1086/280597
http://dx.doi.org/10.1002/jez.1400100405
http://dx.doi.org/10.1002/jez.1400100405
http://dx.doi.org/10.1111/j.1096-3642.1931.tb02363.x
http://dx.doi.org/10.1111/j.1096-3642.1931.tb02363.x
http://dx.doi.org/10.1242/jeb.02380
http://dx.doi.org/10.1016/j.seares.2009.08.002
http://dx.doi.org/10.1016/j.anbehav.2010.12.002
http://dx.doi.org/10.1038/379815a0
http://dx.doi.org/10.1111/bij.12442
http://dx.doi.org/10.1111/bij.12442
http://dx.doi.org/10.1016/j.visres.2008.02.011
http://dx.doi.org/10.1073/pnas.0910486107
http://dx.doi.org/10.1098/rspb.2009.2018
http://dx.doi.org/10.1364/JOSAA.31.000A27
http://dx.doi.org/10.1364/JOSAA.31.000A27
http://dx.doi.org/10.1007/s00359-008-0332-4
http://dx.doi.org/10.1017/S1464793102005985
http://dx.doi.org/10.1017/S1464793102005985
http://dx.doi.org/10.1016/j.tifs.2007.06.001
http://dx.doi.org/10.1371/journal.pone.0084570
http://dx.doi.org/10.1371/journal.pone.0084570
http://dx.doi.org/10.1007/s00359-012-0785-3
http://dx.doi.org/10.1007/s00359-012-0785-3
http://dx.doi.org/10.1016/0034-4257(93)90013-N
http://dx.doi.org/10.1016/0042-6989(78)90210-9
http://dx.doi.org/10.1007/BF00612820
http://dx.doi.org/10.1007/BF00612820
http://rsos.royalsocietypublishing.org/

34,

35.

36.

37.

38.

39.

40.

4.

4.

4.

45.

46.

Downloaded from http://rsos.royalsocietypublishing.org/ on May 19, 2017

Hart NS, Lisney TJ, Marshall NJ, Collin SP. 2004
Multiple cone visual pigments and the potential for
trichromatic colour vision in two species of
elasmobranch. J. Exp. Biol. 207, 4587-459%4.
(doi:10.1242/jeb.01314)

Shand J, Archer MA, Collin SP.1999 Ontogenetic
changes in the retinal photoreceptor mosaicin a
fish, the black bream, Acanthopagrus butcheri.

J. Comp. Neurol. 412, 203-217. (doi:10.1002/(SICI)
1096-9861(19990920)412:2<203::AID-CNE2>3.0.
0;2-3)

Cheney KL, Marshall NJ. 2009 Mimicry in coral reef
fish: how accurate is this deception in terms of color
and luminance? Behav. Ecol. 20, 459-468.
(doi:10.1093/beheco/arp017)

Vorobyev M, Osorio D. 1998 Receptor noise as a
determinant of colour thresholds. Proc. R. Soc. Lond.
B 265, 351-358. (d0i:10.1098/rspb.1998.0302)
Marshall JN, Vorobyev M. 2003 The design of color
signals and color vision in fishes. In Sensory
processing in aquatic environments (eds SP Collin,
NJ Marshall), pp. 194-222. New York, NY: Springer.
Stavenga DG, Smits RP, Hoenders BJ. 1993 Simple
exponential functions describing the absorbance
bands of visual pigment spectra. V. Res. 33,
1011-1017. (doi:10.1016/0042-6989(93)90237-Q)
Palacios AG, Goldsmith TH, Bernard GD. 1996
Sensitivity of cones from a cyprinid fish (Danio
aequipinnatus) to ultraviolet and visible light.

Vis. Neurosci. 13, 411-421. (d0i:10.1017/50952
523800008099)

Hart NS, Partridge J, Cuthill IC. 1998 Visual
pigments, oil droplets and cone photoreceptor
distribution in the European starling (Sturnus
vulgaris). J. Exp. Biol. 201, 1433-1446.

Vorobyev M, Brandt R, Peitsch D, Laughlin S, Menzel
R.2001 Colour thresholds and receptor noise:
behaviour and physiology compared. Vis. Res. 41,
639-653. (d0i:10.1016/50042-6989(00)00288-1)
Lind 0, Kelber A. 2009 Avian colour vision: effects of
variation in receptor sensitivity and noise data on
model predictions as compared to behavioural
results. Vis. Res. 49, 1939-1947. (doi:10.1016/j.
visres.2009.05.003)

. Hollander M, Wolfe DA, Chicken E. 2013

Nonparametric statistical methods. New York, NY:
John Wiley & Sons.

