This is a pre-copyedited, author-produced version of an article accepted for publication in [insert journal title] following peer review. The version of record
[insert complete citation information here] is available online at: https://academic.oup.com/beheco/advance-article/doi/10.1093/beheco/arab032/6279615.

1

10

11

12

13

14

15

16

17

18

19

20

21

22

Habitat disturbance alters color contrast and the detectability of cryptic and aposematic frogs

Barnett, James; Varela, Brandon; Jennings, Ben; Lesbarreres, David; Pruitt, Jonathan N; Green, David

ABSTRACT

Animals use color both to conceal and signal their presence, with patterns that match the background,
disrupt shape recognition, or highlight features important for communication. The forms that these color
patterns take are responses to the visual systems that observe them and the environments within which
they are viewed. Increasingly, however, these environments are being affected by human activity. We
studied how pattern characteristics and habitat change may affect the detectability of three frog color
patterns from the Bocas del Toro archipelago in Panama: Beige-Striped Brown Allobates talamancae and
two spotted morphs of Oophaga pumilio, Black-Spotted Green and Black-Spotted Red. To assess
detectability, we used visual modeling of conspecifics and potential predators, along with a computer-
based detection experiment with human participants. Although we found no evidence for disruptive
camouflage, we did find clear evidence that A. talamancae stripes are inherently more cryptic than O.
pumilio spots regardless of color. We found no evidence that color pattern polytypism in O. pumilio is
related to differences in the forest floor between natural sites. We did, however, find strong evidence that
human disturbance affects the visual environment and modifies absolute and rank order frog detectability.
Human-induced environmental change reduces the effectiveness of camouflage in A. talamancae, reduces
detectability of Black-Spotted Green O. pumilio, and increases chromatic contrast, but not detectability, in
Black-Spotted Red O. pumilio. Insofar as predators may learn about prey defenses and make foraging
decisions based on relative prey availability and suitability, such changes may have wider implications for

predator-prey dynamics.
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LAY SUMMARY

Color patterns are used by animals to conceal, or signal, their presence, but the distinction between
camouflage and conspicuousness is often dependent on the background. We found that the absolute, and
rank-order, detectability of leaf litter frogs at a site of increased human activity differed from that at an
adjacent undisturbed site. These changes to detectability may affect the efficacy of individual defensive

strategies but may also influence how predators forage on multiple prey types.
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INTRODUCTION

Color forms an important aspect of the lives of many different species (Cuthill et al., 2017): camouflage
allows animals to evade detection (Cott, 1940; Endler, 1978; Cuthill, 2019), aposematism warns predators
to stay away (Poulton, 1890; Cott 1940; Mappes et al., 2005; Stevens and Ruxton, 2012), and sexual
displays attract mates and intimidate rivals (Darwin 1871; Andersson, 1994; Weaver et al., 2017). These
colors, both cryptic and conspicuous, evolve as a product of the visual systems that observe them and the
backgrounds against which they are viewed (Stevens, 2007; Merilaita et al., 2017). The efficacy of
camouflage in particular often depends on specific background features (Troscianko et al., 2016; Michalis
etal., 2017), but conspicuous signals can also be affected by their surroundings (Gamberale-Stille, 2001;

Aronsson and Gamberale-Stille, 2009; Honma et al., 2015).

The perception of animal coloration can be described in relation to the processing of chromatic (hue) and
achromatic (luminance/brightness) information, as well as the structural arrangement of different pattern
components that may vary in spatial frequency (size), symmetry, and orientation (Troscianko et al., 2009;
Cuthill et al., 2017). In background matching camouflage, the signal-to-noise ratio between animal and
background characteristics is minimized with color and patterning that matches common features of the
background (Endler, 1978; Michalis et al., 2017; Cuthill, 2019). Disruptive camouflage, on the other
hand, prevents detection with high contrast patterns that differentially blend into the background and
break up the outline of otherwise recognizable features (Stevens and Cuthill, 2006; Stevens and Merilaita,
2009; Cuthill, 2019). In both instances, camouflage is most effective when hue and brightness are drawn
from the background distribution of colors (Stevens and Merilaita, 2009; Michalis et al., 2017). However,
whereas background matching is most effective when matching common background features, disruptive
coloring often favors patterns that maximize contrast between pattern elements (Schaefer and Stobbe,
2006; Stevens et al., 2006; Cuthill et al., 2006; Barnett et al., 2016; Michalis et al., 2017; Phillips et al.,

2017).
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In aposematic signals, higher contrast against the background and between pattern components, is often
associated with higher detectability and more effective avoidance learning by potential predators
(Forsman and Merilaita, 1999; Forsman and Herrstrom, 2004; Aronsson and Gamberale-Stille, 2008).
The arrangement of pattern, however, may blur the distinction between cryptic and aposematic signals.
For instance, recognizable patterns can be aversive even without conspicuous colors (Wdster et al., 2004;
Valkonen et al., 2011), high contrast aposematic patterns can act as disruptive camouflage in certain
microhabitats (Honma et al., 2015), and when viewed from a distance high contrast patterning may blend
together to match the background (Marshall, 2000; Tullberg et al., 2005; Bohlin et al., 2012; Caro et al.,

2013; Barnett and Cuthill, 2014; Barnett et al., 2018).

Visual ecology, therefore, depends on a complex interaction between animal coloration and the
environmental features that form the visual background. Increasingly, however, human activity is
interfering with these processes and altering the background against which animals are observed
(Kettlewell, 1955; Mills et al., 2013; Zimova et al., 2016; Delhey and Peters, 2017; Walton and Stevens,
2018; Guiden et al., 2019; Spaniol et al., 2020). For example, the influence of humans on the visual
environment has been well illustrated by the classic evolutionary study of industrial melanism in the
peppered moth (Biston betularia; Kettlewell, 1955; Walton and Stevens, 2018), but such changes are also
seen as rising temperatures alter the extent and duration of snow cover (Imperio et al., 2013; Mills et al.,
2013; Zimova et al., 2016; Atmeh et al., 2018) and increase the frequency of coral bleaching events

(Coker et al., 2009).

