
Article https://doi.org/10.1038/s41467-024-53111-w

Evidence for ecological tuning of anuran
biofluorescent signals

Courtney Whitcher 1 , Santiago R. Ron 2, Fernando Ayala-Varela 2,

Andrew J. Crawford3, Valia Herrera-Alva4, Ernesto Fernando Castillo-Urbina 4,

Felipe Grazziotin 5, Randi M. Bowman 1, Alan R. Lemmon6 &

Emily Moriarty Lemmon 1

Althoughbiologists havedescribedbiofluorescence in adiversity of taxa, there

have been few systematic efforts to document the extent of biofluorescence

within a taxonomic group or investigate its general significance. Through a

field survey across South America, we discover and document patterns of

biofluorescence in tropical amphibians. We more than triple the number of

anuran species that have been tested for this trait. We find evidence for eco-

logical tuning (i.e., the specific adaptation of a signal to the environment in

which it is received) of the biofluorescent signals. For 56.58% of species tested,

the fluorescence excitation peak matches the wavelengths most abundant at

twilight, the light environment in which most frogs are active. Additionally,

biofluorescence emission spans bothwavelengths of low availability in twilight

and the peak sensitivity of green-sensitive rods in the anuran eye, likely

increasing contrast of this signal for a conspecific receiver. We propose an

expanded key for testing the ecological significance of biofluorescence in

future studies, providing potential explanations for the other half of fluor-

escent signals not originally meeting formerly proposed criteria. With evi-

dence of tuning to the ecology and sensory systems of frogs, our results

suggest frog biofluorescence is likely functioning in anuran communication.

Biofluorescence—an organism’s ability to absorb light and re-emit it at

a longerwavelength (i.e., a biological organism’s ability to fluoresce1)—

occurs in a range of taxa, including insects, plants, fishes, and reptiles2

butwasonly recently discovered in amphibians3. Across the tree of life,

fluorescence acts as a signal of sexual attractiveness in birds4 and

spiders5 and correlates with organism condition in plants6–9 and

mammals8. Additionally, it is hypothesized to signal resource attrac-

tiveness of flowers to bees10, to contribute to species recognition in

copepods11, and to facilitate camouflage in reef fishes12. Amphibian

biofluorescence has been identified in multiple anuran families, but

reports are taxonomically sparse, with descriptions of fluorescence in

only a handful of species13–19. While there is speculation on the function

of fluorescence in amphibians, empirical tests are lacking16–19.

Biofluorescence has been proposed in amphibians to act as a

visual signal to potential mates, predators, or other receivers16–19.

According to the sensory drive hypothesis, natural selection should

favor signals that maximize the received signal relative to background

noise20–22. Sensory drive should lead to evolutionary coupling of sen-

sory systems, signals, signaling behavior, and habitat choice20. With

regard to visual signals such as biofluorescence, the coloration of an
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organism’s signal is predicted to depend on the spectrum of the

ambient light in the environment23. Unlike reflected coloration, fluor-

escent signals are dynamic because the chemicals that produce bio-

fluorescence (fluorophores) manipulate the light present in the

environment, absorbing light at one wavelength and re-emitting it at a

longer wavelength1. Hence, fluorescing organisms are not limited to

only reflecting the color of light available in the environment. Variation

in the excitation and emission colors of biofluorescence, with varying

fluorophore chemicalmechanisms, has evolvedboth across andwithin

taxonomic groups2,24. This innate multidimensionality of bio-

fluorescence may enhance evolutionary lability of this trait, enabling

fluorescent organisms to respond rapidly to selection within specific

abiotic and biotic environments.

Since macroscopic biofluorescence was discovered in frogs in

20173, new accounts have documented the trait in all three orders of

amphibians18 and described emission patterns that range from body-

wide13,14 to localized patches15–18. These studies employed excitation light

within the 365–460nm range (ultraviolet, violet, or blue light), obtaining

results that varied in the presence and intensity of any fluorescent sig-

nals, depending upon the light source, species, and particular study13–18.

Under this excitation range, species produced biofluorescent emissions

in the 450–550nm range (blue to green visual light13–19). Although stu-

dies have suggested that amphibian biofluorescence could increase

perception of conspecific individuals in low-light environments like the

twilight period3,18, these predictions have not been tested.

Four criteria have been proposed for demonstrating that bio-

fluorescencemay function in signaling25. First, the fluorescent pigment

will absorb the dominant wavelengths of light found in the environ-

ment. Second, the fluorescencewill be viewed by the receiver against a

contrasting background environment. Third, organisms viewing the

fluorescence will have spectral sensitivity in the fluorescent emission

range, allowing the fluorescence to be perceived. Finally, the fluor-

escent signals will be located on a part of the body displayed during

signaling. Despite the discovery of biofluorescence in diverse species,

there are only two studies that assess these four criteria (see Lim et al.

2007 in jumping spiders5 and Haddock and Dunn 2015 in

siphonophores26), neither of which was focused on an amphibian.

In this study, we have two main goals. First, we aim to survey the

phylogenetic breadth of anuran biofluorescence by increasing the

number and taxonomic distribution of species sampled. Second, we

evaluate evidence for an association between environmental char-

acteristics and biofluorescent emission across anurans. We test the

four criteria proposed by Marshall and Johnsen (2017) for establishing

the ecological significance of biofluorescence. By increasing the

number of species in which the trait has been observed by more than

250%, our study provides deeper insight into the phylogenetic and

functional significance of biofluorescence.

Results and discussion
Survey of biofluorescence
During ten weeks of field collections at eight localities in four South

American countries, we collected spectrometer measurements of

biofluorescence from representatives of one salamander family, one

caecilian family, and 13 anuran families (Fig. 1). We increased the per-

centage of anuran families tested for biofluorescence from <17% to

24%, adding 39 genera and 152 species and increasing the percentage

of genera and species tested from 5% to >8% and from 0.55% to 1.99%,

respectively (Supplementary Data Table 1). We more than tripled the

number of species tested for this trait compared to those testedwithin

the previous five years. We tested 528 individuals, quantifying bio-

fluorescent emission in response to five different excitation light

sources: UV–Ultraviolet (360–380nm),VI–Violet (400–415 nm), RB–

Royal blue (440–460nm), CY – Cyan (490–515 nm), and GR – Green

(510–540nm). Prior work tested responses to only one or two of these

light sources (ref. 13–18; Supplementary Data Table 1).

Fluorescence was ubiquitous; we recorded at least a low-level

fluorescent signal from every individual we tested. The additional,

untested light sources frequently excited biofluorescent patterns that

were missed in previous studies because they used excitation wave-

lengths that did not closely enoughmatch the excitation spectra of the

ORDER FAMILY
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Plethodontidae

Caeciliidae

by Excitation Source
Aromobatidae

Brachycephalidae

Bufonidae
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Dendrobatidae

Eleutherodactylidae
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Microhylidae

Odontophrynidae

Pipidae

Strabomantidae

Fig. 1 | Biofluorescent emission by taxonomic family. A summary of the percent

biofluorescent emission by family and excitation source. The set of box plots for

each family presents the percent biofluorescent emission under the corresponding

excitation light source: UV – Ultraviolet (360–380nm), VI – Violet (400–415 nm),

RB – Royal blue (440–460nm), CY – Cyan (490–515 nm), and GR – Green

(510–540 nm). The centre of each boxplot represents the median of the data. The

bounds of the box represent the “interquartile range” (IQR), and the whiskers

represent the minimum and maximum values of the data set. Axis labels on the

bottom panel hold for each set of box plots above. Each point on the plots repre-

sents one individual (the maximum percent biofluorescent emission recorded for

that individual under that excitation light source). Each individual was measured

under each light source. Created in BioRender.Whitcher, C. (2023) BioRender.com/

v49t214. Supplementary Data Table 4 contains the respective numeric values for

these measurements.
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organism’s fluorescence. Additionally, low intensity fluorescent pat-

terns may have been missed by not using a barrier filter to aid in

viewing fluorescence. Without such a filter, the amount of reflected

excitation light may have drowned out any biofluorescence emitted,

leading to false negatives. The previously tested species in which we

revealed fluorescence by utilizing an additional excitation light source

include Boana cinerascens, Boana lanciformis, Dendropsophus rhodo-

peplus, Dendropsophus sarayacuensis, Phyllomedusa tarsius, and Phyl-

lomedusa vaillantii (ref. 19; Supplementary Data Table 1).

