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SUMMARY

RESULTS AND DISCUSSION

Animal communication is often deceptive; however,
such dishonesty can become ineffective if it is used
too often, is used out of context, or is too easy to
detect [1–3]. Mimicry is a common form of deception,
and most mimics gain the greatest fitness benefits
when they are rare compared to their models [3, 4]. If
mimics are encountered too frequently or if their
model is absent, avoidance learning of noxious
models is disrupted (Batesian mimicry [3]), or receivers become more vigilant and learn to avoid
perilous mimics (aggressive mimicry [4]). Mimics can
moderate this selective constraint by imperfectly
resembling multiple models [5], through polymorphisms [6], or by opportunistically deploying mimetic
signals [1, 7]. Here we uncover a novel mechanism
to escape the constraints of deceptive signaling:
phenotypic plasticity allows mimics to deceive targets
using multiple guises. Using a combination of behavioral, cell histological, and molecular methods, we
show that a coral reef fish, the dusky dottyback (Pseudochromis fuscus), flexibly adapts its body coloration
to mimic differently colored reef fishes and in doing so
gains multiple fitness benefits. We find that by matching the color of other reef fish, dottybacks increase
their success of predation upon juvenile fish prey
and are therefore able to deceive their victims by
resembling multiple models. Furthermore, we demonstrate that changing color also increases habitatassociated crypsis that decreases the risk of being
detected by predators. Hence, when mimics and
models share common selective pressures, flexible
imitation of models might inherently confer secondary
benefits to mimics. Our results show that phenotypic
plasticity can act as a mechanism to ease constraints
that are typically associated with deception.

Animals commonly use deceptive signals to increase access
to food [1], reproductive opportunities [8], or protection from
predation [9]. These uses of deception, however, bear a common risk: if deceptive signals are used too frequently or out of
context, receivers can learn to recognize them and eventually
ignore or even punish the signaler [1–3, 10]. Animals are known
to ‘‘negotiate’’ such deceptive constraints with genetic adaptations (i.e., polymorphisms) [6] or by opportunistically switching between deceptive and nondeceptive signals [1, 7, 8].
Nonetheless, how obligate deceivers, such as many mimics,
limit the costs imposed by deceptive constraints remains
unclear.
In this context, we explored the function of color changes in
the dusky dottyback, Pseudochromis fuscus, a small predatory
fish (total length [TL]  8 cm) common to Indo-Pacific coral
reefs [11]. Dottybacks vary in coloration, with brown, yellow,
pink, orange, and gray morphs being reported throughout their
range [11]. On the reefs surrounding Lizard Island, Great Barrier
Reef, Australia, two of these color morphs (yellow and brown)
co-occur, and while yellow morphs are mostly seen on live
coral together with similar-looking yellow damselfishes (Pomacentrus spp., such as the Ambon damselfish, P. amboinensis,
and lemon damselfish, P. moluccensis) (Figure 1A), brown
morphs are mostly seen on coral rubble together with similarlooking brown damselfishes (such as the whitetail damselfish,
P. chrysurus) [12] (Figure 1B). In general, dottybacks are solitary
and territorial, and although both yellow and brown damselfishes, live coral, and coral rubble habitat can be found within
their territories [12], yellow morphs occupy significantly smaller
home ranges compared to brown morphs (home range size,
n = 10 morphs each, mean ± SEM: yellow dottyback 5.5 ±
1.6 m2, brown dottyback 11.2 ± 1.7 m2; independent t test,
t18 = 2.86, p = 0.01). Color dimorphism is not sex linked [12],
though, and yellow and brown morphs are genetically indistinguishable using either mitochondrial [13] or microsatellite
markers (this study; n = 31 yellow/39 brown morphs, FST = 0,
p = 0.68; Figure S1), precluding color assortative mating as a
driver for color dimorphism. Yellow dottybacks have previously
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Figure 1. Environmental Cues for Color Change in Dottybacks
(A and B) In the field, yellow dottybacks associate with yellow damselfish on live coral (A), and brown dottybacks associate with brown damselfish on coral rubble
(B). (See Figure S1 for population genetic assessment.)
(C and D) Mean spectral reflectance measurements from yellow dottybacks (C) and brown dottybacks (D) that changed color during the translocation experiment.
(See Figure S3 for histological assessments of color change.)
(E and F) Color distances (DS, mean ± SEM) between body coloration before release and after recapture for yellow dottybacks (E) and brown dottybacks (F) as
perceived by the potentially tetrachromatic visual systems of a dottyback predator, the coral trout (hatched bars), and a dottyback prey, the juvenile Ambon
damselfish (plain bars). (See Figure S2 for DS of potentially trichromatic visual systems.) Numbers in parentheses denote sample size.
Images by K.L.C. and F.C.

been shown to change their body coloration to brown within
two weeks when translocated to artificial patch reefs comprising primarily dark coral rubble [13], indicating that coloration
is a plastic trait. Furthermore, it has been suggested that dottybacks aggressively mimic similarly colored adult damselfishes
to gain increased access to juvenile damselfishes, upon which

they prey [12]. However, the cues that drive color change and
the associated fitness benefits remain unclear.
In this study, we first conducted a translocation experiment
to investigate whether habitat composition or, alternatively, the
color of resident adult damselfish would induce color change
in dottybacks. To this end, we built experimental patch reefs
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Figure 2. Cryptic Benefits of Color Change
(A) Mean spectral reflectance measurements used to assess the conspicuousness of dottybacks (yellow and brown) when perceived on model-associated
habitat types (live coral and coral rubble) by the predatory coral trout. Numbers in parentheses denote sample size. Images by F.C.
(B and C) Color distance (B) (DS, mean ± SEM), and luminance contrast (C) (DL, mean ± SEM) between dottyback morphs and different habitat types.
(D) Probability estimates (mean ± SEM) of coral trout striking at yellow and brown dottyback morphs when placed against different habitat backgrounds (see also
Movie S1). Yellow dottyback on live coral was used as the baseline treatment against which the other treatments were compared. The 0.5 line indicates equal
choice between treatments and the baseline (significant difference from baseline, *z % 2.51 or R 2.35, p < 0.05; **z R 2.43, p < 0.01).