The Neotropical poison frogs (Dendrobatidae) have become a model system for understanding visual
ecology due to their highly variable, and often very conspicuous, color patterns and their possession of
alkaloid toxins (Summers and Clough, 2001; Siddigi et al., 2004; Roberts et al., 2007; Wang and Shaffer,
2008; Hoogmoed and Avila-Pires, 2012; Yeager et al., 2012; Twomey et al., 2016; Rojas, 2017). One
species, Oophaga pumilio, exhibits an extreme degree of color variation in the Bocas del Toro

archipelago in Panama. Throughout these islands, O. pumilio has diversified into both conspicuous and
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cryptic color forms through interactions between genetic drift, sexual selection, and predation risk
(Summers et al., 1999; Siddiqi et al., 2004; Reynolds and Fitzpatrick, 2007; Saporito et al., 2007; Maan
and Cummings, 2008, 2009, 2012; Richards-Zawacki et al., 2012; Crothers and Cummings, 2015; Yang
et al., 2019). Conversely, co-occurring frogs in the closely related family Aromobatidae are
predominantly non-toxic and cryptic in color, despite sharing many features of their morphology,
behavior, and habitat requirements with dendrobatids (Grant et al., 2006; Grant et al., 2017; Mebs et al.,

2018).

Here, we examine how the interaction between frog coloration and background characteristics affects the
visual ecology of terrestrial frogs in the Bocas del Toro archipelago, using the non-toxic, Beige-Striped
Brown Allobates talamancae (Aromobatidae), and two allopatric color morphs of the toxic O. pumilio
(Dendrobatidae): Black-Spotted Green from Isla Col6n and Black-Spotted Red from Isla Bastimentos.
Previous studies comparing the color and behavior of O. pumilio generally support the notion that,
although both morphs are chemically defended, red morphs utilize aposematism whereas green morphs
are cryptic (Prohl and Ostrowski, 2011; Rudh et al., 2012; Rudh, 2013; Segami Marzal et al., 2017). The
frogs’ natural habitats are, however, exposed to human activity, including tree removal and the
introduction of banana crops, that may alter the natural perception of frog coloration (Spalding, 2013;

Guiden et al., 2019).

By photographing frogs and their natural leaf litter backgrounds on Isla Col6n and Isla Bastimentos, as
well as the leaf litter at a site of increased human activity on Isla Colon in which frogs were also present,
we sought to examine the role of pattern and habitat in producing frog camouflage or conspicuousness.
We measured the perceived contrast between the frogs and the three habitats with models of predator and
conspecific vision, in conjunction with a computer-based detection experiment with human participants
designed to assess whether these findings corresponded to differences in detectability. In particular, we
were interested in whether patterning reduced detection through disruptive camouflage or through

distance-dependent pattern blending, whether the polytypic color patterns of O. pumilio were specialized
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towards particular local background characteristics, and whether human disturbance of habitats alters frog
detectability. We predicted i) that high contrast patterning combined with cryptic colors would act as
disruptive camouflage, ii) that the mean colors of the frogs would match the background and be
camouflaged when viewed from a distance, iii) that as camouflage and conspicuous signaling are both
affected by background features cryptic O. pumilio would be more cryptic, and conspicuous O. pumilio
more detectable, at their local sites than at alternate sites, and iv) that as camouflage is particularly

dependent on background characteristics habitat disturbance would make cryptic frogs more detectable.

MATERIALS AND METHODS

Image analysis

Photography

In May-June 2017, we photographed similarly sized, terrestrial leaf litter frogs and their natural habitats
in the Bocas del Toro archipelago, Republic of Panama (Figure 1). On Isla Col6n, we photographed 10
non-toxic Beige-Striped Brown A. talamancae (SVL [+ SD] = 20.93 + 2.86 mm) and 10 of the Black-
Spotted Green color form of the toxic O. pumilio (SVL = 18.28 + 1.89 mm). On Isla Bastimentos, we
photographed 10 of the Black-Spotted Red color morph of O. pumilio (SVL = 18.28 + 1.89 mm). We also
photographed both the natural rainforest leaf litter of Isla Col6on (n = 40) and Isla Bastimentos (n = 35), as
a well as the leaf litter at a site of disturbed habitat, that included banana crops, adjacent to the Isla Colén
forest (n = 40). These background photographs were taken at ~1-2 m intervals along non-linear transects

through the habitat, and each was orientated to capture an unobscured section of the forest floor.

Each photograph was taken from a height of 50 cm with a Canon EOS Rebel T5i DSLR and Canon EF-S
18-55 mm IS STM lens (Canon Inc., Tokyo, Japan) and all images contained a ColorChecker Passport
(X-Rite Inc., Grand Rapids, MI, USA). We set the aperture to 8, the focal length to 30 mm, manually
adjusted the shutter speed (to avoid under or over exposed regions) and saved all files in RAW format. As

UV irradiance is minimal below the canopy (Théry, 2001) and there is no significant UV reflectance from
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either the frogs or the leaf litter (Summers et al., 1999; Siddigi et al., 2004; Maan & Cummings, 2009;
Flores et al., 2013; Chaves-Acufia et al., 2020; Yeager & Barnett, 2020), we did not include ultraviolet
light. For analysis we selected the dorsal pattern of each frog from its image and a randomly located

square region of interest from each of the background images covering ~200 mm? of the leaf litter.

Visual modeling

To quantify how easily the frogs’ colors and patterns could be distinguished from the different
backgrounds, we used visual modeling. We modelled bird vision to assess how coloration may act as a
defense, O. pumilio vision to measure how differences in habitat may affect sexual signals, and human

vision to enable more intuitive interpretation of the image analysis and detection data.

We created a custom camera linearization profile using the 9% and 59% reflectance tiles from the
ColorChecker Passport and then converted each linearized photograph into relative cone capture rates
using the MICA toolbox (Troscianko and Stevens, 2015) in ImageJ v1.52k (Schneider et al., 2012). The
modeling protocol was repeated for the three visual systems: tetrachromatic Indian peafowl (Pavo
cristatus: Amax LWS = 605, MWS =537, SWS =477, VS = 432, and double cones = 567 nm (Hart,
2002)), trichromatic O. pumilio (Amax LWS =561, MWS = 489, and SWS = 466 nm (Siddiqi et al.,
2004)), and trichromatic human (Amax LWS = 564, MWS =534, and SWS = 420 nm (Smith and Pokorny,

1975)).

We calculated chromatic (hue) and achromatic (luminance) contrast using the receptor noise limited
visual discrimination model implemented through the MICA toolbox (Vorobyev and Osorio, 1998;
Troscianko and Stevens, 2015). All Weber fractions, estimates of intrinsic photoreceptor noise, were set
at 0.05 (Siddiqi et al., 2004; Maan and Cummings, 2012). The model generated ‘just noticeable
differences’ (JNDs), a measure of visual contrast in which higher values indicate that colors are more
likely to be discerned from each other. JNDs of <1 suggest that two colors are unlikely to differentiated

even under ideal lighting conditions, values between 1 and 3 are a close match and difficult to distinguish



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

under natural lighting conditions, and values >3 are increasingly likely to be differentiated (Vorobyev and

Osorio, 1998; Nokelainen et al., 2019).