Assessing variation in biofluorescence
From each of our 17,692 spectrometer recordings we calculated a

maximum percent biofluorescence emission (see Methods). The

maximum percentage of biofluorescent emission under each excita-

tion light source is presented by taxonomic family in Fig. 1 (Supple-

mentary Data Table 4) and by individual in Supplementary Data

Table 5. The maximum percentage of biofluorescent emission ranged

from 1.95% to 96.85% with a mean of 11.11%.

We evaluated thesemaximumbiofluorescence recordings against

the predictions for each of the four criteria proposed by Marshall and

Johnsen (2017) (Fig. 2). We tested these predictions under five ecolo-

gical and photoreceptor conditions: (1) Daylight irradiance and the

anuran red-sensitive (RS) cone sensitivity spectra, (2) Under forest

canopy irradiance and RS cone sensitivity, (3) Twilight irradiance and

the anuran green-sensitive (GS) rod sensitivity spectra, (4) Full moon

irradiance and GS rod sensitivity, and (5) Starlight and GS rod sensi-

tivity. These pairings can be used to interpret how the fluorescent

signal is viewed by frogs in each light environment. The results of these

criterion tests for each condition are presented in Table 1, where only

the blue light-induced, green fluorescent emission met all of Criteria

1-3. This match led us to focus on the blue light-induced, green fluor-

escent emission signal in this study. The species that meet all criteria

under this condition are listed in Supplementary Data Table 2. Of the

528 individuals tested, 194 individuals from 86 species exhibited this

fluorescent signal.

Just over one half (56.58%) of the anuran species tested (86 of 152

species) produced a fluorescent signal that met all of Marshall and

Johnsen’s proposed criteria for ecological significance (Supplementary

Data Table 2) and did so under environment and visual conditions

relevant and unique to frogs. Peak biofluorescent emissionwavelength

is shown by excitation source in Supplementary Figure S1. We found a

significant difference in biofluorescent emission wavelength by exci-

tation source (χ2 = 2021.46, p < 2.2e-16, n = 2380; Supplementary Fig-

ure S1). There were two groups of peak emission wavelengths

produced by blue light excitation (440–460 nm) centered at

approximately 527 nm and 608 nm. We refer to these as a “green” and

“orange” peaks respectively; Supplementary Figures S1–S2. We eval-

uated these maximum biofluorescence emission peaks against the

predictions, individually, for each of the four criteria proposed by

Marshall and Johnsen below. We then expanded upon Marshall and

Johnsen’s original criteria by: (1) testing whether our results hold

within a phylogenetic context and (2) proposing anupdated key to test

for ecological significance of biofluorescence that better incorporates

the complexity of the previously defined criteria. We discuss how the

other half of the fluorescent signals may meet the criteria for ecolo-

gical significance within this expanded context.

Criterion 1: The fluorescent pigment will absorb the dominant

wavelengths of the environment. We found support for this criterion

under the twilight light environment: both the violet (410–415 nm) and

blue (440–460nm) excitation wavelengths matched the dominant

wavelength of the twilight environment better than expected by

chance (p <0.0001, Table 1). Additionally, we found a significant dif-

ference in biofluorescent emission intensity by excitation source

( χ2 = 446.88, p < 2.2e-16, n = 2380). Blue light excitation

(440–460nm) produced a significantly greater percent fluorescent

emission than anyof the other excitation light sources (Supplementary

Data Table 3; Fig. 3). The excitation wavelength that produces fluor-

escence is the wavelength of light absorbed by the fluorescent pig-

ment; hence, the maximum fluorescent signal was produced by

absorbing the wavelengths closest to those dominant in twilight. This

pattern is consistent across anuran groups (Fig. 1) and is also main-

tained within a phylogenetic context, where Blue excitation

(440–460nm) produced a significantly greater percent fluorescent

emission than any other excitation light source in 85.25% (Supple-

mentary Figure S8) of the basal amphibian common ancestor trait

estimates (see Assessing Phylogenetic Structure section).

The excitation wavelengths that produce the most fluorescence

are those wavelengths most abundant at the time of day when frogs

are active. In a twilight environment, wavelengths of blue light have a

higher relative abundance than any other wavelengths in the

environment27,28. Additionally, most frogs are nocturnal and active

during these twilight hours29. Twilight is defined as the light envir-

onment during the time between sunset and full night when the sun

is between 0° and 18° below the horizon27. Illuminance values during

twilight range from 103 lux to nearly 10−4 lux, decreasing approxi-

mately a millionfold from when the sun is 10° below the horizon to

when it is 15° below the horizon27. These illuminance values are often

the light levels which we consider “nocturnal” activity for frogs30.

Hence, twilight conditions are the most relevant environmental

spectra in which to test the hypothesis of a function in intraspecific

communication. These results are aligned with the prediction from

the sensory drivemodel that environmental constraints will drive the

evolution of a signal to match both the environmental transmission

properties in the habitat and the sensory biases of the receiver in that

habitat22.

Criterion 2: The fluorescence will be viewed against a contrasting

background. Consistent with this prediction, the blue-light-induced

fluorescent emission contrasts with the background in a twilight

environment. In a twilight environment, wavelengths of blue light are

at the highest relative abundance and wavelengths of orange light

(~590–620nm) are at the lowest relative abundance compared to any

other wavelengths in the environment27,28. The peak emission wave-

lengths from the frogs overlap with the wavelengths of light least

dominant in the twilight environment, providing the most contrast.

Both emission peaks of the blue-light-induced fluorescence match the

least dominant wavelengths of the twilight environment better than

expected by chance (p < 0.0001; Table 1). This result is consistent

across both individuals and species groups. The results of the rando-

mization test for the blue light-induced green emission individuals are

presented in Fig. 4A. Additionally, to correct for unequal samples sizes

across phylogenetic groups, we repeated this analysis for 10,000

subsamples of the individuals, choosing one individual from each

species at random each repetition. This pattern of the blue-light-

induced green fluorescencemeetingCriterion 2 remains consistent for

each species (p <0.0001, Table 1). We also tested this pattern within a

phylogenetic context, testing whichmodels of evolution best describe

the observed fluorescent emission data (see Assessing Phylogenetic

Structure section). Hence, all fluorescent emission produced by blue

light (440–460 nm), whichmeets Criterion 1, alsomeets Criterion 2 by

re-emitting fluorescence at wavelengths that provide the most con-

trast with the background environment.

The blue light-induced fluorescent emission contrasts strongly

with the background in the twilight environment. Signals should be

most easily detected when they differ from the background

environment31. Our analyses consider chromatic (hue and saturation),

not achromatic (brightness), contrast. Additionally, we are working

under the assumption that the background environment should pro-

portionally reflect the wavelengths of light available in the
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Fig. 2 | Evidence for ecological significance of biofluorescence in Anurans. The

four criteria fordemonstrating ecological significanceof biofluorescenceproposed

by Marshall and Johnsen (2017), presented within the framework of a twilight

environment and dim light photoreceptor visual sensitivities. The top panel pre-

sents the patterns expected when biofluorescence signals are tuned to the envir-

onment (criteria 1 and 2). Criterion 1: In a twilight environmentwhenmost frogs are

active29, the dominant wavelengths are ~450–460nm (27; solid black line). The

criterion predicts peak excitation (blue dotted line) of anuran fluorophores should

match this wavelength range. Criterion 2: The least dominant wavelengths at twi-

light are ~580–610nm (27; solid black line). The arrow represents the Stokes Shift of

the biofluorescence from peak absorption wavelengths to peak re-emission wave-

lengths. The criterion predicts the peak biofluorescence re-emission will be cen-

tered around ~590 nm to provide the greatest contrasting background at twilight.

The center panel presents the patterns expected if the biofluorescence is obser-

vable by a receiver (criteria 3 and 4). Criterion 3: Frogs have significantly more

green-sensitive (peak absorption ~500 nm) thanblue-sensitive rods (28; 39). Hence,

this criterion predicts peak biofluorescence re-emission will be centered around

~500nm to match the greatest spectral sensitivity of another anuran receiver.

Criterion 4: The body locations displayed during frog intraspecific communication

(29–34; % of species displaying location) should match the body locations that are

biofluorescent (this study; % of species for which this location producedmaximum

biofluorescent recording when excited by blue light, 440–460nm). The bottom

panel presents the observed data for signal tuning and ecological significance from

this study. When all fluorescent spectra recorded under blue excitation light

(440–460 nm) are plotted (from all body locations), they follow the general shape

presented by the dashed green line. This observed fluorescent emission pattern

maximizes both sensitivity of the green-sensitive rod in the anuran eye and contrast

with the background environment at twilight. The results fromour study show that

blue-light-induced green anuran biofluorescence meets all four criteria for ecolo-

gical significance. Created in BioRender. Whitcher, C. (2023) BioRender.com/

t37d584.
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environment, therefore these results do not take into account any

fluorescence of the background environment. Nevertheless, the

observed re-emission of the blue light-induced green fluorescent peak

wavelengths matches the least dominant wavelengths of the twilight

environment better than random (Fig. 4A). For these species, bio-

fluorescence increases the contrast of the frog visual signal in a twilight

environment, as compared to the reflected color of an individual

without fluorescent properties in the same environment.