comprising primarily live coral (60%–70% cover, light green to
yellow background coloration; Figure 2A) or coral rubble (80%–
90% cover, darker brown background coloration; Figure 2A)
and stocked them with yellow (Ambon and lemon) or brown
(whitetail) adult damselfish (n = 15 per patch reef). We then
added a single yellow or brown dottyback (individually marked
with elastomer tags) and assessed whether they changed color
after two weeks. Our setup was equivalent to a 2 3 2 3 2 experimental design (dottyback color 3 damselfish color 3 habitat
type, each with two levels: yellow/brown dottyback, yellow/
brown damselfish, live coral/coral rubble) (Table 1). To quantify
color change, we measured the spectral reflectance of each dottyback in the laboratory prior to their release and again after recapture (n = 36; Figures 1C and 1D; Table 1). Yellow dottyback
morphs were defined as those that exhibited spectral reflectance curves with a cut-on step around 500 nm, reaching a
plateau around 625 nm, whereas brown dottyback morphs
were defined as those that showed a low overall reflectance
with a gradual rise after 500 nm (for a framework of color categorizations, see [14]) (Figures 1C, 1D, and 2A). Next, we used the
Vorobyev-Osorio theoretical vision model [15, 16] to quantify

changes in body coloration using color distance (DS). DS was
modeled using visual templates of a common predator of dottybacks and damselfishes, the coral trout, Plectropomus leopardus [17], and a prey item of dottybacks, juvenile Ambon damselfish [18]. Theoretical fish visual models were used to assure that
color change was assessed from the point of view of the relevant
signal receivers and independently of human perception.
Because it is currently unknown whether these fishes use three
or four distinct visual receptors to perceive color, we modeled
color change from the perspective of both potentially trichromatic and tetrachromatic visual systems. We found using both
models (Figures 1E, 1F, and S2) that independent of habitat
type (all interactions involving habitat as a factor were nonsignificant; Table S1), dottyback morphs changed color (from yellow
to brown and vice versa) in treatments where dottybacks were
released onto patch reefs with damselfishes of a coloration mismatched to their own (potentially tetrachromatic visual system,
coral trout: linear model [LM], dottyback color 3 damselfish color: F1,31 = 34.59, p < 0.001; Ambon damselfish: LM, dottyback
color 3 damselfish color: F1,31 = 60.39, p < 0.001; Figures 1E
and 1F; for potentially trichromatic visual systems, see Figure S2
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Table 1. Variables Used to Examine the Cues for Color Change in Dottybacks
Treatment

Dottyback
Color at Release

Habitat

Damselfish Color
(Model) n = 15/Reef

Dottyback n = Release,
Recapture

Dottyback Color
at Recapture

1

yellow

live coral

brown

6, 5

brown*

2

yellow

live coral

yellow

12, 4

yellow

3

yellow

coral rubble

brown

7, 6

brown*

4

yellow

coral rubble

yellow

9, 4

yellow

5

brown

live coral

brown

8, 3

brown

6

brown

live coral

yellow

9, 6

yellow*

7

brown

coral rubble

brown

5, 4

brown

8

brown

coral rubble

yellow

11, 4

yellow*

A 2 3 2 3 2 translocation experiment (dottyback color 3 damselfish color 3 habitat type, each with two levels: yellow/brown dottyback, yellow/brown
damselfish, live coral/coral rubble) was used to examine whether habitat or mimicry would induce color change in dottybacks. Note that dottybacks
changed color only when mismatched to the color of the damselfish, independent of habitat type (indicated by asterisk). Therefore, dottybacks change
color to mimic the local damselfish community. (See also Figures 1 and S2.)

and Table 1). This demonstrates that dottybacks can change
their body coloration to match the color of the resident damselfish community.
Subsequent histological examination of skin sections from yellow and brown dottybacks (n = 8 each) revealed that, although
morphs did not change the overall number of chromatophores
within their skin (number of chromatophores per 0.1 mm2: yellow
dottyback 73.4 ± 4.1, brown dottyback 83.9 ± 4.0; independent t
test, t14 = 1.83, p = 0.09), color change was achieved by an alteration in the relative proportion of xanthophores (yellow pigment
cells) compared to melanophores (black pigment cells) (percentage of xanthophores: yellow dottyback 71.6% ± 0.7%, brown
dottyback 52.1% ± 1.4%; independent t test, t14 = 11.09, p <
0.001; Figure S3). This change in the relative proportion of chromatophore types appears to be different from other reported
cases of color change in fishes, which usually occur as a result
of changes in the number of a single chromatophore type (mostly
melanophores; ‘‘slow’’ morphological changes) [19] or dispersion and aggregation of pigments inside chromatophores
(‘‘fast’’ physiological changes) [20].
As a second step, we investigated whether dottybacks gain a
fitness benefit in terms of increased capture success of juvenile
damselfish prey when matching the color of adult damselfish. To
examine this, we conducted laboratory predation experiments,
in which dottybacks (n = 10 of each color morph per treatment)
were placed in a tank with five adult damselfish (TL 45–57 mm,
either color matched or mismatched) and ten juvenile brown
damselfish (TL < 14.5 mm) for 24 hr. We found that dottybacks
were significantly more successful at capturing juvenile damselfish when their color matched that of adult damselfish
(generalized linear mixed model [GLMM; binomial], color of
dottyback 3 color of damselfish: c21 = 57.92, p < 0.001; Figure 3),
suggesting that by flexibly matching the coloration of adult damselfishes, dottybacks facilitate predation by increased deception
of juvenile damselfish prey. This is probably due to the prey exhibiting reduced anti-predator vigilance when unable to detect
differences between harmless models (adult damselfishes) and
predatory mimics (dottybacks).
In the field, dottyback predation rates are very high (up to 30
prey fish per day [21]), forcing juvenile fish to learn quickly about