We calculated INDs of chromatic contrast in a pairwise manner between each background and the frogs’
base colors (BC), stripe or spot colors (SC), and the mean color (MC) of each frog. The base colors
occupied the greatest area on the frog’s body, with A. talamancae = brown, Black-Spotted Green O.
pumilio = green, and Black-Spotted Red O. pumilio = red. Whereas, the stripe/spots colors were A.
talamancae = beige, Black-Spotted Green O. pumilio = black, and Black-Spotted Red O. pumilio = black.
To assess the effect of habitat change, we compared each frog to the background at their native site (i.e.
A. talamancae and Black-Spotted Green O. pumilio to Isla Colédn forest and Black-Spotted Red O.
pumilio to Isla Bastimentos forest) and to the disturbed habitat on Isla Colén. To investigate local
adaptation in polytypic O. pumilio, we also compared each O. pumilio morph to the natural background of
the other, i.e. “Allopatric”, morph. The avian and human visual models used all three frog color patterns,
but for the O. pumilio visual model, we only used the two O. pumilio morphs to investigate intraspecific

communication.

We analyzed achromatic contrast and pattern matching (Fast Fourier bandpass filtering - granularity
analysis) using the luminance channels of each visual model (avian = double cone, O. pumilio = LWS,
and human = (LWS+MWS)/2). We generated JNDs of achromatic contrast using the mean luminance
response from each region of interest (BL = base luminance; SL = stripe/spot luminance; ML = mean
luminance) with the same pairwise comparisons as described for chromatic contrast. We measured pattern
energy, the standard deviation of the pixel values at each filter size, by doubling the wavelength at each
step along eight filter bands from 2 px (~ 0.07 mm) to 256 px (~ 9 mm), which was the approximate
width of the frogs, in the MICA toolbox. To compare how well each frogs’ patterning matched the
background pattern, we calculated the area between the spatial frequency curves for each frog-

background pair using a piecewise linear function (‘approxfun’ function) in R 3.6.1 (R Core Team, 2019).
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Smaller values indicated a closer match between frog and background patterning across the spatial

frequency range.

To assess how background affected visual contrast, we analyzed chromatic contrast, log-transformed
achromatic contrast, and the area between pattern energy curves, as the response variables in a series of
general linear mixed effects models in R 3.6.1 using R package Ime4 (Bates et al., 2014; R Core Team,
2019). Each of these models included background type as a fixed effect and both frog ID and background
ID as random factors. We performed pairwise Tukey tests to compare the natural background to the
alternative habitats (Disturbed and Allopatric) and adjusted p-values using the single-step method using R

package multcomp (Hothorn et al., 2008).

Detection

Detection stimuli

To assess how differences in visual contrast corresponded to detectability we ran a computer-based
detection experiment using human participants. Using humans as surrogate predators enabled us to
measure detectability under controlled conditions, without the potentially confounding factor of target
avoidance. Humans are unlikely to be a natural selective force on frog coloration and do differ in visual
processing from the frogs’ natural predators (Kelber 2019; Hauzman 2020), however, there are important
similarities in visual perception and in direct comparisons of target detectability humans and birds have
repeatedly been shown to respond in similar ways when UV reflectance is minimal (Troscianko et al.,
2009; Olsson et al., 2015; Barnett et al., 2016; Xiao and Cuthill, 2016; Barnett et al., 2018; Barnett,
Michalis et al., 2020; Kjernsmo et al. 2020). In this experiment, we manipulated frog color patterns to test
how the arrangement of pattern components may act as either camouflage or salient signaling. We also
manipulated the background both to test for local adaption in O. pumilio and to assess to how

anthropogenic changes may affect detection.
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To create the stimuli, we first cropped the dorsal pattern (without legs) of each frog and the square
regions of each background used in the visual modeling from the standardized photographs (Figure 1). To
allow for pattern manipulations, we standardized the colors of each individual frog into two classes using
k-means clustering in MATLAB 2017a. The centroids of each cluster were then used to recolor specific
pattern regions of the frogs. We created a total of seven different pattern manipulations (A, B, C, D, E, F,
and G) that were applied to the three different frogs (1 = A. talamancae; 2 = Black-Spotted Green O.

pumilio, and 3 = Black-Spotted Red O. pumilio).

For our baseline control, we recreated the natural patterns of each frog with its standardized colors
(Treatment Al: brown with beige stripes, Treatment A2: green with black spots, and Treatment A3: red
with black spots). Next, to assess how the ratio of color components affected detectability, we reversed
these pattern regions (Treatment B1: beige with brown stripes, Treatment B2: black with green spots, and
Treatment B3: black with red spots). Then, to investigate how the presence of pattern affected detection,
we removed the frog’s pattern to leave the base colors (Treatment C1: plain brown, Treatment C2: plain
green, and Treatment C3: plain red). Next, as adjacent patches of color will be summed perceptually into
an average color when viewed from a distance, we used the mean colors of the frogs and the backgrounds
to test for distance-dependent camouflage. In a fourth treatment, we recolored each frog with its mean
color (Treatments D1-D3), and in a fifth treatment, we recolored each frog with the mean color from a
randomly selected photograph of the its natural background: Isla Coldn forest for A. talamancae
(Treatment E1) and Black-Spotted Green O. pumilio (Treatment E2), and Isla Bastimentos forest for
Black-Spotted Red O. pumilio (Treatment E3). Sixth, to represent random sample background matching
and evaluate camouflage efficacy, we used the shape of each frog to crop a random section from a
randomly selected patch of the frog’s natural forest (Treatments F1-F3). The A. talamancae and Black-
Spotted Green O. pumilio replicates of Treatments E and F were both sampled from the same pool of
background images but were included to control for any differences in size or shape between frog types.

Finally, to investigate how pattern and color interact, in the seventh treatment, we swapped the colors

10
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between the sympatric Beige-Striped Brown A. talamancae and the Black-Spotted Green O. pumilio

(Treatment G1: green-and-black stripes and Treatment G2: brown-and-beige spots).

These various frog treatments were then combined with the photographs of the background to create a
series of experimental stimuli. All frog treatments (A-G) were combined with their natural backgrounds
(Natural): A. talamancae and Black-Spotted Green O. pumilio with Isla Coldn forest, and Black-Spotted
Red O. pumilio with Isla Bastimentos forest. To investigate how habitat disturbance may affect
detectability, the natural patterns of each frog type (Treatments A1-A3) were also combined with the
disturbed habitat (Disturbed), and to examine local adaptation in O. pumilio, the natural patterns of the
green and red morphs (Treatments A2-A3) were each combined with the other’s natural background

(Allopatric).

