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Edges are salient visual cues created by abrupt changes in luminance and color and are crucial in perceptual tasks such as motion 
detection and object recognition. Disruptively colored animals exploit edge detection mechanisms to obscure their body outline and/
or to conceal themselves against their background. Conversely, aposematic species may use contrasting patterns with well-defined 
edges to create highly salient, memorable warning signals. In this study, we investigated how the amount of internal pattern edge, 
colored area, pattern type, or shape repetition of warning signals influenced avoidance learning in the triggerfish, Rhinecanthus acu-
leatus. Using 6 different warning signals, we found that fish learnt to avoid aposematic signals faster when they featured more internal 
pattern edge. We found little evidence that the amount of colored area or pattern type affected learning rates. An optimal amount of 
pattern edge within a warning signal may therefore improve how warning signals are learnt. These findings offer important insights 
into the evolution of prey warning signal evolution and predator psychology.
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INTRODUCTION
When viewing a scene, edges are perceived as abrupt changes in 
luminance and color and provide key information about object 
boundaries and the structure of  the environment. In conjunction 
with additional cues such as color, symmetry, and shape, edges 
underpin crucial perceptual tasks such as navigation (Lau et  al. 
2006; Harris et al. 2007), object recognition (Webster et al. 2013), 
figure-ground organization (Driver and Baylis 1996), and depth 
perception (Palmer and Ghose 2008). Indeed, vertebrate visual sys-
tems are optimally configured for edge detection via retinal lateral 
inhibition, in which stimulated neurons inhibit the excitation of  
neighboring photoreceptors, increasing the contrast and sharpness 
of  the visual response (Enroth-Cugell and Pinto 1972).

Many animals, such as the leopard (Panthera pardus) (Allen et al. 
2011), the peach blossom moth (Thyatira batis) (Schaefer and Stobbe 
2006), and the spotted grass frog (Limnodynastes tasmaniensis) (Osorio 
and Srinivasan 1991) display highly contrasting body patterns to 
inhibit detection of  their body outline by predators or prey against 
complex visual scenery (Thayer 1909; Cott 1940; Cuthill et  al. 
2005; Endler 2006; Stevens et al. 2006). Disruptively colored ani-
mals may also exhibit nonmarginal, contrasting patterns that dis-
guise telltale body parts such as eyes or limbs (Thayer 1909; Cott 

1940; Cuthill and Székely 2009). Illusory contours may also be 
used to segment the body surface and prevent them from being rec-
ognized as a singular, cohesive figure (Stevens et al. 2009).

Conversely, contrasting patterns with well-defined edges may 
be used as warning signals by aposematic prey (Poulton 1890). 
Chromatically or achromatically contrasting edges within a pat-
tern may increase the detectability of  prey against the background 
(Troscianko et  al 2017), improve recognition of  aposematic prey 
(Guilford 1986), and enhance predator learning (Osorio et al 1999). 
Pattern edges may be provided by spots, stripes, or circles within 
the warning signal, or run parallel to the prey contour to enhance 
the body outline (Cott 1940; Hailman 1977). It is also proposed 
that many animals display eye-catching borders to accentuate their 
body profile and emphasize their characteristic shape (Cott 1940; 
Hailman 1977). Outlining is expected to be particularly important 
in flat animals such as butterflies (e.g. Papilio ulysses), and marine 
invertebrates such as flatworms (e.g. Pseudobiceros gloriosus) and nudi-
branch mollusks (e.g. Chromodoris elisabethina). Such animals lack the 
conspicuousness of  a bulky form and have a single prominent con-
tour that appears similar from most vantage points (Hailman 1977).

Previous research investigating the role of  pattern in warning sig-
nals has produced conflicting results. Black internal patterns have 
been shown to reduce avian attacks toward both spotted ladybirds 
(Dolenská et al. 2009) and striped, caterpillar-like models (Barnett 
et al. 2016), compared with unpatterned prey. Similarly, avoidance 
of  striped prey against complex backgrounds was learned faster by Address correspondence to N.F. Green. E-mail: naomi.green@uq.net.au.
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blue tits compared with unstriped stimuli, and irregularly striped 
and regularly striped prey with a similar amount of  edge were 
learnt at an equal rate (Aronsson and Gamberale-Stille 2013). This 
may indicate that the amount of  pattern edge may influence preda-
tor learning, rather than pattern type, regularity, or symmetry. In 
other studies, internal patterns were not shown to reduce predation 
on painted mealworms (Aronsson and Gamberale-Stille 2009) or 
model frogs (Hegna et al. 2012); however, in these studies the sig-
nals were either small, inconspicuous spots without sharp, defined 
edges (Hegna et al. 2012), or were simple patterns, featuring short, 
horizontal stripes which provided limited pattern edges (Aronsson 
and Gamberale-Stille 2009).