the risk that dottybacks impose (either through direct experience
or socially) in order to survive [22]. Therefore, similar to the benefits gained from polymorphic adaptations [6] or the deployment
of facultative mimetic signals [1, 7], the flexible imitation of multiple models might enable dottybacks to continuously dupe
signal receivers by limiting learning in juvenile fish prey. Alternatively, phenotypic plasticity may also enable dottybacks to
expand their niche by moving to novel locations devoid of experienced receivers, which may occur both within home ranges
and by relocating across reef habitats.
Interestingly, although there was no difference in predatory
success when dottyback morphs were matching the color of
adult damselfish (prey survival, matched colors: yellow dottyback 5.0 ± 0.7, brown dottyback 3.4 ± 0.9; pairwise post hoc
Tukey contrast, p > 0.05), brown dottybacks were significantly
more successful at capturing prey compared to yellow dottybacks when mismatched in color to the damselfish (prey survival, mismatched colors: yellow dottyback 9.2 ± 0.3, brown dottyback 6.2 ± 1.1; pairwise post hoc Tukey contrast, p < 0.05;
Figure 3). However, we found no difference in the number of
strikes against prey between yellow or brown dottybacks (number of strikes within the first 60 min: yellow dottyback 9.2 ± 3.3,
brown dottyback 8.9 ± 3.0; W = 178, p = 0.56). Hence, when mismatched to the color of the adult damselfish, the probability of
capturing a prey item per strike was lower in yellow dottybacks,
which may be due to an innate higher level of vigilance in juvenile
fish prey toward dottybacks of a different color to their own (and
the use of only juvenile brown prey during our experiment).
To investigate this, we conducted an additional experiment
without adult damselfish, and we found that when given the
choice between a juvenile brown or yellow prey, dottybacks
more frequently directed their first strike at prey fish that
matched their own body coloration (GLMM; binomial: c21 =
17.97, p < 0.001). Dottybacks could exhibit a preference for
prey that match their own coloration, but in this scenario, we
would expect that yellow dottybacks would strike less frequently
at brown prey, which was not observed in the experiment above.
Instead, our results suggest that predator avoidance behavior in
juvenile prey fish is enhanced when dottybacks are of a different
coloration from their own and that, by changing color to imitate

952 Current Biology 25, 949–954, March 30, 2015 ª2015 Elsevier Ltd All rights reserved

Figure 3. Aggressive Mimicry Benefits of Color Change
Juvenile damselfish prey survival (mean ± SEM, out of 10) after 24 hr when
exposed to dottybacks that were matched or mismatched in color to adult
damselfish coloration (n = 10 per treatment). Letters above bars denote
significant differences between treatments (pairwise post hoc Tukey contrast,
p < 0.05).

the local damselfish community, dottybacks are able to overcome this innate vigilance. This is comparable to a ‘‘wolf in a
sheep’s clothing’’ scenario where distinguishing the predator
from harmless heterospecifics becomes increasingly difficult
when the predator and the heterospecific look alike, regardless
of whether or not the model species matches the appearance
of the prey.
Finally, although changes in dottyback coloration were not
driven by habitat variables (see the translocation experiment in
Figures 1E and 1F), damselfish models match the color of the
different habitat types they are naturally found upon (i.e., yellow
damselfish on live coral; brown damselfish on coral rubble [23]),
which is likely to reduce predation pressure due to cryptic benefits [23]. To investigate whether dottybacks experience similar
benefits when matching the color of their habitat, we used the
coral trout theoretical vision model to assess dottyback conspicuousness against the different habitat types (Figure 2A). We
found that, similar to the damselfish they imitate, dottyback
morphs also match the habitat they are commonly found upon,
in terms of both color distance (DS, linear mixed model [LMM],
dottyback color 3 habitat type: c21 = 171,41, p < 0.001; Figure 2B) and luminance contrast (DL, LMM, dottyback color 3
habitat type: c21 = 90.05, p < 0.001; Figure 2C). Next, to test
the predictions of the visual model, we conducted a predator
choice experiment in the laboratory. Coral trout (n = 5) were
trained to strike at laminated images of yellow or brown dottybacks placed against an image of live coral or coral rubble background to receive a food reward. Images were adjusted in Adobe
Photoshop CS4 v11.0.2 to ensure that their spectral reflectance
matched the predicted coral trout visual receptor response (in
DS and DL) from the visual model. In each trial, coral trout
were given the choice between two randomly allocated backgrounds with either a yellow or brown dottyback image placed