For each of the human participants, we randomly selected five of each type of frog and all the stimuli
made using these individuals (n = 125 / participant). As the number of Isla Colén stimuli (75) was larger
than the number of background photographs (40), we randomly reselected 35 background photographs
and rotated each by 90° in a randomly selected direction. Each frog was then added to the background at a
random location (excluding a margin equal to the length of the frog) and with a randomly selected
orientation (integer values between 1 and 360). To remove edge artifacts, a Gaussian filter of one standard
deviation was applied to each image. Frog and background selection, background rotation, and frog

placement were randomized separately for each participant, such that all stimuli were unique.

Detection protocol

Twenty human participants, with normal or corrected to normal vision, were tasked with searching for the
frogs on a 13” MacBook Air (Apple Inc., Cupertino, CA, USA, 2018). Each image was presented at 150
x 150 mm, frogs were ~15 mm long, and participants sat ~0.5 m away from the screen. Consequently,
scenes and frogs occupied ~17°00” and ~1°40” of visual angle respectively. All images contained a frog

and each participant was shown a single block of all 125 stimuli in an individually randomized sequence.
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All clicks within a circle centered on the frog with a diameter of the frog’s length plus 10% were
classified as correct. Likelihood of detection (i.e. Detection Probability, DP) and time taken to click on

the frog (i.e. Reaction Time, RT) were recorded in Psychtoolbox (Brainard, 1997) in MATLAB 2017a.

Detection analysis

Using R package Ime4 (Bates et al., 2014), we analyzed Detection Probability with a binomial generalized
linear mixed effects model (with niminb optimizer from package optimx (Nash & Varadhan 2011)) and
analyzed log transformed Reaction Time with a general linear mixed effects model. Both models included
stimulus type as a fixed effect and participant number as a random effect. Pairwise Tukey tests,
prespecified to test particular hypotheses, were conducted in R package emmeans (Lenth, 2019), and as

the number of comparisons was equal to the degrees of freedom, p-values did not need to be adjusted.

To investigate whether O. pumilio color patterns were best matched with particular local background
characteristics, we first compared the detectability of the natural pattern of each color morph between its
Natural and Allopatric forests (Natural vs. Allopatric for Treatments A2 and A3). Second, to assess how
environmental change may affect the camouflage/signal efficacy of each frog, we compared the frogs’
natural patterns between the Natural and Disturbed habitats (Natural vs. Disturbed for Treatments Al, A2,
and A3). Third, to assess how habitat change may affect relative detectability, we then compared the
natural patterns of the sympatric A. talamancae and Black-Spotted Green O. pumilio both in their native
forest (Treatments Al vs. A2 in Natural) and in the disturbed habitat (Treatments Al vs. A2 in

Disturbed).

To investigate how different pattern components affected detection, we compared the natural patterns to
the reversed patterns (Treatments A vs. B in Natural) and to the patternless treatment (Treatments A vs. C
in Natural). To evaluate the potential for distance-dependent pattern blending camouflage, we compared
the natural pattern of each frog to random sample background matching (Treatments A vs. F in Natural)

and the mean frog colors to the mean background colors (Treatments D vs. E in Natural). Finally, to

12



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

2901

292

293

294

295

determine how color affected pattern saliency, we compared brown-and-beige stripes to green-and-black
stripes (Treatment Al vs. G1 in Natural), brown-and-beige spots to green-and-black spots (Treatment G2

vs. A2 in Natural), and brown-and-beige spots to red-and-black spots (Treatment G2 vs. A3 in Natural).

RESULTS

Image analysis

Hue and brightness

When using the avian visual model, we found a significant interaction between species and habitat type
for the chromatic and achromatic contrast of each frogs’ base, pattern, and mean colors. We thus analyzed
the effect of habitat on chromatic and achromatic contrast separately for each species and conducted
pairwise tests to investigate habitat specificity in relation to anthropogenic change and local adaptation
(Figure 2; Tables 1 & 2). The general trends outlined below were also observed when using the O.
pumilio and human visual models although perceived chromatic contrast was consistently lower

(Supplementary Material: Tables S1-S4 and Figures S1-S2).

Habitat disturbance

The pattern of A. talamancae is made up of a dark brown base with two beige dorsolateral stripes. We
found that both of the natural colors (BC and SC) of A. talamancae, as well as the mean color (MC), were
significantly closer matches to the Natural forest than to the Disturbed habitat in chromatic contrast.
However, in achromatic contrast, the brown base (BL) was a closer match to the Natural background, the
beige stripes (SL) were closer to the Disturbed site, and there was no difference between backgrounds for

the mean luminance (ML) (Figure 2; Tables 1 & 2).

The Black-Spotted Green O. pumilio has a pattern consisting of a green base with irregular black spots.
We found that the green base color was significantly more distinct from the Natural forest than from the

Disturbed habitat in both chromatic (BC) and achromatic (BL) contrast. Whereas the black spots were a
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closer match to the Natural forest in chromatic (SC) and achromatic (SL) contrast. With the mean color,
however, we did not find any difference between the Natural and Disturbed areas in chromatic contrast
(MC) but we did find that achromatic contrast (ML) was significantly higher in the Natural forest (Figure

2; Tables 1 & 2).

Black-Spotted Red O. pumilio have a red base color covered with irregular black spots. All pattern
components were a closer match to the Natural forest than to the Disturbed habitat in chromatic contrast
(BC, SC, and MC), but achromatic contrast (BL, SL, and ML) was not significantly different between

habitats (Figure 2; Tables 1 & 2).

Local adaptation in Oophaga pumilio

We found that, for the Black-Spotted Green O. pumilio, there was no difference in the chromatic contrast
of the green base color (BC) between Natural and Allopatric sites, but achromatic contrast (BL) was
significantly higher in the Natural forest. Conversely, the black spots were a closer match to the Natural
forest in both chromatic (SC) and achromatic contrast (SL). Whereas, for the mean color, there was no
significant difference in chromatic contrast (MC), but achromatic contrast (ML) was significantly higher

in the Natural habitat (Figure 2; Tables 1 & 2).

For the Black-Spotted Red O. pumilio the chromatic and achromatic contrast of the red base and mean
color (BC, BL, MC, and ML) were both significantly lower in the Natural forest than in the Allopatric
forest. The black spots, however, were not significantly different in chromatic contrast (SC) between

backgrounds, but we did find achromatic contrast (SL) to be significantly higher in the Natural habitat

(Figure 2; Tables 1 & 2).