The majority of  previous studies investigating the role of  pat-
terns in warning signals have focused on how patterns are detect-
able from the background, and how this influences predator 
learning. Fewer empirical studies have investigated how the pattern 
design may affect predator learning without considering detect-
ability (Guilford and Dawkins 1991; but see Wüster et  al. 2004). 
Therefore, in this study, we investigated how the design of  patterns 
improves the rate at which predators learn to avoid aposematic 
signals. We investigated whether pattern design influenced preda-
tor learning by conducting behavioral experiments in aquaria with 
triggerfish, Rhinecanthus aculeatus. We examined the learning speed 
when 6 groups of  fish were presented with different aposematic 
stimuli that varied in the amount of  internal pattern edge, colored 
area, pattern type (spots, stripes, concentric circles, or outlines) and 
shape repetition. Our results provide insights to the role of  con-
trasting patterns in warning signals.

METHODS
Study species

We used the triggerfish R. aculeatus as our study species as they co-
occur with a variety of  aposematic species throughout their range, 
such as nudibranchs and cephalopods (e.g. Hapalochlaena sp.), but 
we are unaware of  any aposematic species at our study site that 
display similar color patterns to the ones used in our experiment. 
This species is a benthic generalist feeder known to feed on mol-
lusks, algae, worms, crustaceans, and other fish (Randall 1981) 
and therefore conducts daily visually mediated foraging behavor. 
In addition, they are easy to keep in aquaria and are highly train-
able, as per Pignatelli et  al. (2010) and Cheney et  al. (2013). 
Their trichromatic visual system has been investigated in detail: 
they have single and double cones, arranged in a regular mosaic 
(Champ et al. 2014). The single cones house the short-wavelength 
pigment (λmax = 420 nm) and the 2 members of  the double cone 
house the medium and long-wavelength pigments (λmax = 480 nm 
and 528 nm) (Pignatelli et al. 2010; Cheney et al. 2013). This spe-
cies has relatively low visual acuity, at approximately 1.75 cycles 
per degree, according to behavioral data (Champ et  al. 2014); 
however, they can readily discriminate patterns similar in size 
to those in the current study (Champ et al. 2014; Newport et al. 
2017).

In total, we used 58 wild caught individuals, which ranged in size 
from 4 to 15 cm standard length (SL). Fish were collected on snor-
kel using hand-nets from shallow (depth 1–3 m), sandy, and rocky 
areas off Lizard Island, Great Barrier Reef, Australia (14°40’S, 
145°28’E). Fish were kept in individual tanks that ranged from 50 
to 100 L (W: 30–50 cm; L: 40–100 cm; H: 30–40 cm) depending 
on their body size and allowed to acclimatize for at least 1 week 
before the experiment commenced.

Experiments were conducted at Lizard Island Research Station 
during February–March 2017 and all fish were returned to their 
collection sites after testing. Tanks were illuminated by natural sun-
light and experiments were conducted between 6 am and 6 pm. 
Fish were collected under a Queensland General Fisheries Permit 
(#183990) and a Great Barrier Reef  Marine Parks Authority 
Permit (#G16/38497.1). This research was conducted in accor-
dance with approval granted by the University of  Queensland’s 
Animal Ethics Committee (SBS/111/14/ARC).

Behavioral experiments

To examine the rate at which fish learnt avoidance of  different 
color patterns, we used a paired choice test, in which fish were 
trained to peck on visual stimuli in order to receive a food reward. 
During testing, fish were presented simultaneously with a pair of  
circular (diameter 2.5  cm), laminated stimuli, consisting of  one 
white, nonaposematic stimulus (S+) and one colored, aposematic 
stimulus (S−), that is, a differential appetitive-aversive conditioning 
experiment. The nonaposematic stimulus remained the same for all 
fish to ensure that this stimulus did not influence learning. The apo-
sematic stimuli varied in the amount of  internal pattern edge, col-
ored area, pattern type, or shape repetition (Table 1). Aposematic 
stimuli were not designed to resemble the warning signal of  a par-
ticular species, but instead to test learning of  common patterns and 
colors seen in many warning signals. We also used yellow because 
this color allows us to relate our finding to previous research on this 
topic (Winters et al. 2017).