Criterion 3:Organisms viewing the fluorescence will have spectral

sensitivity in the fluorescent emission range. Consistent with this

criterion, the blue light-induced green fluorescent emission closely

matches the spectral sensitivity of the anuran green-sensitive rod.

Frogs have blue-sensitive (peak absorption ~432 nm) and green-

sensitive (peak absorption ~500 nm) rods32, and there are sig-

nificantly more green-sensitive rods than blue-sensitive rods in the

retina of frogs33. The emission wavelengths of the green peak overlap

with themost sensitive wavelengths of light for themost abundant rod

in the anuran visual system33. The green fluorescent peak emission

wavelengths match the spectral sensitivity of the green-sensitive

anuran rod better than expected by chance for individuals and species

(p < 0.0001, Table 1; Fig. 4). We then assessed which models of evo-

lution best describe the observed fluorescent emission data (Assessing

Phylogenetic Structure section). The green peak fluorescent emission

produced by blue light (440–460 nm), which meets the first two cri-

teria, also meets Criterion 3 by matching the spectral sensitivity of an

anuran receiver in dim light.

Considering that both Criterion 2 and Criterion 3 must be met to

interpret biofluorescence as an ecologically significant trait, we com-

pared the blue light-induced green emission peak to a tradeoff spec-

trumof the wavelengths that wouldmaximize both receiver sensitivity

and background contrast simultaneously (see Methods). We divided

the green-sensitive rod spectrum34 by the twilight irradiance

spectrum27 to obtain the tradeoff spectrum. The green fluorescent

peak emission wavelengths match the tradeoff spectrum better than

expected by chance (p < 0.0001; Fig. 5). In 194 individuals spanning

86 species, anuran biofluorescence absorbs the wavelengths most

dominant in the twilight environment and re-emits that light to match

the tradeoff between visual sensitivity and background contrast,

maximizing both. Additionally, this green emission peak produces the

most intense fluorescence, re-emitting up to nearly 97% of the light

shone on the frog in some cases (Supplementary Figure S2).

Thus, the most intense biofluorescent emission maximizes the

conditions of Criteria 2 and 3 simultaneously. The green peak fluor-

escent emission produced by blue light (440–460nm) meets the cri-

teria for ecological significance of biofluorescence with respect to a

conspecific receiver. Yovanovich and colleagues (2017) found specific

amphibian color discrimination and phototaxis preference of green

over blue signals only under the dim lighting conditions in which frogs

are active. An individual that re-emits blue light as green, under dim-

light conditions, increases its visual signal to other frog receivers.

Violet-induced fluorescence contributed nearly 30% to the total

emerging light under twilight conditions in Boana punctata3. As violet

light produced the second highest biofluorescent emission in our

study, only behind blue light, the contribution of blue-light-induced

anuran biofluorescence in twilight conditions is likely even higher. Our

evidence of amatch between the anuran fluorescent signal and anuran

optical sensitivity suggests biofluorescence is increasing the visual

signal of frogs to conspecifics. The evidence of ecological and spectral

tuning of anuran biofluorescence suggests this trait is likely function-

ing in communication in these species.

The individuals (~half of total) with a blue light-induced orange

fluorescent peak emission wavelength, however, do not match the

spectral sensitivity of the green-sensitive anuran rod better than ran-

dom. This finding could suggest that orange fluorescencemay be non-

adaptive ormay serve as a signal to adifferent intended receiver (e.g., a

predator or other heterospecific viewer of the signal). Here, we only

evaluated the criteria for ecological significance of biofluorescence

within the context of the biology and ecology of other anuran recei-

vers, thus this work does not address the visual sensitivities of non-

anuran receivers (e.g., a predator or prey viewer of the signal) or the

varying environments in which these types of interspecific commu-

nications occur27. Below, we expand upon Marshall and Johnsen’s ori-

ginal criteria and propose an updated key for ecological significance of

biofluorescence that we believe better incorporates the complexity of

the previously defined criteria. We then evaluate these blue light-

induced orange fluorescent signals and discuss how theymaymeet the

criteria for ecological significance within this expanded context.

Criterion 4: The fluorescent signals will be located on a part of the

body displayed during signaling. Consistent with this prediction, we

found biofluorescence on regions of the body often displayed during

intraspecific signaling, such as the dorsal surface and vocal sac, but

location varied across species (Supplementary Data Table 2; see Dis-

cussion). Our literature review revealed that the mechanics of visual

signaling are not known in themajority of frog species (Supplementary

Data Table 2, Supplementary Data Table 5). Thus, fully assessing the

behavioral function of specific fluorescent patterns must be reserved

for future studies that combine descriptions of biofluorescent regions

of the body with detailed ethograms of signaling patterns.

The maximum biofluorescent emission for most individuals was

produced under blue (440–460 nm) excitation light (261 of 512 indi-

viduals; Fig. 6). Within this subset of individuals, 32% of the maximum

biofluorescent emission recordings came from a ventral pattern, 28%

from the throat, 18% from a dorsal pattern, 11% from the flank, 5% from

the inguinal region, 3% from a limb, 2% from a facial pattern, and 1%

from the eye (Fig. 2, Criterion 4 observed data; Supplementary Data

Table 6). For this criterion, we considered the maximum fluorescent

emission recording from each individual under any excitation light

source, as this insured that only one body location per individual was

considered (see Methods). Examining the maximum biofluorescent

emission recording for each individual under each excitation light

source (as in the analyses above), however, produced similar percen-

tages of fluorescence by body location (Supplementary Data Table 7).

Within these body regions, we found great variation in the pattern

of biofluorescence (Fig. 6). In some individuals, dorsal biofluorescence

resulted from secretions from the frog skin (as inBoana atlantica), but

in others it was present in distinct locations (as in Hamptophryne

boliviana and Scinax strigilatus). We observed ventral biofluorescence

that was widespread, condensed to specific patterns, and/or scattered

in a speckled pattern (as seen inBoana geographica, B. lanciformis, and

Proceratophrys renalis, respectively). Additionally, ventral bio-

fluorescence often showed both green and orange emission ( ~ 527 nm

and ~608 nm; as seen in B. geographica and P. renalis). Finally, we

found biofluorescence present in distinct regions of the frog

body of some individuals, such as the forelimbs, throat, or eyes

(as seen in Chiasmocleis bassleri, Scinax trapicheiroi, and B. cal-

carata respectively).

Many of the parts of the body inwhichfluorescencewas found are

displayed during intraspecific signaling in nature (Fig. 2, Criterion 4

panel). The percentage of documented visually-communicating

anuran species grouped by body region of the visual signal is shown

in Fig. 2, Criterion 4. Overall, 97% of species display the dorsal, 92%

ventral, 89% limb(s), 69% throat, 29%flank, 24% inguinal region, 5%eye,

and 5% facial pattern (of 62 species35–40); Additionally, many of these

species display multiple regions of the body, potentially sending dif-

ferent information to different receivers (e.g., to attract females or to

deter rival males35–40); Three of these locations are also the most

common biofluorescent areas found in species we tested (dorsal,

ventral, and throat; Fig. 2; Supplementary Data Table 6), a finding that
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is consistent with Criterion 4. For example, the male Dendropsophus

parviceps individual we tested had its maximum fluorescence located

on the lateral flank region and induced by blue light (96.85% emission

intensity). This species is known to have multiple intraspecific visual

displays, including toe trembling, armwaving, footflagging, and throat

displays39. This fluorescent flank region of the body is specifically

presented during the limb waving displays; hence, the green fluor-

escent emission of this body region is likely contributing to the visual

signal of these intraspecific displays in dim light. Increased sampling

within each species and further species-specific examination is needed

to evaluate the contribution of fluorescence to intraspecific visual

displays, since thebody locations utilized in intraspecific signaling vary

widely across and within anuran groups. We documented the indivi-

dual body locations from which fluorescence was recorded and noted

which species are lacking visual behavior information (Supplementary

Data Table 2, Supplementary Data Table 5). These data highlight gaps

in the literature that should be addressed next to assess significance of

biofluorescence for intraspecific communication.