Spottiswoode CN, Stevens M. 2012 Host-parasite
arms races and rapid changes in bird egg
appearance. Am. Nat. 179, 633-648.
(doi:10.1086/665031)

Teasdale LC, Stevens M, Stuart-Fox D. 2013 Discrete
colour polymorphism in the tawny dragon lizard
(Ctenophorus decresii) and differences in signal

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

conspicuousness among morphs. J. Evol. Biol. 26,
1035-1046. (doi:10.1111/jeb.12115)

Chiao CC, Wickiser JK, Allen JJ, Genter B, Hanlon RT.
2011 Hyperspectral imaging of cuttlefish
camouflage indicates good color match in the eyes
of fish predators. Proc. Nat/ Acad. Sci. USA 108,
9148-9153. (d0i10.1073/pnas.1019090108)

Osorio D, Vorobyev M. 1996 Colour vision as an
adaptation to frugivory in primates. Proc. R. Soc.
Lond. B 263, 593-599. (d0i:10.1098/rspb.1996.0089)
Théry M, Casas J. 2002 Predator and prey views of
spider camouflage. Nature 415, 133-134.
(doi:10.1038/415133a)

Heiling AM, Herberstein ME, Chittka L. 2003
Pollinator attraction: crah-spiders manipulate
flower signals. Nature 421, 334. (d0i:10.1038/
421334a)

Stuart-Fox D, Moussalli A. 2008 Selection for social
signalling drives the evolution of chameleon colour
change. PLos Biol. 6, €25. (doi:10.1371/journal.pbio.
0060025)

Stuart-Fox D, Moussalli A, Whiting MJ. 2008
Predator-specific camouflage in chameleons. Biol.
Lett. 4,326-329. (d0i:10.1098/rsbl.2008.0173)
Troscianko T, Benton CP, Lovell PG, Tolhurst DJ, Pizlo
7.2009 Camouflage and visual perception. Phil.
Trans. R. Soc. B 364, 449—461. (doi:10.1098/rsth.
2008.0218)

Briscoe AD. 2010 Positive selection of a duplicated
UV-sensitive visual pigment coincides with wing
pigment evolution in Heliconius butterflies. Proc.
Natl Acad. Sci. USA 107, 3628-3633. (doi:10.1073/
pnas.0910085107)

Kang C, Stevens M, Moon J-Y, Lee S-1, Jablonski PG.
2015 Camouflage through behavior in moths: the
role of background matching and disruptive
coloration. Behav. Ecol. 26, 45-54. (d0i:10.1093/
beheco/aru150)

Stoddard MC, Stevens M. 2011 Avian vision and the
evolution of egg color mimicry in the common
cuckoo. Evolution 65, 2004—2013. (doi:10.1111/j.
1558-5646.2011.01262.x)

Jerlov NG. 1976 Marine optics. Amsterdam, The
Netherlands: Elsevier.

Chiao CC, Chubb C, Buresch KC, Siemann L, Hanlon
RT. 2009 The scaling effects of substrate texture on
camouflage patterning in cuttlefish. Vis. Res. 49,
1647-1656. (d0i:10.1016/j.visres.2009.04.002)
Endler JA.1984 Progressive background matching in
moths, and a quantitative measure of crypsis. Biol.
J. Linn. Soc. 22,187-231. (doi:10.1111/j.1095-
8312.1984.th01677.x)

Merilaita S, Lind J. 2005 Background-matching and
disruptive coloration, and the evolution of cryptic

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

.

coloration. Proc. R. Soc. B272, 665-670.
(doi:10.1098/rspb.2004.3000)

Cuthill I, Stevens M, Windsor AMM, Walker HJ.
2006 The effects of pattern symmetry on the
antipredator effectiveness of disruptive and
background matching coloration. Behav.

Ecol. 17, 828—-832. (doi:10.1093/beheco/arl015)
Stevens M, Merilaita S. 2009 Animal camouflage:
current issues and new perspectives. Phil. Trans.

R. Soc. B364, 423-427. (d0i:10.1098/rsth.2008.
0217)

Olla BL, Samet CE, Studholme AL. 1972 Activity and
feeding behavior of the summer flounder
(Paralichthys dentatus) under controlled laboratory
conditions. Fish. Bull. 70, 1127-1136.