Stimuli were printed using a HP Officejet H470 inkjet printer on 
Epson photo quality paper and laminated. They were then attached 
to a white, vertical feeding board (20 × 30 cm) with hook and loop 
Velcro stickers, and positioned 10  cm apart and 15  cm from the 
bottom of  the board. To prevent fish from seeing the stimuli before 
the experiment began, an opaque partition was placed across the 
center of  the tank while the feeding board was positioned at the far 
end. Once the partition was removed, fish were allowed to swim 
into the testing arena and peck one of  the stimuli.

If  fish pecked the white, nonaposematic stimulus (S+), they were 
rewarded with a small piece (0.5 cm × 0.5 cm) of  palatable food, 
but if  they pecked the colored, aposematic stimulus (S−), they 
received a small piece of  unpalatable food. Palatable food was pre-
pared by combining 6 g frozen squid mantle, 3 g gelatin and 10 mL 
of  water; while unpalatable food consisted of  6 g sodium alginate 
and 10 mL water. Food was presented using forceps from above to 
ensure that fish did not use olfactory cues during experiments. Both 
food types had a semi-solid consistency and were similar in color 
and texture. Unpalatable food was immediately spat out by the 
fish (>95% of  trials), whereas palatable food was readily consumed 
(>95% of  trials).

Four trials were conducted with each fish per session, and fish 
completed 1 or 2 sessions per day. Fish completed between 7 and 
30 sessions in total (28–120 trials). To ensure that fish demonstrated 
learnt avoidance of  the aposematic stimulus and sustained this for 
several days, we required them to select the nonaposematic stimulus 
in >80% of  the trials over 3 days (7 sessions). Therefore, fish were 
required to select the nonaposematic stimulus on 23 out of  28 trials 
(82% correct). During testing, the position of  the colored, apose-
matic stimuli (left or right) was pseudo-randomized so that it did 
not remain the same for more than 2 successive trials.

Prior to testing, fish were trained to peck at the feeding board 
by placing small amounts of  chopped squid directly below 2 very 
small, black crosses (0.5 cm × 0.5 cm, 15 cm apart) displayed on the  
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feeding board. Crosses were required to provide a target for the 
fish while learning to peck the feeding board for food; however, 
the crosses differed significantly in size, color, and pattern from 
all experimental stimuli, to prevent this impacting learning during 
the experiment. Once fish learnt to peck at the crosses, squid was 
removed from the feeding board and, instead, fish were fed imme-
diately after they had pecked either cross, with squid held with 
forceps from above. Fish took from 1 to 3 weeks to be trained to 
this behavior and were required to demonstrate this behavior con-
fidently, by immediately approaching the board and pecking on 
either cross for 5 sessions before testing commenced. During test-
ing, the crosses were then replaced with the white, nonaposematic 
(S+) and colored, aposematic (S−) stimuli and experimental trials 
commenced.

Stimuli were designed to disentangle whether differences in 
learning rates were due to the amount of  pattern edge, the amount 
of  colored area, shape repetition, or pattern type. Here, we use 
the term “pattern” to refer to any colored element within a signal 
(not necessarily repetitive). We use the term “pattern edge” to refer 
to edges created by the yellow colored areas in the signal, which 
were internal patterns in stimuli A–E, but included the internal and 
external edge in stimulus F (single circle). Stimuli were designed in 
Adobe Illustrator, and pattern edge and colored area were deter-
mined using simple geometric equations.

Eight fish could not be trained to a satisfactory level and there-
fore did not progress to the testing phase. The remaining fish 
(n  =  50) were randomly allocated to 6 groups, which were each 
trained to avoid a different aposematic stimulus (S−, see Table 1). 
There was no significant difference in fish size between groups 
(one-way Anova: F = 0.59, df = 5, P =0.70).