Pattern analysis

Using the avian visual model, we found a significant interaction between species and habitat type (%2 =

265.41, df = 3, p < 0.001; Figure 3) when comparing pattern contrast between the frogs and the three
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habitats. When we examined the main effects of habitat and species separately, we found a significant

effect of species (y? = 26.33, df = 2, p < 0.001) but no significant effect of habitat type (x> = 0.89, df = 2,
p = 0.642), enabling us to remove habitat type from further analysis. The striped pattern of A. talamancae
was significantly more similar to the background than the spotted patterns of the Black-Spotted Green O.
pumilio (z = -5.23, p < 0.001) and the Black-Spotted Red O. pumilio (z = -5.60, p < 0.001). There was no
significant difference between the patterns of Black-Spotted Green O. pumilio and Black-Spotted Red O.
pumilio (z = -0.37, p = 0.926). The same trends were found with the human and O. pumilio visual models

(see Supplementary Material).

Detection

We found a significant effect of treatment on Reaction Time (y? = 749.63, df = 24, p <0.001) and on
Detection Probability (x* = 384.31, df = 24, p < 0.001). We therefore conducted pairwise comparisons to
test specific hypotheses regarding two wider themes: i) habitat specificity (local adaptation and the effect
of anthropogenic change; Figure 4), and ii) the role of pattern in detectability (pattern distribution, pattern

blending, and the interaction between color and pattern; Figures 5-6).

Habitat specificity

We found no evidence of local adaptation in O. pumilio, as there was no significant difference in
detectability between the Natural and Allopatric backgrounds for either Black-Spotted Green O. pumilio
(A2 in Natural vs A2 in Allopatric — RT: t =0.10, p > 0.999, DP: z = 0.34, p > 0.999) or Black-Spotted

Red O. pumilio (A3 in Natural vs A3 in Allopatric — RT: t=0.57, p >0.999, DP: z = 1.13, p = 0.999).

We found that A. talamancae were significantly more detectable in Disturbed habitat compared to Natural
habitat (Al in Natural vs Al Disturbed — RT: t = 3.60, p = 0.008, DP: z = -3.96, p = 0.002) but that co-
occurring Black-Spotted Green O. pumilio were significantly harder to find in the Disturbed habitat
compared to Natural habitat (A2 in Natural vs A2 Disturbed — RT: t=-3.19, p = 0.035, DP: z=2.02,p =

0.652). Compared to Black-Spotted Green O. pumilio, A. talamancae were detected significantly more
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slowly and less accurately in the Natural forest habitat (Al in Natural vs A2 Natural — RT: t =-6.61, p <
0.001, DP: z = -3.92, p = 0.002), but there was no difference in detectability in the Disturbed habitat (Al
in Disturbed vs A2 Disturbed — RT: t = 0.18, p > 0.999, DP: z = -2.27, p = 0.429). In contrast to the
Black-Spotted Green morph, however, there was no significant difference in the time taken to find Black-
Spotted Red O. pumilio between its Natural forest and the Disturbed habitat (A3 in Natural vs A3 in

Disturbed — RT: t =-0.53, p > 0.999, DP: z = 0.46, p > 0.999).

Pattern manipulations

We found that there was no significant difference in detectability between the natural and reversed
patterns for any of the three frogs: A. talamancae (Alvs B1 - RT:t=-1.41, p=0.984, DP:z=0.81,p >
0.999), Black-Spotted Green O. pumilio (A2 vs B2 - RT: t =-2.63, p =0.186, DP: z = 1.42, p = 0.983),
and Black-Spotted Red O. pumilio (A3 vs B3 - RT: t=-0.54, p>0.999, DP: z = 1.62, p = 0.931). The
presence/absence of beige stripes on brown A. talamancae also had no effect on detectability (Al vs C1 -
RT:t=-1.59, p=0.942, DP: z=0.81, p > 0.999). However, the presence of black spots significantly
decreased the time taken to find Black-Spotted Green O. pumilio (A1 vs C2 - RT: t=-4.82, p < 0.001,
DP: 3.70, p = 0.005) even though this had no discernable effect on the Black-Spotted Red O. pumilio (A3

vs C3 - RT: t=0.43, p > 0.999, DP: z = 1.39, p = 0.987).

The natural pattern of each frog was detected significantly more quickly and more accurately than random
sample background matching: A. talamancae (Al vs F1 - RT:t=-5.71, p <0.001, DP: z=2.60, p =
0.202), Black-Spotted Green O. pumilio (A2 vs F2 - RT: t=-13.96, p < 0.001, DP: z = 6.62, p < 0.001),
and Black-Spotted Red O. pumilio (A3 vs F3 - RT: t=-13.16, p <0.001, DP: z =5.93, p < 0.001). We
found no difference in Reaction Time and Detection Probability between the mean color of the
background and the mean colors of either A. talamancae (D1 vs E1 - RT: t=-1.85, p=0.795, DP: z =
0.33, p > 0.999) or Black-Spotted Red O. pumilio (D3 vs E3 - RT: t=-2.97, p=0.070,DP:z=2,43,p =

0.307), although the level of significance for this color pattern was marginal. By contrast, the mean color
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of the Black-Spotted Green O. pumilio was found significantly more quickly than the mean of the

background (D2 vs E2 - RT: t = -4.26, p < 0.001, DP: z = 2.31, p = 0.395).

Spots were more conspicuous than stripes regardless of their color, with participants taking longer to
detect brown-and-beige stripes than brown-and-beige spots (Al vs G2 - RT: t =3.93, p =0.002, DP: z = -
2.74, p = 0.139). Similarly, green-and-black stripes were detected significantly more slowly than the
green-and-black spots (A2 vs G1 - RT: t =-3.18, p = 0.036, DP: z = -2.20, p = 0.492). Green was found to
be a more conspicuous color than brown. However, whereas stripe color affected detectability, with
brown-and-beige stripes being more cryptic than green-and-black stripes (A1 vs G1 - RT:t=3.43,p =
0.015, DP: z = -2.35, p = 0.368), there was no significant difference between brown-and-beige spots and
either the green-and-black spots (G2 vs A2 - RT: t =-2.68, p = 0.164, DP: z = 1.83, p = 0.809) or the red-

and-black spots (G2 vs A3 - RT:t=2.72, p =0.147, DP: z = -2.34, p = 0.377).