The fluorescent locations and patterns we observed in our study

canprovide some insight into potential functions of biofluorescence in

anurans. For example, dorsal or facial fluorescent patterns could be

employed for species recognition in certain groups (as fluorescent

signals are used in stomatopods41 and proposed to be used in reef

fishes12). In addition, fluorescent throat surfaces, which represent the

brightest body region in 28% of our study individuals, could be used

for mate choice or species recognition via male vocal sac expansion

and contraction during calling (blue-light-induced fluorescence; Fig. 6;

Supplementary Data Table 6). The role of fluorescent signals in mate

choice in other taxa (specifically in budgerigar parrots4 and jumping

spiders5) and recent findings of sexual dimorphism in amphibian

fluorescence19 make this a likely function worthy of exploration.

Fluorescence in the inguinal (inner thigh) region, normally invisible

when the frog is at rest, could serve to startle a potential predatorwhile

its prey escapes42. Additionally, the relatively low occurrence of bio-

fluorescence in the inguinal region could be attributed to the
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Fig. 3 | Blue light produces the most intense biofluorescence emission in

Anurans. Emission intensity (percent of reflected light realized as biofluorescent

emission) is shown for five excitation light sources: UV –Ultraviolet (360–380 nm),

VI – Violet (400–415 nm), RB – Royal blue (440–460nm), CY – Cyan (490–515 nm),

and GR –Green (510–540 nm). Each point represents one individual (themaximum

percent biofluorescent emission recorded for that individual under that excitation

light source). The centre of each boxplot represents the median of the data. The

bounds of the box represent the “interquartile range” (IQR), and the whiskers

represent the minimum and maximum values of the data set. We utilized a non-

parametric Kruskal-Wallis one-way analysis of variance test and Pairwise Dunn’s

tests with Holm adjustment to determine if the wavelength of biofluorescent

emission differed by excitation light source There is a significant difference in

biofluorescent emission intensity by excitation source ( χ2 = 446.88, p = 2.05e-95,

n = 2380) with blue light excitation (RB, 440–460nm) producing a significantly

greater percent biofluorescent emission than any of the other excitation light

sources. The blue light source also has the closest excitation wavelength to the

dominant wavelengths of the twilight environment (see Supplementary Figure S3).
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Fig. 4 | Measures of biofluorescence emission in amphibians satisfies two of

Marshall and Johnsen’s criteria for ecological relevance of biofluorescence.

A Criterion 2 (fluorescence will be viewed against a contrasting background):

wavelength of peak emission in anurans (green circles) tends to be different than

the most abundant wavelengths in background twilight (p <0.0001; black line

digitized with permission from Cronin et al., 2014). B Criterion 3 (organisms

viewing the fluorescence will have spectral sensitivity in the fluorescent emission

range): peak emission wavelengths (green circles) match peak sensitivity of anuran

green-sensitive (GS) rod of the anuran visual system better than expected by

chance (p <0.0001; black line obtained from34). In each panel, the observed

wavelength of emission for each individual frog is presented as a colored circle

(n = 194). Themean irradiance and sensitivity values of the environment andGS rod

at each emission wavelength was not directly measured in this study but obtained

from irradiance/sensitivity spectra. Randomization tests were used to generate null

distributions and test for significance (see text for details).
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possibility that these color patterns are primarily associated with anti-

predator coloration serving as a form of interspecific rather than

intraspecific communication. Future work should evaluate frog fluor-

escence signals for ecological tuning to the specific environment and

vision characteristics of predator receivers to examine if these signals

are visible in a predation context.

In some taxa, patterns of biofluorescence appear to be evolutio-

narily conserved. For example, species from twogenera ofmicrohylids

have similarly fluorescent arms: Chiasmocleis bassleri (this study;

Fig. 6) and Gastrophryne elegans17. In other taxa, biofluorescence trait

evolution appearsmuchmore labile, as seen in the extremevariation in

pattern and location within the hylid genus Boana. We found that B.

atlantica has intensely fluorescent secretions, B. geographica has an

elaborate fluorescent dorsal pattern, B. lanciformis has multi-colored

emission of the ventral surfaces and limbs, and B. calcarata has intense

fluorescence of the eyes/irises (Fig. 6). As the many missing taxa are

characterized with further work, a clearer picture of the evolutionary

lability of biofluorescence will emerge.

Assessing phylogenetic structure
Our data span all three amphibian orders, 15 amphibian families, 41

genera, and 155 species. To assess whether phylogenetic non-

independence between measurements could affect our results, we

performed several additional analyses of the criteria above, taking

phylogenetic structure into account. For all phylogenetic analyses we

utilized a time calibrated phylogeny obtained from Timetree.org

(43; Supplementary Figure S6). To evaluate Criterion 1, we completed

an ancestral state reconstruction for our trait measuring fluorescent

intensity (the percent biofluorescent emission trait) under each exci-

tation light source (Supplementary Figure S7). We compared the

estimated percent biofluorescent emission at the basal node of the

amphibian tree (Supplementary Data Table 9; Supplementary Figure

S8) across these analyses. Blue excitation (440–460 nm) produced a

greater percent fluorescent emission than any other excitation light

source in 85.25% (Supplementary Figure S8) of the percent bio-

fluorescent emission trait estimates for the most recent common

ancestor of the amphibian clade.

To evaluate Criteria 2 and 3 within a phylogenetic context, we

examined the evolution of the average blue light-induced emission

wavelength for each species within the context of each of the five

ecological and photoreceptor conditions. We found the wavelength of

maximum vision/environment tradeoff under each condition (Sup-

plementary Figure S9) and ran a set of analyses with constrained

optima under Ornstein-Uhlenbeck evolution, where the constrained

10,000 iter

p < 0.0001
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Fig. 5 | Biofluorescence increases visibility amonganurans at twilight.The black

line represents the tradeoff between visual sensitivity and background contrast

(green-sensitive rod sensitivity curve divided by twilight irradiance curve; i.e., the

spectrum that maximizes both visual sensitivity and contrast with the background

environment simultaneously). The observed average tradeoff value (the observed

test statistic) is presented as a horizontal line for the observed green emission

peaks produced by blue (440–460nm) excitation light (n = 194 colored points on

graph). The null distribution of 10,000 samples is presented on the panel to the

right (blue distribution). The p-value in the bottom right-hand corner presents

results of the comparison of the values in the randomization distribution to the

observed test statistic. A randomization test was used to generate the null dis-

tribution and test for significance (see text for details). The green fluorescence

emission peak wavelengths produced by blue excitation light match the tradeoff

between the visual sensitivity of the green-sensitive anuran rod and the contrast

with the twilight environment better than expected by chance (p <0.0001).
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optima correlated to the peak wavelength of fluorescence from the

tradeoff spectrum of each environmental and vision condition. The

models were compared with Akaike’s information criterion (AIC). The

twilight and anuran green-sensitive rod condition was the best model

for the evolution of the blue light-induced green fluorescent signal

(Table 2).

We were only able to include a fraction of the species tested in

these phylogenetic structure analyses due to limitations in the avail-

able amphibian phylogenies (84 of the 155 species were available in a

time-calibrated phylogeny from Timetree.org43) and due to limitations

of ancestral state reconstruction methods. Current methods of

ancestral state reconstruction for continuous variables cannot handle

missing data, so any species tip for which we did not have estimates

had to be trimmed from the tree. Despite these drawbacks, our find-

ings from the phylogenetically aware analyseswere consistentwith the

uncorrected results above. Blue light-induced green fluorescence

meets all criteria for ecological significance within a twilight environ-

ment and an anuran receiver context. However, the fluorescence from

nearly half of our individuals remained unexplained, spurring us to
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Fig. 6 | Maximum biofluorescence by body location. Pie charts (left) present the
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taken from each individual. Body regions are summarized into the following nine

groups: cloaca, dorsal surface, eye, facial pattern, flank, inguinal region, limb,

throat, and ventral surface. Photographs (right) illustrate variation in the patterns

of biofluorescence produced by blue (440-460 nm) excitation light. The species

photographed, in order from left to right are: (top) (A) Boana atlantica,(B)

Hamptophryne boliviana, (C) Scinax strigilatus, (middle) (D) Boana geographica,

(E) Boana lanciformis, (F) Proceratophrys renalis, (bottom) (G) Chiasmocleis bas-

sleri, (H) Scinax trapicheiroi, and (I) Boana calcarata. Each species panel includes a

photograph taken under blue (440–460nm) excitation light through a 500nm

longpass filter and a photograph of the same individual taken under a full spectrum

light source (inset). Dorsal biofluorescence was exhibited via secretions from the

frog’s skin (as in Boana atlantica) or located in specific positions on the skin (as in

Hamptophryne boliviana and Scinax strigilatus). Ventral biofluorescence was

documented as widespread, condensed to specific patterns, or scattered in a

speckled pattern (as seen in each individual of the middle row respectively).