Learning rates for each group were compared with another 
group that had a similar pattern type, but differed in the amount 
of  internal pattern edge, colored area, and/or shape repetition 
(Table  1). “Spots” consisted of  Group A  (n  =  9; 9 yellow spots) 
and Group B (n  =  7; single yellow spot) both of  which featured 
internal spots; however, Group A had more internal pattern edge 
and more shape repetition than Group B, but a similar amount of  
colored area (Table 1). “Stripes” consisted of  Group C (n = 8; 4 

vertical stripes) and Group D (n = 10; single yellow vertical stripe) 
that both featured vertical stripes; however, Group C had more 
pattern edge, more shape repetition and more colored area than 
Group D.  Finally, “Circles,” comprised Group E (n  =  7; 4 open 
circles) and F (n = 9; single circle that outlines the stimulus) which 
both featured open circles; however, Group E, had more shape 
repetition than Group F but a similar amount of  pattern edge and 
colored area. Data from Group F have been presented previously 
(Winters et al. 2017).

We predicted 3 possible scenarios: first, if  an increased amount 
of  pattern edge improved predator learning, we would expect a 
difference in the learning rate for “Spots” (Group A  would learn 
more quickly than B) and “Stripes” (Group C would learn more 
quickly than D), but not for “Circles” (Group E would learn at the 
same rate as Group F) (Table 1). Second, if  an increased amount 
of  colored area improved learning, we would expect Group B to 
learn more quickly than Group D and also predict a difference in 
learning rate in “Stripes” (Group C would learn more quickly than 
D), but not between paired groups for “Spots” or “Circles.” Third, 
if  differences were due to increased repetition of  shape alone, 
we anticipated that there would be a difference for all patterns 
(“Spots”: Group A would be learnt more quickly than B; “Stripes”: 
Group C learnt more quickly than D; and “Circles”: Group E 
learnt more quickly than F).

We then compared results from groups A, C, E, and F to 
determine whether pattern type affected predator learning of  
aposematic stimuli. Stimuli from these groups featured a similar 
amount of  pattern edge and colored area, but differed in pat-
tern type (spots, stripes, circles) (Table  1). The amount of  pat-
tern edge and colored area varied slightly between these stimuli 
due to differences in geometry; however, the stimuli we used 
were designed to ensure that both of  these features were as simi-
lar as possible.

Statistical analyses

We analyzed the data using a Cox proportional hazards survival 
analysis and the function coxph, in the survival package (Therneau 
2015) in R v.3.1.3 (R Core Team 2015). In our data, the “survival 

Table 1
Aposematic (S−) signals used indicating group name, amount of  pattern edge (mm), and colored area (mm2) that each stimulus 
contained

Gray shading indicate the groups that were compared to determine whether pattern type (rather than the amount of  edge) influenced learning rate 
(Figure 1d). Gray outlines around stimuli in the table only show edges of  stimuli area, rather than the presence of  a colored edge. 
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time” was the number of  sessions taken to reach the learning crite-
ria. The general form of  the model is:

 
h t h t exp b x b x b xp p( )= ´ + + +( )0 1 1 2 2( ) ...

 
where, t is the survival time, h(t) is the observed hazard rate (the 
chance of  the event occurring), h0(t) is the baseline hazard, deter-
mined by the covariates (x1, x2…xp) and the coefficients (b1, b2…bp) 
denote the effect size of  the covariates (Cox 1972).

Survival analyses were used because, unlike Generalized Linear 
Mixed Models, they allow the time to an event to be analyzed even 
if  the event never occurred or the dataset is incomplete (right cen-
sored data) (Fox and Weisberg 2011). This meant that data for fish 
that never reached the learning criteria, or which completed a dif-
ferent number of  trials could be included.

We used the Cox proportional hazard model as this allows addi-
tional covariates to be included in the model (Fox and Weisberg 
2011), allowing us to account for fish size as an indicator of  age and 
prior experience. However, size (Total Length, mm) was not statisti-
cally significant in any of  our analyses (P > 0.09). Our data met 
the assumption of  proportional hazards, which we tested using the 
function cox.zph in R, (P > 0.05 for all treatments).