in front of them. A third background without a dottyback image
in front of it was used as a distractor to ensure that trout would
not strike haphazardly at backgrounds to elicit the food reward
(Movie S1). Coral trout struck significantly more often at dottybacks that were color mismatched with the background (110 trials; 22 ± 4.1 trials per trout; Bradley-Terry model for paired
choices, GLMM, yellow dottyback on coral rubble: z = 2.35,
p < 0.05; brown dottyback on live coral: z = 2.43, p < 0.01)
compared to dottybacks that were color matched with the background (Figure 2D). Therefore, while dottybacks change color to
aggressively mimic damselfish models, they may also gain a
secondary benefit of reduced predation risk when matching
the color of model-associated habitat types. Moreover, although
not specifically tested in our study, predation risk to dottybacks
may be further reduced through dilution when they are associated with a school of similarly colored damselfish models (social
mimicry [24]).
Our findings demonstrate that phenotypic plasticity facilitates
aggressive mimicry of multiple models in our study system. Dottybacks can change their body coloration depending on the
availability of suitable models to gain fitness benefits in terms
of increasing access to food. Furthermore, our results highlight
that phenotypic plasticity may inherently confer secondary benefits to mimics when mimics and models share ecological pressures: dottybacks benefit from reduced predation risk when
living on model-associated habitat. Therefore, phenotypic plasticity may offer a solution to reduce the constraints of deceptive
signaling, and dottybacks provide a good example of this adaptive ingenuity.
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21. Feeney, W.E., Lönnstedt, O., Bosiger, Y., Martin, J., Jones, G., Rowe, R.,
and McCormick, M.I. (2012). High rate of prey consumption in a small
predatory fish on coral reefs. Coral Reefs 31, 909–918.
22. Crane, A.L., and Ferrari, M.C.O. (2013). Social learning of predation risk: a
review and prospectus. In Social Learning Theory: Phylogenetic
Considerations across Animal, Plant, and Microbial Taxa, K.B. Clark, ed.
(Nova Science Publishers), pp. 53–82.
23. Marshall, N.J. (2000). Communication and camouflage with the same
‘bright’ colours in reef fishes. Philos. Trans. R. Soc. Lond. B Biol. Sci.
355, 1243–1248.
24. Moynihan, M. (1968). Social mimicry; character convergence versus character displacement. Evolution 22, 315–331.

954 Current Biology 25, 949–954, March 30, 2015 ª2015 Elsevier Ltd All rights reserved

Current Biology
Supplemental Information

Phenotypic Plasticity Confers
Multiple Fitness Benefits to a Mimic
Fabio Cortesi, William E. Feeney, Maud C.O. Ferrari, Peter A. Waldie,
Genevieve A.C. Phillips, Eva C. McClure, Helen N. Sköld, Walter Salzburger,
N. Justin Marshall, and Karen L. Cheney

Supplemental Figures and Tables:

A

Lizard Island (14°40′S, 145°27′E)
Great Barrier Reef
Australia

N

MSS

ASS

ASS

1 km
B

BROWN

K=4

YELLOW

Figure S1. Population Genetic Analysis
(A) Collection sites for dottyback individuals: main sampling site (MSS; 62
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Figure S2. Dottyback Color Change
Color distances (ΔS, mean ± SEM) between body coloration before release and after
recapture for: (A) yellow dottybacks, and (B) brown dottybacks as perceived by the
potentially trichromatic visual systems of a dottyback predator, the coral trout
(patterned bars), and a dottyback prey, the juvenile ambon damselfish (clear bars).
Numbers in parentheses denote sample size. Note that, independent of the habitat type
dottybacks were released onto (all interactions comprising habitat as a factor were non
significant; Table S1), dottybacks changed color when released onto patch reefs with
damselfishes of a mismatched coloration to their own [coral trout: linear model (LM),
dottyback color X damselfish color: F1,31 = 36.75, P < 0.001; ambon damselfish: LM,
dottyback color X damselfish color: F1,31 = 49.19, P < 0.001; Table 1]. ΔS of
potentially tetrachromatic visual systems are shown in Figure 1E, F.
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Figure S3. Histological Assessment of Color Change
The mean (± SEM) proportion of xanthophores (yellow pigment cells) found in the
skin of yellow and brown dottyback morphs (*** indicates P < 0.001). Numbers in
parentheses denote sample size. Refer to Figure 1E,D and Figure S2 for visual
assessments of color change.

Table S1. Analyses of color change from the translocation experiment, showing
interactions comprising habitat type as a factor (all non significant). The setup was
equivalent to a 2 x 2 x 2 experimental design (dottyback color x damselfish color x
habitat type, each with 2 levels: yellow/brown dottyback, yellow/brown damselfish,
live coral/coral rubble). All analyses were conducted using linear models (LM’s).
Also see Figure 1, Figure S2, and Table 1.
Interaction
dottyback color X damselfish color
X habitat type

Visual
system
Tetra
Tri

dottyback color X habitat type

Tetra
Tri

damselfish color X habitat type

Tetra
Tri

Tetra
Tri
CT
AD

Tetrachromatic (four distinct visual receptors)
Trichromatic (three distinct visual receptors)
Coral trout
Ambon damselfish

Visual
receiver
CT
AD
CT
AD
CT
AD
CT
AD
CT
AD
CT
AD

F

P

F1,28 = 1.00
F1,28 = 0.00
F1,28 = 1.64
F1,28 = 0.52
F1,29 = 0.03
F1,29 = 1.83
F1,29 = 0.39
F1,29 = 3.97
F1,29 = 0.80
F1,29 = 0.44
F1,29 = 1.02
F1,29 = 0.36

0.33
0.95
0.21
0.48
0.86
0.19
0.54
0.06
0.38
0.51
0.32
0.56

Supplemental Experimental Procedures
Study Site and Species
The study was conducted at Lizard Island (14°40′S, 145°27′E), Great Barrier Reef,
Australia, between December 2009 and November 2013. Dottybacks and adult
damselfishes were collected on snorkel from shallow reefs (depth 2 – 5 m)
surrounding the island using an anesthetic clove oil solution (10% clove oil; 40%
ethanol; 50% seawater), hand nets and small barrier nets. All dottybacks used in the
study were adults, ranging in size from 35 – 86 mm (total length, TL: mean ± SEM =
68.05 ± 0.78 mm).
Statistical analyses were conducted in R v.3.0.2 [S1] using the package lme4
v.1.1-7 [S2]. Assumptions of normality and homogeneity of variance were graphically
assessed using histograms, residuals plots and quantile-quantile plots. For linear
mixed-effect models (LMM’s) and generalized linear mixed-effect models (GLMM’s)
we compared the adequacy of models with random intercepts-only to models with
random slopes and intercepts using likelihood ratio tests (LRT), and the final models
were fit by maximum likelihood (using a Laplace approximation for GLMM’s).
However, we found no significant difference between approaches and all random
effect models were consequently fit with random intercepts-only.