DISCUSSION

Our analyses reveal that the three different frogs that we studied exhibit three distinct defensive coloration
strategies formed from unique interactions between chromatic, achromatic, and pattern contrast.
Moreover, these different strategies were affected by habitat disturbance in different ways such that

absolute and rank order detectability differed between natural and disturbed habitat.

Under natural conditions, the non-toxic A. talamancae is camouflaged, with its color and patterning both
closely matched to the natural background. The toxic Black-Spotted Red O. pumilio, meanwhile,
advertises its presence with color and pattern that are both, independently, highly salient. In contrast,
Black-Spotted Green O. pumilio, which are also toxic, were detected quickly despite displaying colors

that closely matched the natural background, a result driven by the high saliency of the spotted pattern.

Frog detectability was, therefore, associated with pattern type, with the spotted patterns of both color
morphs of O. pumilio being more distinct from the background than the stripes of A. talamancae

regardless of color. Similar black spots found on several other color morphs of O. pumilio are also highly
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salient (Qvarnstrom et al., 2014) and serve to reduce predation risk (Preil3ler and Préhl, 2017), an effect
that appears to increase with larger spot size (Hegna et al., 2011; Qvarnstrom et al., 2014; Prei8ler and
Prohl, 2017). Qvarnstrém et al. (2014) showed that Black-Spotted Green O. pumilio were as detectable as
Black-Spotted Red O. pumilio to domestic chickens, whereas although red patternless frogs were as
detectable as spotted frogs, green patternless frogs were significantly harder for the chickens to find. We
found the same, but our data also extend this finding to include the more cryptic colors of A. talamancae,
with no difference in detection being found between red-and-black, green-and-black, or brown-and-beige

spots.

Pattern is an important component of aposematic signaling. For example, predators find larger and more
symmetrical patterns more aversive (Forsman and Merilaita, 1999; Forsman and Herrstrom, 2004) and are
more likely to learn and remember patterns with high internal contrast (Aronsson and Gamberale-Stille,
2012; Green et al., 2018; Halpin et al., 2020). These studies, however, largely focus on artificial targets
presented against simple, unnatural backgrounds at close range, where the prey is always highly
detectable. The impact of pattern on detectability can, however, also depend on context and viewing
distance (Tullberg et al., 2005; Bohlin et al., 2012; Rojas et al., 2014; Honma et al., 2015; Barnett et al.,
2018). Despite the apparent high internal contrast of the three color patterns we examined here, there was
no evidence of disruptive camouflage in any of our frogs. Moreover, although the base colors appear to
cover the largest area of each frog, reversing the pattern had no effect on detection, and the presence of
pattern only affected the detectability of the Black-Spotted Green O. pumilio, where frog color and
patterning had opposing effects on detectability. Yet the mean color of A. talamancae was no more
detectable than the mean color of the background, suggesting that its camouflaged coloring matches the
background when viewed from a distance. However, although the same, was not observed in Black-
Spotted Green O. pumilio, we did find some evidence for distance-dependent camouflage in the Black-
Spotted Red O. pumilio. This effect, however, may only apply to observers with less effective longwave

sensitivity than birds (i.e., for humans and O. pumilio) and more work is needed to understand whether
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distance-dependent signaling is effective under natural conditions with regard to this frog. The presence
of patterning, therefore, seems best explained by background matching camouflage in A. talamancae and

salient signaling in O. pumilio.

We also examined whether the detectability of these color patterns depended on the visual characteristics
of the background. We found no strong evidence to suggest that the detectability of either Black-Spotted
Green or Black-Spotted Red O. pumilio was significantly affected by local variation in the natural
background between islands. These data, therefore, suggest that island specific differences in the visual

background may have had a minimal role in the evolution of polytypism in O. pumilio.

We did, however, find evidence to suggest that a visual environment that is altered by human activity can
affect the detectability of frog coloration. Moreover, this anthropogenic change affected the three
different phenotypes in different ways. In the natural forests, where the ground was covered by a layer of
leaf litter, the brown, striped, A. talamancae was well camouflaged, whereas the sympatric, Black-Spotted
Green O. pumilio, was comparatively conspicuous. At the forest’s edge, however, where human activity
has thinned the canopy, more light is able to penetrate through to the ground allowing for increased
growth of green mosses and herbaceous plants. We found that this greening of the background
undermined background color matching in A. talamancae but increased background color matching in
Black-Spotted Green O. pumilio. Consequently, although under natural conditions A. talamancae was the
more cryptic species, both frogs were equally detectable in the disturbed habitat. Furthermore, habitat
change may have also affected the conspicuous aposematic signal of Black-Spotted Red O. pumilio, but

this effect did not affect detection time, seemingly due to the frogs’ high achromatic and pattern contrast.

Decreasing the efficacy of camouflage has clear implications for otherwise undefended prey. The risk of
predation rises dramatically with increasing detectability (Zimova et al., 2016; Delhey and Peters, 2017;
Atmeh et al., 2018). Conversely, for toxic prey, greater chromatic and achromatic contrast to the

background can increase the speed and accuracy of predator learning of warning signals (Gamberale-
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Stille, 2001; Prudic et al., 2006; Aronsson and Gamberale-Stille, 2009; Stevens and Ruxton, 2012; Halpin
et al., 2020). Thus, our data suggest that habitat disturbance may undermine the camouflage of A.
talamancae, increase aversion learning in Black-Spotted Red O. pumilio, and have diverging effects on
Black-Spotted Green O. pumilio, where camouflage efficacy may increase but aposematic signaling may
be reduced. Indeed, such changes to visual contrast are also seen in the O. pumilio visual model and
similar effects may apply to important intraspecific signals where high visual contrast is used to mediate
mate choice, intra-sexual conflict, and territorial disputes (Summers et al., 1999; Reynolds and
Fitzpatrick, 2007; Maan and Cummings, 2008, 2009; Crothers and Cummings, 2015; Galeano and Harms,
2016). Poison frogs may be able to behaviorally mitigate some of these effects by selecting particular
microhabitats (Préhl and Ostrowski, 2011; Willink et al., 2014), but the availability of such sites will

likely change as human activity alters the habitat.

Furthermore, beyond the direct effects of changing detectability, community wide shifts may have
broader effects on predator-prey dynamics (Guiden et al., 2019). Predators are frequently faced with a
community of prey that differ in nutritional content, ease of discovery and handling, toxicity, and in
abundance. The structure of the prey community will then affect predator decision-making as predators
trade off the costs and benefits of differently defended prey or alter foraging behavior (Skelhorn et al.,
2016; Skelhorn and Rowe, 2016; Smith et al., 2016; Spaniol et al., 2020). As such, predation risk may
also depend on changes occurring to the detectability and relative frequencies of heterospecifics. Thus, by
altering the rank-order detectability of these frogs, human disturbance could alter the capacity for the

frogs’ predators to quickly learn important color-toxin associations.