RESULTS
We found that fish learnt avoidance of  the aposematic color pat-
tern significantly faster when the stimulus featured a greater 
amount of  internal pattern edge. Pairwise comparisons indicated 
that for “Spots,” Group A  learnt avoidance faster than Group B 
(Hazard Ratio (β)  =  0.07, Z  =  −2.38, 95% Confidence Interval 

(CI): 0.01–0.62, P = 0.02; Figure 1a) and for “Stripes,” Group C 
learnt avoidance faster than Group D (β = 0.15, Z = −2.48, 95% 
CI = 0.03–0.67, P = 0.01; Figure 1b). For “Circles,” there was no 
significant difference between groups E and F (β = 0.72, Z = −0.59, 
95% CI = 0.24–2.16, P = 0.55; Figure 1c).

To ensure that these results were attributable to the amount of  edge, 
not the amount of  colored area, we also compared the learning rate 
of  Group B and Group D, which differed in coloured area but had the 
same amount of  edge and found no significant difference (β = 2.79, 
Z = 1.07, 95% CI = 0.42–18.37, P = 0.29). Learning rates may have 
been confounded if  some patterns were more easily discriminated 
from the white, nonaposematic stimuli, which may have occurred with 
an increase amount of  yellow; however, this was not the case.

When the amount of  edge was similar, but the pattern type dif-
fered, there was no significant difference in learning rates between 
spots, stripes, outlines or circles (Groups A, C, E, and F, respectively) 
(β = 0.69, Z = −0.69, 95% CI = 0.24–1.90, P = 0.45; Figure 1d).

DISCUSSION
The fish in our study learnt to avoid colored stimuli more quickly 
when there was a greater amount of  internal pattern edge. We did 
not find evidence that the number of  repetitive elements, amount 
of  colored area, nor pattern type (spots, stripes, or circles) affected 
predator learning. Our results support the hypothesis that although 
color may be the best learnt component of  a visual signal (Aronsson 
and Gamberale-Stille 2008), patterns, and more specifically inter-
nal pattern edges, are key tactical components (Osorio et al. 1999) 
used to improve predator learning.
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Figure 1
The % of  fish that learned avoidance of  an aposematic stimulus (S−) over a plain white non-aposematic stimulus (S+) after a given number of  sessions: (a) 
“Spots”; (b) “Stripes”; (c) “Circles”; (d) comparison of  different patterns with equal amount of  edge. Shaded areas indicate standard error. Gray outlines 
around stimuli in the figure, only show edges of  stimuli area, rather than the presence of  a colored edge. *indicates statistical significance of  P < 0.05. The 
dashed line designates that fish were required to demonstrate avoidance of  the aposematic stimulus for 7 sessions and therefore could not achieve the learning 
criteria until the 7th session.
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Edges may enhance predator learning of  aposematic signals 
as highly contrasting transitions evoke a stronger response in the 
retina compared to gradual changes in luminance and color 
(Bruce et al. 1996). As the eyes scan an image, the amount of  edge 
transitions will determine the amount of  stimulation across the 
retina and increase the overall salience of  a signal (Endler 2012). 
Aposematic patterns use edges that are highly contrasting and com-
bine abrupt, simultaneous changes in both luminance and color, 
which distinguish them from the many false edges produced by 
variations in texture and illumination in natural scenes (Troscianko 
et al. 2009). Although we found that the amount of  edge within a 
pattern improved predator learning, an optimal level may be set by 
the visual acuity of  the predator and the complexity of  the back-
ground. Beyond this limit, highly complex patterns with a profuse 
amount of  pattern edges may appear blurred and inconspicuous, 
due to the decreased spatial frequency. Indeed, highly complex 
body patterns, such as reticulated patterns that feature a high 
amount of  internal pattern edge, may become harder to learn as 
edges become less detectable.

We found no difference in learning rates for different pattern 
types when we controlled for the amount of  edge within the stimuli; 
however, the pattern displayed in a warning signal may be deter-
mined by a range of  other factors. Pattern type will be important to 
detection in natural environments, where conspicuousness may be 
enhanced through pattern edges that contrast with the orientation 
(Webster et  al. 2009) or spatial frequency of  common lines within 
their habitat (Godfrey et  al. 1987; Phillips et  al. 2017). Although 
spots and stripes may evolve because they are developmentally 
simple to produce (Turing 1952), or because spots are well suited to 
stimulate the circular receptive fields of  vertebrate retinal ganglion 
cells (Lythgoe 1979; Stevens 2005), stripes may provide camouflage 
from a distance (Barnett et al. 2016). Concentric rings such as eye 
spots are abundant in animal signals and may function to confuse or 
startle predators, by mimicking the pupil and iris of  vertebrate eyes 
(e.g. Blest 1957; De Bona et al. 2015). However, we propose that in 
some cases concentric rings may evolve to increase the amount of  
salient edges within a pattern. Indeed, this is consistent with recent 
research suggesting that some eyespots deter predators through 
increased conspicuousness, not through eye mimicry (Stevens 2009).