Assessment of Home Range Size
To assess differences between the home ranges of yellow and brown dottyback
morphs, we haphazardly located twenty dottyback individuals (10 yellow and 10
brown) on SCUBA and observed them for approximately 60 min (mean ± SEM =
61.65 ± 1.06 min, total 1233 min) between 0800-1700 in December 2009, from a
minimum distance of 2 metres. Dottybacks have previously been found to show no

diurnal patterns in activity [S3] and this observational time period has been shown to
be adequate for dottybacks to patrol the full extent of their home ranges (W.E.
Feeney, unpublished data). To assess the home range of each individual, a single
observer took notes of visual references of the extents of the used habitat by each fish.
Following the observation a transect tape was used to measure the boundaries of the
habitat range of each individual, and each habitat range was sub-sectioned for
calculation of the area use (home range) of each individual (similar to [S4]). For
statistical analysis, we transformed home range size to the natural logarithm to
conform to normality.

Population Genetic Assessment using Microsatellites
A total of 70 (31 yellow and 39 brown) dottybacks were collected in April and May
2011 from three locations in the lagoon (Figure S1). A piece of muscle tissue from
behind the pectoral fin and a fin clip from each individual were preserved in 95%
ethanol until total DNA was extracted using a standard salt precipitation protocol
[S5]. In a previous study, genetic differentiation between morphs (9 yellow and 9
brown) was absent when using mtDNA as a marker [S6]; therefore, to investigate
color differences in this study, we used microsatellite markers that allow for a finerscale approach.
Initially, we tested 56 microsatellite markers, which were previously isolated
and characterized from various cichlid species, whereby eight could successfully be
amplified using multiplex PCRs: HchiST06, HchiST38, HchiST46, HchiST68,
HchiST94 [S7], Pzeb3 [S8], Abur 45 [S9] and UME003 [S10]. Amplification was
performed using Qiagen-Multiplex PCR kit and thermal cycler profiles for
microsatellites as recommended by the manufacturer (Qiagen Inc., Valencia, CA).

Samples were successfully amplified at all loci for 52 individuals, at seven out of
eight loci for 16 individuals, and at six loci for the remaining two individuals. The
average missing data over all loci was 3.6%.
Genotyping was performed on an AB3130xl sequencer and microsatellites
were scored using GENEMAPPER v.4.0 (ABI) and edited by eye. TANDEM v.1.09
[S11] was used to automatically bin allele sizes. We then used STRUCTURE v.2.3.4
[S12] to assess population structuring between yellow and brown morphs. In
STRUCTURE, individuals are not a priori assigned to a population but instead the
program infers the number of clusters based on an ad hoc approximation of unknown
performance [S12]. An admixture model with correlated gene allele frequencies [S13]
was chosen with each run producing 5 * 105 burn in steps followed by 106 MCMC
steps. The number of presumed clusters (K) was set to be 1 – 10 with 10 independent
runs for each value of K. Estimates of the posterior probability of the data Pr(XΙK)
[S12] was analyzed using STRUCTURE-HARVESTER v.0.6.93 [S15] and estimated
ΔK [S15] was used as criteria to infer the number of genetic clusters present in the
data set.
Pairwise FST was used to quantify the genetic differentiation between: 1) all
yellow and brown morphs, and 2) yellow and brown morphs within clusters, as
identified with STRUCTURE analysis. FST was calculated using ARLEQUIN v.3.11
[S16] with 1000 permutations and 5% missing data. Bonferroni corrections [S17]
were used to adjust P-values in all tests.
Using clustering analysis and pairwise FST as a measurement of population
differentiation, we could not separate between yellow and brown morphs based on
microsatellite data (main text, Figure S1). However, STRUCTURE estimated the
most probable number of clusters in the data set to be K = 4 (ΔK = 20.5, all other

ΔK’s between 0.04 – 9.2), with a mixture of brown and yellow fish present in each of
these four clusters (individuals/cluster, n = 15 – 21). When comparing between color
morphs within clusters we did not find any evidence for color specific population
differentiation (FST between - 0.018 – 0.045, P = 0.75 – 0.06).