It is important to also note that the perception of color contrast is not the only factor that may change in
human modified environments. Poison frogs rely on dietary derived carotenoid pigments and chemical
precursors to synthesize the colors and toxins underlying their aposematic defenses (Saporito et al., 2012;
Crothers et al., 2016). In disturbed habitat, frog diets, color, and alkaloid compaosition may change along

with the availability of their prey (McGugan et al., 2016; Moskowitz et al., 2020; Yeager et al., In
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Review). As predators learn both about the frog’s toxins and coloration (Skelhorn et al., 2016; Skelhorn
and Rowe, 2016; Smith et al., 2016), the delicate balance between detection and avoidance is potentially
disrupted further. Although it is unknown how changes to the interaction between detectability and
alkaloid profiles affects frog survival in the wild, our results highlight that these impacts may not be

safely ignored.

Overall, our analyses suggest that pattern is a major factor underlying differences in the detectability of
three frogs that differ greatly in appearance. However, color emerges as being particularly important in
explaining differences in the detectability of these frogs between different habitats. These findings
correspond to three phenotypes in the context of one instance of habitat disturbance but do highlight how
anthropogenic changes to the forest floor may alter visual contrast and detectability in ways that may
affect the performance of defensive and sexually selected color patterns. In turn, these changes to
detectability may have wide-reaching effects on animal behavior, not only with regard to individual
species but across entire communities as species of all kinds are confronted with changes to their relative

detectability.
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710  Table 1. Visual contrast (JND means + SE) in luminance and hue between frog types and

711  backgrounds according to an avian visual model.

Luminance (Achromatic)

Hue (Chromatic)

Base Stripe/Spot Mean Base Stripe/Spot Mean

Allobates talamancae

Natural 534+022 1524+0.33 4.97+0.17 422+0.11 3.21+0.08 3.05+0.09

Disturbed 8.70+0.22 10.60+0.27 3.74+0.13 5.59 +0.07 4.48 +0.08 4.77 £0.67
Black-Spotted Green Oophaga pumilio

Natural 1040+0.31 597+0.23 6.55+0.23 4.02 £0.07 3.79+0.11 2.62 +£0.07

Disturbed 6.37+0.24 9371024 3.79%0.15 2.54 +0.06 4.94 £0.07 2.29 +£0.06

Allopatric 7.10+£0.28 856+0.27 4.22+0.18 4.38 £0.06 4.71£0.09 3.20 £0.06
Black-Spotted Red Oophaga pumilio

Natural 6.00£0.22 593+0.22 5.16+0.20 8.05+0.20 412 +0.10 5.19+0.17

Disturbed 513+0.19 6.44+020 4.62+0.17 10.21+0.19 5.38 £0.07 7.50+0.17

Allopatric 9.60+0.25 485+0.19 7.70+0.24 9.46 +0.19 3.77+0.11 6.51+0.17
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Table 2. Statistical analysis of achromatic and chromatic contrast from the avian visual model.
Luminance (Achromatic) Hue (Chromatic)
Base Stripe/Spot Mean Base Stripe/Spot Mean
Full Model 1’ = 368.43, %* =199.10, %% =15.90, %% = 868.07, % =129.74, %% =8.25.86,
ull Mode
df =3, p <0.001 df=3,p<0.001  df=3,p=0.001 df =3, p<0.001 df =3, p<0.001 df =3, p <0.001
Allobates talamancae
Model ¥? =25.62, ¥? = 25.52, x? =3.04, x?=10.72, x? =18.29, x? =17.94,
ode
df=1,p<0.001 df=1,p<0001 df=1p=0.081 df=1,p=0001 df=1,p<0001  df=1,p<0.001

Natural vs Disturbed z =-5.46, p <0.001
Black-Spotted Green Oophaga pumilio

x2=25.18,
df = 2, p <0.001

Model

Natural vs Disturbed  z =4.83, p <0.001

Natural vs Allopatric  z=4.15, p<0.001
Black-Spotted Red Oophaga pumilio

%2 =29.75,
df =2, p <0.001

Model

Natural vs Disturbed z=1.11, p=0.429

Natural vs Allopatric  z =-4.20, p <0.001

2=5.45,p < 0.001

%2 = 2555,
df =2, p <0.001

z=-5.08,p <0.001

z=-3.77,p<0.001

¥? = 14.20,
df =2, p <0.001

z=-1.03, p = 0.480

z=2.59,p=0.018

z=1.74,p=0.082

%2 = 22.55,
df =2, p <0.001

z2=4.73,p<0.001

z=3.54,p=0.001

%2 =32.90,
df =2, p <0.001

z=0.41,p<0.882

z=-4.94,p <0.001

z =-3.35, p = 0.001

¥? = 58.26,
df= 2, p <0.001

Z=6.68, p<0.001

z=-156,p=0.206

¥2=39.27,
df =2, p <0.001

z=-6.72,p <0.001

z=-441,p<0.001

z =-4.49, p <0.001

x> =9.84,
df =2, p =0.007

z=-3.00, p =0.005

z=-2.34,p =0.036

x2=19.76,
df=2, p <0.001

z=-3.31,p=0.002

2=0.94,p=0538

z=-4.44,p <0.001

x2=11.73,
df =2, p=0.003

z=1.35p=0.301

z=-2.15,p = 0.058

%2 =52.98,
df =2, p <0.001

z=-8.13, p <0.001

z=-4.65,p<0.001
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Figure 1

Study system: frogs and detection experiment stimuli. Left, frog color forms (top to bottom): Isla Col6n
Allobates talamancae, Isla Colén Black-Spotted Green Oophaga pumilio, and Isla Bastimentos Black-
Spotted Red O. pumilio. Middle, detection experiment treatment designs: A = natural pattern, B =
reversed pattern, C = patternless, D = mean frog, E = mean background, F = background matching, G =
switched colors; 1 = A. talamancae, 2 = Black-Spotted Green O. pumilio, and 3 = Black-Spotted Red O.
pumilio. Right, example stimuli (top to bottom): treatment Al on an Isla Coldn forest background,
treatment A2 on an Isla Colon disturbed background, and treatment A3 on an Isla Bastimentos forest

background.