Russell BJ, Dierssen HM. 2015 Use of hyperspectral
imagery to assess cryptic color matching in
Sargassum associated crabs. PLoS ONE 10,
0136260. (doi:0136210.0131371/journal.pone.
0136260)

Fischer C, Kakoulli I. 2006 Multispectral and
hyperspectral imaging technologies in
conservation: current research and potential
applications. Stud. Conserv. 51(51), 3-16.
(doi:10.1179/sic¢.2006.51.Supplement-1.3)

Akbari H, Halig LV, Schuster DM, Osunkoya A,
Master V, Nieh PT, Chen GZ, Fei B. 2012
Hyperspectral imaging and quantitative analysis
for prostate cancer detection. J. Biomed. Opt. 17,
076005. (doi:10.1117/1.J80.17.7.076005)

Akkaynak D, Treibitz T, Xiao B, Giirkan UA, Allen J,
Demirci U, Hanlon RT. 2014 Use of commercial
off-the-shelf digital cameras for scientific data
acquisition and scene-specific color calibration. J.
Opt. Soc. Am A 31,312-321. (doi:10.1364/J0SAA.31.
000312)

Meyer-Rochow VB. 1991 Differences in ultraviolet
wing patterns in the New Zealand lycaenid
butterflies Lycaena salustius, L. rauparaha, and

L. feredayi as a likely isolating mechanism. J. R. Soc.
New Zealand 21,169-177. (doi:10.1080/0303
6758.1991.10431405)

Rosenholtz R. 2015 Texture perception. In The Oxford
handbook of perceptual organization (ed. )
Wagemans), pp. 167-188. Oxford, UK: Oxford
University Press.

Champ CM, Vorobyev M, Marshall NJ. 2016 Colour
thresholds in a coral reef fish. R. Soc. open sci. 3,
160399. (doi:10.1098/rs05.160399)

Akkaynak D, Siemann LA, Barbosa A, Médthger LM.
2017 Data from: changeable camouflage: how well
can flounder resemble the colour and spatial scale
of substrates in their natural habitats? Dryad Digital
Repository. (http://dx.doi.org/10.5061/dryad.f51f5)

12800 % Dsuado 205y Bio‘Buiysigndiaposiefor'soss H


http://dx.doi.org/10.1242/jeb.01314
doi:10.1002/(SICI)1096-9861(19990920)412:2<203::AID-CNE2>3.0.CO;2-3
doi:10.1002/(SICI)1096-9861(19990920)412:2<203::AID-CNE2>3.0.CO;2-3
doi:10.1002/(SICI)1096-9861(19990920)412:2<203::AID-CNE2>3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1096-9861(19990920)412:2%3C203::AID-CNE2%3E3.0.CO;2-3
http://dx.doi.org/10.1093/beheco/arp017
http://dx.doi.org/10.1098/rspb.1998.0302
http://dx.doi.org/10.1016/0042-6989(93)90237-Q
http://dx.doi.org/10.1017/S0952523800008099
http://dx.doi.org/10.1017/S0952523800008099
http://dx.doi.org/10.1016/S0042-6989(00)00288-1
http://dx.doi.org/10.1016/j.visres.2009.05.003
http://dx.doi.org/10.1016/j.visres.2009.05.003
http://dx.doi.org/10.1086/665031
http://dx.doi.org/10.1111/jeb.12115
http://dx.doi.org/10.1073/pnas.1019090108
http://dx.doi.org/10.1098/rspb.1996.0089
http://dx.doi.org/10.1038/415133a
http://dx.doi.org/10.1038/421334a
http://dx.doi.org/10.1038/421334a
http://dx.doi.org/10.1371/journal.pbio.0060025
http://dx.doi.org/10.1371/journal.pbio.0060025
http://dx.doi.org/10.1098/rsbl.2008.0173
http://dx.doi.org/10.1098/rstb.2008.0218
http://dx.doi.org/10.1098/rstb.2008.0218
http://dx.doi.org/10.1073/pnas.0910085107
http://dx.doi.org/10.1073/pnas.0910085107
http://dx.doi.org/10.1093/beheco/aru150
http://dx.doi.org/10.1093/beheco/aru150
http://dx.doi.org/10.1111/j.1558-5646.2011.01262.x
http://dx.doi.org/10.1111/j.1558-5646.2011.01262.x
http://dx.doi.org/10.1016/j.visres.2009.04.002
http://dx.doi.org/10.1111/j.1095-8312.1984.tb01677.x
http://dx.doi.org/10.1111/j.1095-8312.1984.tb01677.x
http://dx.doi.org/10.1098/rspb.2004.3000
http://dx.doi.org/10.1093/beheco/arl015
http://dx.doi.org/10.1098/rstb.2008.0217
http://dx.doi.org/10.1098/rstb.2008.0217
http://dx.doi.org/0136210.0131371/journal.pone.0136260
http://dx.doi.org/0136210.0131371/journal.pone.0136260
http://dx.doi.org/10.1179/sic.2006.51.Supplement-1.3
http://dx.doi.org/10.1117/1.JBO.17.7.076005
http://dx.doi.org/10.1364/JOSAA.31.000312
http://dx.doi.org/10.1364/JOSAA.31.000312
http://dx.doi.org/10.1080/03036758.1991.10431405
http://dx.doi.org/10.1080/03036758.1991.10431405
http://dx.doi.org/10.1098/rsos.160399
http://dx.doi.org/10.5061/dryad.f51f5
http://rsos.royalsocietypublishing.org/