Translocation Experiment
Patch reefs were initially created in April – May 2011 (n = 30) by SCUBA divers on
sandy flats in the lagoon of Lizard Island (2 – 5 m depth). A subset of reefs were then
re-built in January – February 2012 (n = 15), June – July 2013 (n = 15) and October –
November 2013 (n = 7) to ensure enough replicates for each treatment were obtained.
Reefs were constructed using loose live coral or coral rubble from nearby natural
continuous reefs, and were built approximately 1 m in diameter and 50 cm in height.
Once a site for a new patch reef was located, it was pseudo-randomly constructed of
either a high percentage of live coral (60 – 70%; n = 35) or a high percentage of coral
rubble (80 – 90%; n = 32). Reefs were located at a minimum distance of 20 m from
the continuous reef and at least 15 m apart to reduce the movement of fishes between
patches (similar to [S6]). Fishes present on the patch reefs prior to the experiment
were carefully removed using hand nets and an anesthetic clove oil solution. Fifteen
yellow damselfish (ambon damselfish, Pomacentrus amboinensis and yellow
damselfish, P. moluccensis) and 15 brown damselfish (whitetail damselfish, P.
chrysurus) of all size classes were then placed on patch reefs according to treatment,
and their numbers were re-adjusted after 24 hours if there had been any movement
between patches. Damselfish were left on the reefs for two days before one dottyback
morph was added. This experimental setup was equivalent to a 2 x 2 x 2 design
(dottyback color x damselfish color x habitat type, each with 2 levels: yellow/brown

dottyback, yellow/brown damselfish, live coral/coral rubble) (Table 1).
To recognize individual dottybacks upon recapture, individuals were uniquely
marked on their caudal peduncle using an injection of fluorescent elastomer (green,
orange and/or pink; Northwest Marine Technology, Inc., Shaw Island, USA). This
marking procedure has been shown not to impact the behavior of coral reef fishes
[S18]. After tagging, dottybacks were kept in holding tanks overnight before they
were released onto experimental patch reefs, after which they were located and
observed every other day. Additional fishes (dottybacks and any other fish species)
that appeared on the patch reefs during the experiment were removed. New fish
settlement occurred infrequently (1 – 3 fish per week) and was made up of mostly
small recruiting individuals, which appeared more often through the summer months
(October – February) during larval recruitment pulses. Dottybacks were left on the
experimental patch reefs for two weeks before being recaptured and color change was
assessed (see below). In total, we successfully recaptured and identified 36 dottybacks
(initially yellow, n = 19; initially brown = 17) out of the 67 dottybacks that were
released. The remaining individuals were presumably lost through relocation to other
reefs or due to predation.

Measurement of Body Coloration and Habitat Reflectance
Spectral reflectance measurements of dottybacks (yellow, n = 38; brown, n = 41) and
of an additional eight yellow colored damselfish (five ambon damselfish, three lemon
damselfish) and eight brown colored damselfish (whitetail damselfish) were obtained
using an Ocean Optics (Dunedin, FL, USA) USB2000 spectrophotometer connected
to a laptop computer running Ocean Optics OOIBASE32 software (Figure 1C, D and
Figure 2A). Fishes were measured in the laboratory by removing them from the water

and placing them on a wet towel to facilitate handling. Spectral reflectance curves
measured in this way do not significantly differ from those measured in water [S19].
Colors were measured with a 200µm bifurcated optic UV⁄visible fiber connected to a
PX-2 pulse xenon light source (Ocean Optics). The bare end of the fiber was held at a
45° angle to prevent specular reflectance. A Spectralon 99% white reflectance
standard was used to calibrate the percentage of light reflected at each wavelength
from 400 – 750 nm (dottybacks did not reflect any light below 400 nm). The spectral
reflectance of dottybacks from the translocation experiment (yellow, n = 19; brown, n
= 17) was measured twice, once before releasing them onto the experimental patch
reefs and then again when recaptured two weeks later.
Overall body coloration of fishes was quantified by taking measurements from
different locations on the body (behind pectoral fin, ventral, center of the body,
towards caudal peduncle, and dorsal). At least ten measurements per individual were
taken from each location. Because no substantial difference in the shape of spectral
curves was found between different areas of the body, measurements were
subsequently averaged.
We also measured the spectral reflectance of the different habitats each color
morph was found upon. To do so, pieces of different coral morphotypes and of coral
rubble collected from the experimental patch reefs were measured in the laboratory.
Coral morphotypes (n = 19) and coral rubble pieces (n = 5) were measured inside a
shallow tray containing enough water to cover pieces completely and measurements
were taken as previously described. Because rubble and some coral species were
heterogeneously colored, color reflectance of each distinct color patch > 4 mm2 was
measured and an average of the color reflectance curves was used (Figure 2A).

Visual Modeling of Color Change
To quantify color changes that occurred in dottybacks during the translocation
experiment, we used a theoretical fish vision model [S20, 21] that calculates color
distance (ΔS) within the visual ‘space’ of the fish, where ΔS = 1 is an approximate
threshold

of

discrimination,

ΔS

<

1

indicates

colors

are

chromatically

indistinguishable, and ΔS > 1 indicates colors are discriminable from one another.
Signal luminosity is disregarded, while color differences are calculated as chromatic
distances encoded by an opponency mechanism based on the spectral sensitivities of
the receiver (see e.g. [S22, 23]).
We used the visual sensitivities from a predator of dottybacks and damselfish:
the coral trout Plectropomus leopardus [S24], which has peak spectral sensitivities
(λmax) for single cones at 455 nm and 507 nm, and for twin cones (paired cones with a
similar morphology) at 507 nm and 531 nm (N.J. Marshall, unpublished data). We
also modeled the color changes from the perspective of a dottyback prey species: the
juvenile ambon damselfish [S25], with λmax for single cones at 370 nm and 501 nm,
and for double cones (paired cones with a different morphology) at 480 nm and 523
nm [S26]. To generate visual templates of these fish, we furthermore incorporated the
50% light transmission cut-off from their whole eyes: coral trout, T50 = 414 nm [S27]
and juvenile ambon damselfish, T50 = 327 nm [S28]. Cone receptor ratios were based
on previously conducted morphological assessments of retinas and set to be 1:1:2:2
for coral trout (N.J. Marshall, unpublished data), and 1:2:4:4 for ambon damselfish
[S26]. In accordance with previous studies [S22, 23], and in the absence of any
behavioral data, we set the Weber’s fraction (ω) for the LWS noise threshold to be at
0.05; a conservative estimate at approximately half the sensitivity of the human LWS
cone [S29]. A measurement of illumination taken at the experimental site at 5 m depth