Figure 2

Image analysis: chromatic contrast (AS) from the avian visual model (JND means + 95% CI from the
model) for each frog (left = Beige-Striped Brown A. talamancae; middle = Black-Spotted Green O.
pumilio; right = Black-Spotted Red O. pumilio) versus each background. Grey dashed lined represent

absolute (1.0) and conservative (3.0) visual discrimination thresholds.

Figure 3

Image analysis: pattern (granularity) analysis from the avian visual model (area between energy curves,
means + 95% CI from the model). Comparing each frog (A. tal = Beige-Striped Brown A. talamancae; O.
pum (G) = Black-Spotted Green O. pumilio; O. pum (R) = Black-Spotted Red O. pumilio) to the
backgrounds. There was no significant effect of background type on pattern contrast, so it was removed
from the model. The striped pattern of A. talamancae was a closer match to the background than the

spotted patterns of O. pumilio.
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Figure 4

Detection experiment: habitat change and local adaption (reaction time (s) means + 95% CI from the
model: left = A. talamancae, middle = Black-Spotted Green O. pumilio, right = Black-Spotted Red O.
pumilio). Human disturbance affected reaction time: in the Disturbed habitat Beige-Striped Brown A.
talamancae were more easily found and Black-Spotted Green O. pumilio were more difficult to find than
they were on their Natural background. Conversely, the Black-Spotted Red O. pumilio were equally
detectable in both Natural and Disturbed habitats. There was no difference between Natural and

Allopatric background for either morph of O. pumilio.

Figure 5

Detection experiment: pattern distribution (reaction time (s) means + 95% CI from the model: left = A.
talamancae, middle = Black-Spotted Green O. pumilio, right = Black-Spotted Red O. pumilio). There
were no differences between Natural and Reversed patterns for any of the frogs. Removing pattern did not
affect detectability for A. talamancae nor Black-Spotted Red O. pumilio, but the presence of spots
decreased reaction time in Black-Spotted Green O. pumilio. All frogs were more detectable than random-
sample background matching, but there was no difference between the mean colors of A. talamancae or
Black-Spotted Red O. pumilio and the mean color of their backgrounds, suggesting these frogs may be
cryptic when viewed from a distance. The mean color of Black-Spotted Green O. pumilio was more

detectable than the mean color of the background.

Figure 6

Detection experiment: interaction between pattern and color (reaction time (s) means + 95% CI from the
model). Brown stripes (Al - natural pattern of Beige-Striped Brown A. talamancae), green stripes (G1 —
switched colors), green spots (A2 - natural pattern Black-Spotted Green O. pumilio), brown spots (G2 —

switched colors), and red spots (A3 = natural pattern of Black-Spotted Red O. pumilio). Spots were a
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757  more conspicuous pattern than stripes regardless of color. Brown stripes were more cryptic than green

758  stripes but there was no difference between differently colored spotted patterns.

759
760
AL ' 51. c1.
Dl. El ‘ F1 .
A2 ’ BZ’ cz.
D2 ’ EZ’ F2 .
A3’ BB. CB‘
D3 . E3 ’ F3 ’
Figure 1
Study system: frogs and detection experiment stimuli. Left, frog color forms (top to bottom): Isla Colén
Allobates talamancae, Isla Colén Black-Spotted Green Oophaga pumilio, and Isla Bastimentos Black-Spotted
Red O. pumilio. Middle, detection experiment treatment designs: A = natural pattern, B = reversed pattern,
C = patternless, D = mean frog, E = mean background, F = background matching, G = switched colors; 1 =
A. talamancae, 2 = Black-Spotted Green O. pumilio, and 3 = Black-Spotted Red O. pumilio. Right, example
stimuli (top to bottom): treatment A1 on an Isla Colén forest background, treatment A2 on an Isla Colén
761 disturbed background, and treatment A3 on an Isla Bastimentos forest background.
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Figure 2
Image analysis: chromatic contrast (AS) from the avian visual model (JND means * 95% CI from the
model) for each frog (left = Beige-Striped Brown A. talamancae; middle = Black-Spotted Green O. pumilio;
right = Black-Spotted Red O. pumilio) versus each background. Grey dashed lined represent absolute (1.0)
762 and conservative (3.0) visual discrimination thresholds.
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Figure 3
Image analysis: pattern (granularity) analysis from the avian visual model (area between energy curves,
means * 95% CI from the model). Comparing each frog (A. tal = Beige-Striped Brown A. talamancae; O.
pum (G) = Black-Spotted Green O. pumilio; O. pum (R) = Black-Spotted Red O. pumilio) to the
backgrounds. There was no significant effect of background type on pattern contrast, so it was removed
from the model. The striped pattern of A. talamancae was a closer match to the background than the
763 spotted patterns of 0. pumilio.
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Figure 4

Detection experiment: habitat change and local adaption (reaction time (s) means £ 95% CI from the

model: left = A. talamancae, middle = Black-Spotted Green O. pumilio, right = Black-Spotted Red O.

pumilio). Human disturbance affected reaction time: in the Disturbed habitat Beige-Striped Brown A.
talamancae were more easily found and Black-Spotted Green O. pumilio were more difficult to find than they
were on their Natural background. Conversely, the Black-Spotted Red O. pumilio were equally detectable in
both Natural and Disturbed habitats. There was no difference between Natural and Allopatric background for

764 either morph of O. pumilio.
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Figure 5

Detection experiment: pattern distribution (reaction time (s) means £ 95% CI from the model: left = A.
talamancae, middle = Black-Spotted Green O. pumilio, right = Black-Spotted Red O. pumilio). There were
no differences between Natural and Reversed patterns for any of the frogs. Removing pattern did not affect

detectability for A. talamancae nor Black-Spotted Red O. pumilio, but the presence of spots decreased

reaction time in Black-Spotted Green O. pumilio. All frogs were more detectable than random-sample

background matching, but there was no difference between the mean colors of A. talamancae or Black-

Spotted Red O. pumilio and the mean color of their backgrounds, suggesting these frogs may be cryptic
when viewed from a distance. The mean color of Black-Spotted Green O. pumilio was more detectable than

765 the mean color of the background.
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Figure 6
Detection experiment: interaction between pattern and color (reaction time (s) means = 95% CI from the
model). Brown stripes (Al - natural pattern of Beige-Striped Brown A. talamancae), green stripes (G1 -
switched colors), green spots (A2 - natural pattern Black-Spotted Green O. pumilio), brown spots (G2 -
switched colors), and red spots (A3 = natural pattern of Black-Spotted Red O. pumilio). Spots were a more
conspicuous pattern than stripes regardless of color. Brown stripes were more cryptic than green stripes but
there was no difference between differently colored spotted patterns.
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