Additionally, ventral biofluorescence often showed both green and orange emis-

sion (~527 nm and ~608 nm; as seen in Boana geographica and Proceratophrys

renalis). Finally, distinct regions of the frog body, such as the arms, throat, or eyes

sometimes produced the greatest biofluorescent emission recording from an

individual (as seen in each individual of the bottom row respectively). Created in

BioRender. Whitcher, C. (2023) BioRender.com/b34v891.

Table 2 | Akaike’s information criterion (AIC) comparison of constrained optimaOrnstein-Uhlenbeck evolution models for the
evolution of blue light-induced green fluorescence

Condition LnL Numparams AIC AICc_wt ΔAIC

Twilight and GS Rod – 152.9 3 311.8 1.00 0.00

Starlight and GS Rod – 158.2 3 322.5 0.0048 10.68

Full Moon and GS Rod – 163.0 3 332.1 3.9e-05 20.28

Daylight and RS Cone – 177.2 3 360.3 2.9e-11 48.54

Under Forest Canopy and RS Cone – 196.2 3 398.4 1.6e-19 86.6

The constrained optima for each condition represent the peak wavelength of fluorescence from the tradeoff spectrum of that specific environmental and vision condition. The twilight and anuran

green-sensitive rod condition was the best model for the evolution of the blue light-induced green fluorescent signal (ΔAIC < 2, italicized).
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Fig. 7 | Proposed expansion of Marshall and Johnsen’s criteria for ecological

significance of biofluorescence. We propose the presented dichotomous key to

incorporate the complexity of the previously defined criteria. Marshall and John-

sen’s previous checklist for ecological significance of fluorescence is represented

by the left most path of the key. Note the addition of different receiver contexts

(conspecific vs. heterospecific; left vs. right panels) and the opportunity for not

meeting certain criteria to be signals of cryptic coloration (via “NO” paths). Our

newly proposed key now incorporates both cryptic and conspicuous signals as

ecologically significant explanations for the evolution of biofluorescence. We also

propose an expansion of the term “background environment” in Criterion 2 to

include both the habitat environment and the individual’s skin environment as,

depending on context and size/extent of biofluorescent patch, either could be the

relevant background against which the signal is being viewed. Created in BioR-

ender. Whitcher, C. (2024) BioRender.com/x53d269.

Table 3 | Akaike’s information criterion (AIC) comparison of constrained optimaOrnstein-Uhlenbeck evolution models for the
evolution of blue light-induced orange fluorescence

Condition LnL Numparams AIC AICc_wt ΔAIC

Anuran Green Skin Fluorescence and GS Rod – 941.7 3 1889 0.49 0.00

Chlorophyll b Fluorescence and GS Rod – 941.8 3 1890 0.46 0.12

Under Forest Canopy and RS Cone – 943.9 3 1894 0.055 4.37

Daylight and RS Cone – 948.6 3 1903 0.0005 13.78

Chlorophyll b Fluorescence and RS Rod – 980.1 3 1966 1.1e-17 76.72

Twilight and GS Rod – 992.4 3 1991 4.7e-23 101.4

Starlight and GS Rod – 1002.0 3 2010 3.3e-27 120.5

Full Moon and GS Rod – 1010.0 3 2026 1.1e-30 136.5

The constrained optima for each condition represent the peakwavelength of fluorescence from the tradeoff spectrumof that specific environmental and vision condition. Two environmental/vision

conditions were equally goodmodels for the evolution of the blue light-induced orange fluorescent signal (ΔAIC < 2, italicized). These conditions are (1) the wavelengths that maximize contrast with

the anuran green skin fluorescence background environment andmaximizematching the visual sensitivity curve of the anuran Green-sensitive rod and (2) the wavelengths thatmaximize matching

both the fluorescent chlorophyll b background environment and the Green-sensitive rod visual sensitivity curve.
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examine and expand upon the current criteria for testing the ecolo-

gical significance of biofluorescence.

A proposed expansion of Marshall and Johnsen’s Criteria and
assessment of the anuran orange fluorescent signal using an
updated key for ecological significance
The individuals (~half) with a blue light-induced orange fluorescent

peak emission wavelength do not meet Marshall and Johnsen’s criteria

for ecological significance, as currently defined. Here we outline two

limitations to these criteria. First, Marshall and Johnsen listed their

criteria as a checklist, where all criteria must be met with a “Yes” to

support ecological significance of the biofluorescent signal. This

checklist format misses several biologically relevant scenarios. For

example, if fluorescence is viewed against a matching environment,

instead of a contrasting one (Criterion 3), this could suggest the signal

is utilized in crypsis against predators. A second and related limitation

of their checklist is they do not define the context in which the fluor-

escent signal is ecologically significant. We addressed these two lim-

itations in our updated key to test for the ecological significance of

biofluorescence (Fig. 7). Specifically, we changed the criteria format

from a checklist to a dichotomous key and provided two different

contexts (a conspecific receiver context and a heterospecific receiver

context) in which to evaluate the signal for ecological significance. Our

proposed key now incorporates both cryptic and conspicuous signals

as ecologically significant explanations for the evolution of

biofluorescence.

We evaluated the blue light-induced orange fluorescent signals

within a phylogenetic context for Criteria 2 and 3 (following the same

methods for the evaluation of blue light-induced green fluorescence

described above). In addition to the five previously defined vision/

environment conditions (e.g., Red-sensitive Cone/Daylight, Green-

sensitive Rod/Twilight, etc.), we assessed the evolution of the orange

fluorescent trait under three more environmental conditions (Sup-

plementary Figure S10; Table 3). The first and second conditions we

added were chosen to test whether the orange fluorescence of frogs

could be utilized as a cryptic signal for camouflage. The plants that

comprise the background of many frog environments have chlor-

ophyll-induced, biofluorescent signatures, with peak fluorescent

excitation wavelengths of ~453 nm and peak emission wavelengths of

~644 nm7–9. We hypothesized that the orange fluorescent signal

(average peak excitation ~440 nm and average peak emission ~618 nm)

may closelymatch the, chlorophyll-induced, fluorescence of the plants

in its habitat, allowing the frog to better blend into its background

environment and avoid predation. Utilizing the fluorescent emission

signal of chlorophyll b (raw spectral data obtained from photo-

chemcad.com), we evaluated the vision/environment conditions of: (1)

the wavelengths that maximize matching both the peak emission of

the fluorescent chlorophyll background environment and the peak

Red-sensitive cone visual sensitivity and (2) the wavelengths that

maximize matching both the fluorescent chlorophyll b background

environment and the Green-sensitive rod visual sensitivity (Supple-

mentary Figure S10, panels A and B respectively). These peak wave-

length values were used to set the constrained optimum parameter in

the phylogenetic evolutionary models as described above and in

Methods.While the red-sensitive cone visual sensitivity curveutilized in

this analysis was obtained from frogs34, many anuran predators also

have red-sensitive cones. We found that the chlorophyll b and green-

sensitive rod condition was one of the two best supported models for

the evolution of blue light-induced orange fluorescence (Table 3).

Because amphibians are the only known terrestrial vertebrates to have

thedual rod system for color discrimination indim light environments,

this result could suggest that blue light-induced orange fluorescence

may serve as camouflage from predation by other anurans.

The third conditionwe added to this analysiswas one inwhich the

background “environment” is the green biofluorescent signal of the

ventral surface of a frog’s skin (Supplementary Figure S10; Table 3).

This was an equally best supported model for the evolution of the

orange anuran fluorescent signal (Table 3). The greatest proportion of

blue light-induced orange fluorescence was located on the throat

(Supplementary Data Table 10). This is contrasted with our previous

finding that the greatest proportion of blue light-induced green

fluorescence was located on the ventral surface (Fig. 6). Considering

these patterns, we hypothesized that the orange fluorescence of the

throat may be presented against a highly contrasting green back-

ground during calling/mating if an individual frog has both an orange

fluorescent throat and a green fluorescent ventral body surface. We

see this pattern of an orange fluorescent vocal sac against a green

fluorescent ventral surface in Osteocephalus buckleyi, for example

(Supplementary Figure S11). We calculated the maximum wavelength

of the tradeoff spectrum between this green fluorescent emission

spectrum and the anuran green-sensitive rod (Supplementary

Figure S10) and utilized this wavelength to define the optimum in our

evolutionmodel analyses (Table 3). Again, themodelsof evolution that

best describe the evolution of the orange fluorescent emission wave-

length are: (1) the condition which maximizes matching the Chlor-

ophyll b fluorescence environment and the anuran green-rod

sensitivity and (2) the condition that maximizes both contrast with the

green fluorescent anuran skin spectrum and sensitivity of the anuran

green-sensitive rod (ΔAIC < 2, Table 3).