was used [S23], which represents the maximum depth of patch reefs during the
translocation experiment. Color change in dottybacks was then calculated as the
difference (ΔS) between the dottyback body coloration at the beginning of the
experiment and after being recaptured two weeks later (Figure 1E, F and Figure S2).
Although members of twin/double cones have previously been shown to
contribute individually to color vision in some coral reef fishes [S30], whether this is
also the case for either the coral trout or the ambon damselfish is currently unknown.
Therefore, to assess color change in dottybacks we modeled two scenarios for each
visual receiver; one in which twin/double cones would work independently from one
another, resulting in four distinct cone receptors (tetrachromacy), and one in which
they would be optically coupled by combining the output of the twin/double cones,
resulting in three distinct cone receptors (trichromacy). However, we found no
difference in our conclusion when modeling either scenario (Figure 1 E, F and Figure
S2).
To examine whether damselfish coloration or background habitat triggered
color change in dottybacks, we used linear models (LM’s) with ΔS transformed to the
natural logarithm for the coral trout, and ΔS square root transformed for the ambon
damselfish as the response variable. Dottyback morph (yellow, brown), damselfish
coloration (yellow, brown), and habitat type (live coral, coral rubble) were set as fixed
factors. To determine the best model in all analyses, we compared the full model with
models in which one of the explanatory terms was dropped using the “drop1” function
[S31]. If the analysis of variance found that a dropped term had no significant effect
on the model then the term was permanently dropped (based on AIC value
comparisons).

Histological Assessment of Color Change
To investigate the cellular mechanisms underlying color change, we took skin
biopsies (approximately 1 cm2) from a random set of adult dottybacks located and
caught between February – May 2012 and October – November 2013. Morphs were
classified according to the shape of their spectral reflectance curve as brown or yellow
(see main text). Biopsies were taken from behind the pectoral fin of yellow and brown
morphs (n = 8 per morph) and kept in a phosphate buffered saline (PBS) solution
(Astral Scientific, Gymea NWS, Australia) for no more than 10 min. All scales were
carefully removed and ten randomly chosen micrographs were taken per biopsy by
using a SPOT digital camera (DIAGNOSTIC Instruments, Inc., Sterling Heights,
Michigan, USA) connected to a Zeiss Axioskop microscope and a bench top
computer running SPOT v.3.0.5 software. Micrographs were recorded at 40x/0.9
(0.145 mm2/micrograph) and the number of melanophores (black pigment cells) and
xanthophores (yellow pigment cells) were counted in ImageJ v.1.36r (National
Institute of Health, USA). The counts of cells in 5 – 10 micrographs per individual
were subsequently averaged and standardized to 0.1 mm2 (main text, Figure S3).

Assessment of Aggressive Mimicry Benefits
Brown juvenile damselfish (whitetail damselfish) were caught overnight using light
traps at Lizard Island during the recruitment pulses in October and November 2013.
After capture, juvenile fish were kept in holding tanks (22 L) for 3 – 4 days and fed
ad libitum with freshly hatched Artemia nauplii, before being used in experiments.
Adult damselfish (n = 5 per treatment, either yellow ambon damselfish or brown
whitetail damselfish) were left to acclimatize in experimental tanks (reef mesocosms)
for 24 hours while being fed fish-flakes ad libitum before experiments started.

Dottybacks were caught approximately 48 hours before experimental trials began,
kept in separate holding tanks and fed one small piece of prawn (approx. 0.5 cm2) 24
hours prior to the experiment. All holding and experimental tanks were flow-through
and continuously supplied with fresh seawater pumped directly from the ocean.
Aquarium tanks (80 cm x 37 cm x 35 cm; n = 5) were used for trials, and to
make each tank into a reef mesocosm we added: 2 cm of sand substrate on the bottom
of each tank, a live coral colony (cauliflower coral, Pocillopora damicornis, c. 90 cm
in circumference and c. 20 cm in height) in the middle of the tank, and pieces of coral
rubble (c. 30 cm in circumference and c. 10 cm in height) were placed in each corner.
Ten juvenile damselfish were added and left to acclimatize for 60 min before a
dottyback morph was introduced. Fishes were left to acclimatize for 30 min before
strike rates of dottybacks directed at juvenile damselfish were recorded over a 60 min
period. Dottybacks of the same color were size matched between treatments (mean ±
SEM: yellow dottyback/yellow damselfish = 69.1 ± 1.7 mm, yellow dottyback/brown
damselfish = 69.3 ± 2.2 mm, t18= 0.07, P = 0.94; brown dottyback/yellow damselfish
= 74.0 ± 2.2 mm, brown dottyback/brown damselfish = 75.2 ± 1.8 mm, t18 = 0.42, P =
0.68). Additional control trials were conducted with adult and juvenile damselfish
only to ensure that the survival of juvenile fish was dependent on the presence of
dottybacks alone (yellow or brown adult damselfish, n = 10 trials each). After 24
hours, all fish were removed from the mesocosm and the number of surviving juvenile
damselfish was recorded (n = 10 trials per treatment, Figure 3). Live coral colonies
and coral rubble were removed and mesocosms were drained and flushed before being
reset for subsequent trials. Each day we conducted between 2 – 4 trials and the
treatments were switched randomly between tanks. Adult damselfish were replaced
every 3 – 4 trials.