Shape is an important component of  predator search images 
(Troscianko et al. 2009) and so patterns which accentuate this, such 
as body outlining, are expected to aid predator detection and rec-
ognition (Cott 1940; Hailman 1977). We did not find evidence to 
support this hypothesis in our study, with stimuli featuring a yel-
low outline (Group F), learnt at the same rate as signals featuring 
spots and stripes (Figure  1d). However, body outlining may be 
more important to increase prey conspicuousness in natural scenes, 
as opposed to learning speed. In a previous study (Winters et  al. 
2017), it was demonstrated that triggerfish only learnt avoidance 
of  one element of  a multicomponent warning signal, rather than 
the entire signal. Fish learnt to avoid the yellow outline of  a multi-
component warning signal, but not internal red spots. However, it 
was previously unclear whether this was because the yellow outline 
highlighted the shape of  the stimulus, or whether it was a shape or 
edge effect. The present study untangles these different hypotheses 
and suggests that the yellow rim was probably learnt preferentially 
because it provided more internal pattern edges.

The amount of  edge within a pattern and pattern repetition are 
tightly correlated. In our study, fish learnt to avoid a single circle 
(Group F) more quickly than a single spot (Group B), which differed 

only in the amount of  pattern edge and not in shape repetition 
(Figure  1c), suggesting that the amount of  pattern edge is more 
important than regularity or repetition alone. Indeed, in a previous 
study, birds learnt to avoid prey featuring the same amount of  edge 
at a similar rate, regardless of  whether stimuli were regularly or 
irregularly striped (Aronsson and Gamberale-Stille 2013). However, 
in our study, the combined effect of  increased edge contrasts, rep-
etition and enhanced symmetry may have improved learning.

Although large signal size increases conspicuousness and effec-
tiveness of  warning signals (Remmel and Tammarub 2011), many 
defended prey such as bees, wasps, lady beetles, and nudibranch 
molluscs are constrained by a small size and limited body surface. 
In terms of  geometry, the ratio of  edge to colored area is higher 
for stripes (rectangles) compared with spots (circles); indeed, in our 
study, we required 9 spots to equal the edge of  4 stripes (Table 1). 
Stripes therefore offer the advantage of  more conspicuous edge 
transitions when the size of  a warning signal is constrained, or 
when color is provided by a rare or costly pigment. However, the 
evolution of  pattern geometry is complex, and influenced by addi-
tional factors such as body shape. For example, nudibranch mol-
lusks have elongated, elliptical bodies, and so longitudinal stripes 
emphasize their primary body axis. In comparison, small, circular 
animals such as ladybirds may evolve spots because they provide 
patterns that replicate their body shape and provide curved edges, 
which run parallel to their circular body outline to enhance con-
spicuousness (Troscianko et al. 2017).

We used wild caught fish and therefore unfortnuately cannot 
account for their prior experience of  colored stimuli, which may 
have influenced our results. However, we are unaware of  apose-
matic species at the collection site of  our fish with color patterns 
similar to those used in our experiment. Ideally, it would have been 
preferable to use wild caught reef  fish raised from light-trapped lar-
vae; however, large fish such as triggerfish are rarely caught using 
such methods (Thorroid 1992). Our sample sizes were relatively 
small (n  =  7–10 per group, total  =  58 fish), which was the maxi-
mum number that could be housed and trained in separate aquaria 
simultaneously. However, for pairs where a nonsignificant result was 
expected, the results were very similar between groups (between 
“Circles”: Group E and F, P = 0.554) and for Groups A, C, E, and 
F, P = 0.36), and so we were unlikely to get a significant result with 
a larger sample size.

In conclusion, we have provided evidence that warning signals 
that display increased internal pattern edges, provided by spots, 
stripes, or circles, improve predator avoidance learning. Our 
research provides new insights into the value and function of  pat-
terns in warning signals and has important implications for signal 
evolution and pattern geometry. Understanding how signal receiv-
ers respond to different components of  visual signals will help us to 
reveal how complex color signals evolve and are maintained.
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