Following our proposed dichotomous key for ecological sig-

nificance (Fig. 7), we suggest that blue light-induced orange fluores-

cencemay act as a cryptic camouflage signal in some individuals and a

conspicuous mate choice signal in other individuals. While further

exploration is needed (see Caveats and future work below), our study

offers support for specific hypotheses of ecological significance of

orange fluorescence in frogs. These two hypotheses can be used to

focus future studies evaluating these fluorescent signals at the species

level. As more data is collected, we suggest further reevaluation of the

proposed criteria for ecological significance of biofluorescent signals.

Caveats and future work
The evidence for multiple different evolutionary forces driving the

evolution of the green and orange fluorescent emissionwavelengths in

frogs may help explain the high rate of intraspecific polymorphismwe

discovered. Further work is needed to assess the consistency of bio-

fluorescence patterns documented here across anuran groups occu-

pying different ecological niches. For instance, members of

Dendrobatidae and Pipidae appear to differ frommost other taxa and

not follow the pattern of peak biofluorescence being excited by blue

light (440–460 nm) (although our sample sizes were too small for

robust testing; Fig. 1). This inconsistency is likely due to differences in

their ecology compared to most frogs. Since dendrobatids are diurnal

and pipids are aquatic, their environmental spectra, transmission, and

hence the resulting wavelengths available for producing a fluorescent

signal differ drastically fromthe rest of the anuran families27,28. Because

these ecological differences can shape visual sensitivities44–46, they

should be taken into careful consideration in future studies. In this

study, we were limited to using the red-sensitive cone and green-

sensitive rod spectra obtained from the red-eyed treefrog34, a primarily

nocturnal species. Future work should compare the maximum bio-

fluorescent emission wavelength to species specific spectral sensitiv-

ities as these data become available.

We found that only the blue-light-induced green fluorescent

emission met predictions for Criteria 1–3 (Table 1). It should be noted,

however, that these methods did not include phylogenetic non-

independence (only the methods described under the Assessing Phy-

logenetic Structure heading include phylogenetic non-independence)

and that several other maximum emission wavelengths met both Cri-

terion 2 andCriterion 3, includingUV-inducedblue fluorescence under

full moon conditions, and UV, VI, and RB green fluorescence under
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starlight conditions. While the excitation wavelengths do not match

the dominant wavelengths of the environment in these cases, there

may still be sufficient light available at these wavelengths to excite the

fluorescent signal. Spectra specifying where the excitation and emis-

sion wavelengths fall with respect to each environmental irradiance

and photoreceptor sensitivity spectrum can be found in the Supple-

mental Materials (Supplementary Figures S3–S5).

Implications
We found evidence for anuran biofluorescence across a broad phylo-

genetic spectrum. Just over one half (56.58%) of the frog species tested

produced a fluorescent signal that met all of Marshall and Johnsen’s

criteria for ecological significance and did so under environment and

visual conditions relevant and unique to frogs. Our study supports the

idea that some anurans may be utilizing fluorescent signals as an

intraspecific communicationmechanism.Thebiofluorescence inmany

frog species matches the perception peak of anuran green rods but

strongly differs from background colors reflected during normal frog

breeding hours, making biofluorescence most visible during this time.

Additionally, we proposed an expanded key for ecological significance

of biofluorescence which future studies of biofluorescence can utilize.

Our updated criteria framework provided potential explanations for

the other half of the anuran fluorescent signals not originally meeting

all criteria for ecological significance. In sum, our results suggest that

sensory drive may underlie the evolution of frog biofluorescence,

motivating future research on its function in anuran communication.

Methods
Collections in Ecuadorweremade under the authority of theMinisterio

de Ambiente, Agua y Transición Ecológica No. 2034. Vouchers were

deposited in The ZoologyMuseumat the Pontifical Catholic University

of Ecuador (QCAZ). Collections in Peru were made under the authority

of the Ministerio de Agricultura y Riego No. 2022-0000809. Vouchers

were deposited in theMuseo de Historia Natural SanMarcos (UNMSM).

Collections in Colombia weremade under the authority of the Permiso

marco No. 1177 of 09 October 2014 granted by the Autoridad Nacional

de Licencias Ambientales (ANLA) to the Universidad de los Andes

(UniAndes). Relevant animal care and use protocols for amphibians

were approved by the CICUA of UniAndes under POE 22-001 and

vouchers were deposited in the Museo de Historia Natural C.J. Mar-

inkelle at UniAndes. Collections in Brazil were made under the

authority of the Brazil Instituto Chico Mendes de Conservação da Bio-

diversidade (ICMBio) No. 66597 via collaboration with the Instituto

Butantan. FG was supported by grants from Conselho Nacional de

Desenvolvimento Cientifíco e Tecnológico (CNPq, 312016/2021–2 and

405518/ 2021–8) and from Fundação de Amparo a ̀ Pesquisa do Estado

de São Paulo (FAPESP, 2016/50127–5 and 2022/12660–4). Vouchers

were deposited at the Instituto Butantan and registered in the Sis-

Gen system. All data collection methods were approved by the IACUC

under protocol IPROTO202100000007.

Experimental design
This studywas designed to discover, document, and assess variation in

amphibian biofluorescence. To discover fluorescence across the

diversity of amphibians, we conducted field surveys of this trait across

eight sites representingmuchof the amphibianbiodiversity of lowland

South America, the region with the highest species richness of

amphibians in the world. While most specimen acquisition was

opportunistic via nightly trail surveys, we focused our efforts on col-

lection of anurans, especially treefrogs from theHylidae family and the

Dendropsophus genus within this family. We made the choice to focus

our sampling on Dendropsophus and Hylidae to increase our sample

size for future genus- and family-specific studies, balancing the

breadth and depth of our data collection. To document bio-

fluorescence, we collected spectrometer recordings and photographs

of individual amphibian fluorescence under five excitation sources. To

assess variation in the amphibian biofluorescent traits we discovered,

we used analysis of variance tests. Specifically, we assessed if bio-

fluorescent emission differed by excitation wavelength to search for

evidence of ecological tuning of this recently discovered trait.

Study sites
We collected data at eight sites spanning four countries across South

America. We chose study sites tomaximize the diversity of hylid frogs,

as preliminary work has shown that this group has the highest pre-

sence and diversity of biofluorescence found to date13–18. We focused

efforts on collecting individuals from the genus Dendropsophus; our

collection sites include the geographic ranges of 77 of the 108 recog-

nized Dendropsophus species. These sites include field stations in four

South American countries: Colombia, Ecuador, Peru, and Brazil,

including four states within Brazil (SP, ES, BA, AM). Data collection

occurred from March to May of 2022, within the breeding season of

most anurans at these sites. Our field collection schedule was as fol-

lows: March 2nd-10th at Yasuní Scientific Station, Ecuador; March

13th–21st at El Amargal Nature Reserve, Nuquí, Chocó, Colombia;

March 24th-April 2nd at Los Amigos Conservation Hub (CIRCA), Peru;

April 8th–13th sampling in FazendaMichelin, Ubatuba, São Paulo (SP);

April 17th–20th sampling in Estação Biológica Augusto Ruschi, Ara-

cruz, Espirito Santo (ES); April 23rd–27th sampling inReservaMichelin,

Igrapiúna, Bahia (BA); May 2nd–5th sampling in Manaus, along Rio

Negro via boat, State of Amazonas (AM); May 6th–13th sampling in

Presidente Figueiredo, AM.

Field capture and specimen preparation
We collected individuals during night surveys on the trails surrounding

each research station we visited. We captured individual amphibians by

hand and placed them in a labelled Ziploc plastic bagwith air, substrate,

and water for transport back to the field station. Each individual was

given a field number, and GPS coordinates were taken at the point of

capture using a handheld Garmin GPS system. At the field station, all

biofluorescent measurements were taken on the same night of capture

(see methodology below). The following morning, we euthanized each

individual, determined species and sex via dissection, collected tissues,

and prepared samples for museum accession. Individual species IDs

were determined via region-specific field guides and knowledge of local

collaborators. All specimen capture and sample acquisition followed

appropriate permit requirements for the specific site as specified above.