In control treatments, the majority of juveniles survived the 24-hour trial
period (mean ± SEM: yellow damselfish = 9.7 ± 0.3, brown damselfish = 9.5 ± 0.4: W
= 55, P = 0.58). We used a GLMM with logit-link function and a binomial
distribution to analyze differences in juvenile survival between treatments: dottyback
color (yellow/brown) and adult damselfish color (yellow/brown) were fixed factors,
and dottyback size was included as a random effect. Pairwise post-hoc Tukey contrast
tests were conducted using the function glht implemented in the package multcomp
v.1.3-7 [S32].

Prey Color Choice Experiment
To examine whether dottybacks had a preference for a particular colored prey fish,
additional similarly sized dottyback morphs (9 yellow, 7 brown, size mean ± SE = 75
± 1.8 mm: t15 = 0.93, P = 0.37) were placed in a tank with one juvenile yellow ambon
damselfish and one brown whitetail damselfish (3 – 4 days old). Juvenile fish were
size matched to the nearest mm (~ 14.5 mm TL) and released into an experimental
tank (15 L), which had 1 cm of sand on the bottom and a standard, white plastic coral
object (c. 30 cm in circumference and c. 10 cm in height) in the middle for shelter.
Fish were left to acclimatize for 30 min before a dottyback of a random color was
added to the tank. We recorded which prey color the dottyback first struck at and
consumed.
The same dottyback individuals were tested twice to assure repeatability of
results. We used a GLMM with logit-link function and a binomial distribution to
analyze differences in prey color preferences: dottyback color (yellow/brown) was
used as fixed factor, and dottyback identity was included as a random effect.

We found that dottyback color morphs directed their first strike at (main text),
and first captured (GLMM (binomial):  χ21 = 16.50, P < 0.001), prey fish that matched
their own body coloration.

Assessment of the Cryptic Benefits of Color Change
We used the coral trout theoretical vision model (see above, visual modeling of color
change) to investigate whether dottybacks also benefit from matching the color of the
habitat when associating with the damselfish they mimic (Figure 2A). A measurement
of illumination taken from the coral trout experimental arena (see below) at 0.5 m
depth was used. Conspicuousness of dottybacks was then calculated as the color
distance (ΔS) between dottybacks (yellow, n = 31; brown, n = 32) and the average
color of the habitat (live coral or coral rubble) they are seen against, using the coral
trout tetrachromatic visual system (Figure 2B). In addition to ΔS, coral trout may also
use differences in luminance contrast (ΔL) to distinguish dottybacks from their habitat
background. Long wavelength sensitive receptors (LWS) are thought to be
responsible to perceive luminance contrast [S22, 33] and we therefore, used the
differences in the natural logarithm quantum catch (Q) of the coral trout LWS
receptor (λmax = 532 nm) to calculate luminance differences between dottybacks and
habitat types (Figure 2C):
ΔL = ln(QLWSdottyback) – ln(QLWShabitat)
To assess whether dottybacks would be more cryptic against the habitat they are
usually found upon we used LMM’s with ΔS or ΔL square root transformed as the
response variable. Dottyback morph (yellow, brown) and habitat type (live coral,
coral rubble) were set as fixed factors, and dottyback identity was included as a
random effect.

To test the predictions of the visual model, we caught coral trout (n = 5) off
Lizard Island using de-barbed hooks and line in June and September 2013. Fish were
placed in individual oval tanks (220 cm x 120 cm x 50 cm) and left to acclimatize for
2 – 3 days before training commenced. Coral trout were trained twice a day (c. 9:00
and 16:00) and initially learned to feed on a piece of prawn (c. 1.5 cm3) attached to a
transparent monofilament line (c. 50 cm) held randomly against either of the far-end
walls of the oval. A black divider was introduced in the middle of the tank, and the
fish were then trained to enter through a door in the divider and feed on a piece of
prawn attached to a laminated A4 black or white background. Next, they were trained
to approach and attack a laminated image of a neutral grey dottyback to receive a food
reward given from above. The training was considered successful after each fish
would swim through the black divider and pick at the grey dottyback replica for two
days in a row.
Following training, coral trout were given the choice between two randomly
chosen laminated live coral or coral rubble backgrounds with either a yellow or brown
dottyback image on them (the dottyback location on the background was randomized
between trials). Additionally, each trial also contained a background without
dottyback on it, which was used as a distractor to assure the coral trout would search
for and strike at dottyback images, rather than strike haphazardly at backgrounds to
elicit a food reward (Movie S1). In total there were four dottyback/background
combinations (2 x 2 design; dottyback color x habitat type, each with 2 levels:
yellow/brown and live coral/coral rubble; Figure 2D). The experimental backgrounds
were based on a picture of a Pocillopora damicornis coral colony, a common habitat
for dottybacks and damselfishes. The same picture was used for both backgrounds to
ensure that variables other than color and luminance e.g. branch length, branch angle,

and degree of branching were kept constant. Similarly, dottyback images were based
on laminated photographs of fish from the field. The color and luminance of the
background and the dottyback images was adjusted in Adobe Photoshop CS4 v.11.0.2
to ensure their spectral reflectance matched the predicted coral trout visual receptor
response (in ΔS and ΔL) from the visual model (see above).
To assess whether coral trout would differ in their choice, we conducted a
GLMM with a binomial distribution (logit-link), based on a Bradley-Terry model
approach for paired choices [S34, 35]. The yellow dottyback on live coral treatment
was use as the baseline against which the other treatments were compared, and
dottyback identity was included as a random effect (Figure 2D). To account for the
relatively small sample size, we calculated the P-values for the likelihood of being
chosen using a permutation test approach [S36]. In detail, the permutation test was
used to compare the distribution of the actual model to the distribution of a simulated
null model with equal probabilities of choice for all treatments compared to the
baseline (based on 5000 permutations and a 0.5 probability of choice for each
treatment).
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