Collecting biofluorescence measurements
At the field station, and on the same night of capture, we tested each

individual for fluorescence under five different excitation sources

spanning a nearly 200nm wavelength range (365–460 nm) using the

Xite Fluorescent Flashlight System (NightSea). The five excitation

wavelength ranges were as follows: UV – Ultraviolet (360–380 nm), VI

– Violet (400–415 nm), RB – Royal blue (440–460 nm), CY – Cyan

(490–515 nm), and GR – Green (510–540nm). We focused on this

range of wavelengths to encompass and expand upon wavelengths of

biofluorescent excitation used in previous studies13–18 and to ensure

that we did not miss any biofluorescent traits. The individual was held

by hand beneath the light source, which was suspended above the

organism via a YSLIWC Gooseneck Tripod standmaintained at the same

height. We obtained biofluorescent emission spectra for each indivi-

dual by utilizing aMaya2000 Pro Series UV-VIS Portable Spectrometer

with its attached fiber optic cable held above the surface of the

amphibian’s skin while beneath the excitation light. This instrument

provided information on the emission spectra and intensity of any

biofluorescent signals from the frog (200–1000 nm) in response to

each of the five excitation wavelengths. NightSea barrier filter glasses

matching the respective excitation source were utilized to view and

identify potential locations of biofluorescence to test on the body of
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the amphibian.We utilized the live spectrometer recording acquisition

feature of the OceanView computer application to determine if a

specific locationhada fluorescent signal (as defined by the presenceof

a visible peak at a longer wavelength than the excitation source). If any

intensity peakwas visible, or if it was questionable if a peak was visible,

a spectrometer recording was taken with the probe held approxi-

mately two millimeters above that area of skin. We used a 1000ms

integration time for each spectrometer recording and took three

recordings at each location (focusing on the same location with

minimal movement between recordings) to have technical replicate

measurements of the biofluorescent signal at that body location.

In addition, we photographed patterns of biofluorescence under

each light source, as well as under a full-spectrum headlamp light

source, using a Canon digital camera and Tiffen camera filters

matching the respective excitation source (as specified by NightSea).

Along with these quantitative measurements, we recorded qualitative

descriptions of the color of skin and the color of fluorescence (i.e.,

what color the skin was in natural light, what color the fluorescent

signalwas, andwhere thefluorescent signalwaspresent, fromahuman

visual perspective).

Determining characteristics of biofluorescent measurements
We determined the peak excitation and emission wavelength and

intensity from each spectrometer recording and utilized these inten-

sities to calculate a maximum percent biofluorescence emission:

%BF=
intensity at peak emission λ

intensity at peak excitation λ
*100

� �

This provided our focal measure of intensity of fluorescence

relative to the amount of reflected excitation light. All characteriza-

tions of spectrometer recordings were completed in R version 4.2.3 (R

Core Team 2023). An ASCII file, containing intensity in photon counts

for wavelengths ranging 200–1000 nm, of each spectrometer

recording was saved via the OceanView application at time of acqui-

sition and later loaded into R for analysis. Spectrawere smoothed via a

fifteen-point moving average filter to reduce noise in the spectrum.

Utilizing the photobiology package (Aphalo 2015)47, smoothed spectra

were changed to an object of class spectra and normalized to the

highest intensity (corresponding to the excitation light) using the

normalize() function. We found peak excitation wavelengths by using

the which.max() function and confining the parameters to only look

for the maximum intensity within the wavelength range of the exci-

tation light source. For example, finding the wavelength that corre-

sponds to the highest intensity (photon count) within the wavelength

range of 360–380 nm for UV excitation light, 400–415 nm for VI light,

etc. Some of our excitation peak recordings were saturated (maximum

>60,000 photon counts). If this was the case, the maximum intensity

value available from the spectrometer recording (at 60,000 photons)

was utilized. We expect data affected by this saturation would over-

estimate the intensity of the fluorescence emission recording, though

this should not affect the overall significance of our findings because

we estimate that saturation occurred at comparable levels across all

excitation light sources. All peak emission wavelengths were found

using the get_peaks() function from the photobiology package. As a

fluorescent signal can produce multiple peaks, the get_peaks() func-

tion found all peaks at a wavelength greater than the longest wave-

length of the excitation source (greater than 380nm for UV, 400nm

for VI, etc.). Because fluorescence absorbs light and re-emits it at a

longer wavelength, these peaks are all potential fluorescent signals

under the respective excitation light. Within the get_peaks() function,

we set the ignore_threshold to 0.01 to only collect peaks with a relative

size greater than 1% as compared to the tallest (excitation) peak, and

we set the span to 100 to define a peak as a datapoint within the

wavelength sequence that had an intensity greater than those within a

50-count window on either side of the point. These parameters were

chosen via trials adjusting parameters to find peaks of a subset of

spectrometer recordings representing the diversity of emission spec-

tra shapes (one emission peak close to the excitation peak, one peak

far from excitation, two peaks, no peaks, etc.) and were chosen to

reduce the probability that noise in the recording was defined as a

peak. Additionally, to further assure that the chosen peaks were sig-

nificant signals and not noise, any suspected emission peak with an

intensity greater than the excitation peak was removed, as this was

likely a sign of an inaccurate spectrometer recording. In these cases,

and in any cases where no peaks were found, “NA” was input for the

peak wavelength and intensity values. For blue-light-induced fluores-

cence, therewere twomain emission peaks (Supplementary Figure S1),

so the second tallest excitation peak was also recorded to account for

any individuals with a bimodal emission spectrum. The intensity at

each peak emission wavelength was divided by the intensity at the

peak excitation wavelength for the respective spectrometer recording

to calculate the average percent intensity of fluorescence relative to

the amount of reflected excitation light.

As stated, we acquired three spectrometer recordings from each

body location on each individual to have technical replicate mea-

surements of the biofluorescent signal at that body location. The cal-

culated percentages of biofluorescence emission for these three

recordings were averaged for each body location. Because our data set

contained spectrometer recordings from a different number of body

locations, and often different specific body regions, from each indivi-

dual (due to the variation in physical biofluorescent patterns that we

were attempting to capture across a wide range of species), we only

used the maximum percent biofluorescence emission (from any body

region, under each of the five excitation light sources) for downstream

analyses. Hence, for all analyses of variance, the unit of measurement

used was themaximum percent of biofluorescence emission recorded

from each individual.

We also examined the body location from which the maximum

biofluorescent recording from each individual was taken. For this, we

used the maximum percent biofluorescence emission (from any body

region, under any light source). Utilizing the maximum fluorescent

emission recording for each individual insured that only one body

location per individual was being considered, although, examining the

maximumbiofluorescent emission recording for each individual under

eachexcitation light source (as in the analyses above) produced similar

percentages of fluorescence by body location. For easier comparison,

the body regions were summarized into the following nine groups:

cloaca, dorsal (including spectrometer recordingswith a body location

specified from any dorsal pattern), eye, facial pattern (including lip,

spots under the eye, snout, etc.), flank, inguinal region, limb (including

forelimbs, thigh, etc.), throat (including vocal sac), and ventral

(including any ventral pattern). The percentage of maximum bio-

fluorescent recordings from each of the nine body locations were

calculated for each light source.

Statistical analysis
We evaluated the maximum biofluorescence recordings against the

predictions for each criterion proposed by Marshall and Johnsen

(2017) for ecological significance for five different light environment

irradiance spectra and two relevant photoreceptor visual sensitivity

curves. The light environment irradiance spectra we utilized were

digitized with permission from Cronin et al. 2014 and consisted of:

Daylight, Under Forest Canopy, Twilight, Full Moon, and Starlight. The

relevant anuran photoreceptor sensitivity curves we utilized were for

the red-sensitive cone and the green-sensitive rod. Photoreceptor

sensitivity curves were obtained from34. For assessing ecological sig-

nificance under environmental conditions relevant to frogs, we paired

these light environments to their relevant anuran photoreceptor: the

red-sensitive (RS) cone with day environments (Daylight and Under
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Forest Canopy) and the green-sensitive (GS) rod with night environ-

ments (Twilight, Full Moon, and Starlight). We assessed each max-

imum fluorescent emission against Marshall and Johnsen’s criteria,

under these five conditions: (1) Daylight irradiance and the anuran RS

cone sensitivity spectra, (2) Under forest canopy irradiance and RS

cone sensitivity, (3) Twilight irradiance and the anuran GS rod sensi-

tivity spectra, (4) Full moon irradiance and GS rod sensitivity, and (5)

Starlight and GS rod sensitivity. Note, there were two groups of peak

emission wavelengths produced by blue light excitation (440-460nm)

centered around approximately 527 nm and 608 nm (we refer to these

as a “green” peak and “orange” peak respectively; Supplementary

Figures S1-S2). Additionally, some individuals had both a green and

orange peak in their emission spectra. Individuals were included in

both the green and orange peak analyses separately if they had both

peaks, regardless of whichpeak had a greater intensity. Therewere 194

individuals with a green emission peak and 363 individuals with an

orange emission peak (145 individuals had only a green peak; 47 indi-

viduals had a green first peak and an orange second peak; two indivi-

duals hadan orangefirst peak and a green secondpeak; 314 individuals

had only an orange peak).

Note that an under forest canopy at night irradiance spectrumwas

not available, an environment that is likely relevant for many anuran

species. In addition, due to the limitations of the irradiance spectra only

having recordings for 400–700nm, the fluorescent excitation and

emission could only be evaluated for those recordings within this

range. For example, UV excitation could not be statistically evaluated in

respect to Criterion 1. However, the relative amount of ultraviolet light

at ground level is estimated to be only 4%, in comparison to 44% visible

light due to the blocking of UVwavelengths by the atmosphere48, so we

estimated that these UV wavelengths would not be dominant in the

daytime environments (Table 1). Additionally, the emission of cyan and

green-light-induced fluorescence spanned beyond 700nm and often

into the infrared range (Supplementary Figure S1). While likely not

relevant to anuran sensory biology, we suggest this unique fluorescent

pattern is explored further in respect to potential predators with

infrared detection capabilities (such as snakes). We also completed

randomization tests for Criteria 1–3 (as described below) under each

light environment and photoreceptor visual sensitivity condition for

diurnal individuals in daytime conditions. The results of our tests are

presented in Supplementary Data Table 8, but the extremely limited

samples sizes should be noted. We caution any strong interpretations

from these results and suggest future studies should explore these

correlations further with increased sampling.

Evaluate Criterion 1: The fluorescent pigment will absorb the

dominantwavelengths of the environment. To evaluate evidence for

Criterion 1, we utilized a randomization test to assess if each range of

excitation wavelengths matched the most dominant wavelengths

of the environment better than expected by chance. For each set of

excitation wavelengths (VI 400–415 nm and RB 440–460 nm), we

determined the average value of irradiance at those excitation wave-

lengths. This is the test statistic.We then tooka sampleof the same size

(n = 15 and n = 20 respectively) and randomly selected a wavelength

between 400 and 700 nm, then calculated a new average value of

twilight irradiance for those wavelengths. We repeated this for 10,000

iterations and compared the values in the randomization distribution

to the observed test statistic value to determine whether the peak

fluorescent excitationmatched the wavelengths most abundant in the

environment better than by chance (α =0.05). We were only able to

complete these calculations for the VI andRBexcitation sources due to

the limited wavelength range of our environment irradiance spectra.

Evaluate Criterion 2: The fluorescence will be viewed against a

contrasting background. To evaluate evidence for Criterion 2, we

assessedwhether thepeakemissionwavelengthof theblue-light-induced

fluorescence matched the least dominant wavelengths of the twilight

environment better than expected by chance. Fluorescent emission

wavelengths that match the least dominant wavelengths of light at twi-

light will produce the most contrast with the background environment.

We utilized a non-parametric Kruskal-Wallis one-way analysis of

variance test and Pairwise Dunn’s tests with Holm adjustment to

determine if the wavelength of biofluorescent emission differed by

excitation light source. As above we utilized a randomization test to

assess if the emission wavelengths of each excitation source matched

the least dominant wavelengths of the environment better than

expected by chance. For each set of emission wavelengths within the

wavelength range of our irradiance spectra (UV, VI, RB green, and RB

orange), we determined the average value of irradiance at those

emission wavelengths. This is the test statistic. We then took a sample

of the same size (n = 486, 493, 194, and 363 for each emission type

respectively, where there are 49 overlapping individuals between blue

induced green and orange emission when accounting for multiple

peaks) and randomly selected awavelength between 400 and 700 nm,

then calculated a new average value of twilight irradiance for those

wavelengths. We repeated this for 10,000 iterations and compared

the values in the randomization distribution to the observed test sta-

tistic value to determine if the peak fluorescent emission matched the

wavelengths least abundant in the environment better than by

chance (α = 0.05).

Additionally, to correct for unequal samples sizes across phylo-

genetic groups, we repeated this analysis for 10,000 subsamples of the

individuals. For each subsample, we choose one individual from each

species at random and repeated the test statistic and null calculations

as above, with samples sizes of n = 152, 151, 86, and 130 for each

emission type respectively. There are 27 overlapping species between

blue induced green and orange emissionwhen accounting formultiple

peaks. We compared the values in the randomization distribution to

the observed test statistic value to determine if the peak fluorescent

emissionmatched the wavelengths least abundant in the environment

better than by chance (α =0.05).

Evaluate Criterion 3:Organisms viewing thefluorescencewill have

spectral sensitivity in the fluorescent emission range. To evaluate

evidence for Criterion 3, we assessed if the peak emission wave-

length of the blue-light-induced fluorescence matched the peak

sensitivity of the green sensitive anuran rod better than expected

by chance. As above, we utilized randomization tests with 10,000

iterations each, for both individuals and species, to determine if

the fluorescent emission wavelengths under each light source

match the anuran photoreceptor sensitivity curve better than

expected by chance (α = 0.05). We repeated with for both the red-

sensitive cone and green-sensitive rod sensitivity curves (obtained

from34).

Considering that meeting both Criterion 2 and Criterion 3 is

necessary to support ecological significance, we also compared the

blue-light-induced green emission peak to the tradeoff spectrum of

twilight irradiance and anuran rod sensitivity, as follows. We divided

the green-sensitive rod spectrum34 by the twilight irradiance

spectrum27 to obtain the tradeoff spectrum. This is the spectrum of

wavelengths that would maximize both receiver sensitivity and

background contrast simultaneously. Both the twilight and rod

spectra were standardized before this calculation. As above, we then

utilized a randomization test to assess if the green emission peak

matched the tradeoff spectrum better than expected by chance. We

calculated the average tradeoff value at the emission wavelengths of

the green peak. This is the test statistic. We then took a sample of the

same size (194 individuals) and randomly selected a wavelength

between 400 and 700 nm, then calculated the tradeoff value for

those wavelengths. We repeated this for 10,000 iterations and

compared the values in the randomization distribution to the
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observed test statistic to determine if the green peak fluorescent

emission maximized the wavelengths to meet both Criterion 2 and

Criterion 3 better than by chance.

Assessing phylogenetic structure
To assess whether phylogenetic non-independence between mea-

surements affected our results, we performed several additional tests

of the criteria above after accounting for phylogenetic structure. For

all phylogenetic analyses we utilized a time calibrated phylogeny

obtained from Timetree.org43. A list of all species in the analysis was

uploaded to Timetree.org, using the “Load a List of Species” option

under the “Build a Timetree” function. Three species tips were not

available, but inferred from Timetree, based on the same positioning

on the tree. These species wereDendropsophus hadaddi inferred from

D. brevipollicatus, Physalaemus atlantics inferred from P. ephippifer,

and Diasporus gularis inferred from D. diastema. We removed species

tips for which we did not have data for a given analysis because the

programs we used could not handle missing data for continuous trait

evolution models.

To evaluate Criterion 1 within a phylogenetic context, we com-

pleted an ancestral state reconstruction for the trait of percent bio-

fluorescent emission under each excitation light source. The percent

biofluorescent emission was averaged for each species (Supplemen-

tary Data Table 11). We utilized the anc.Bayes function in phytools

(49, implemented in R v4.2.3.) to estimate the percent biofluorescent

emission at the basal node of the amphibian tree for each excitation

source. This value was estimated in 1000 mcmc generations and

compared across excitation sources.

To evaluate Criteria 2 and 3 within a phylogenetic context, we

examined the evolution of the average blue light-induced emission

wavelength for each species within the context of each of the five

ecological and photoreceptor conditions. The wavelength of bio-

fluorescent emission was averaged for each species. Averages were

calculated on the lists of individualswith peak blue light-induced green

fluorescence (any peak, first or second) and blue light-induced orange

fluorescence (any peak, first or second) from the previous criteria

analyses, separately. See Supplementary Data Table 2 and Supple-

mentaryDataTable 10 foremissionwavelengths averaged and samples

sizes of each species. We found the wavelength of maximum vision/

environment tradeoff under each of the five vision/environment con-

ditions. Utilizing RevBayes constrained optima Ornstein-Uhlenbeck

evolution models50, we ran five analyses for each fluorescent emission

dataset where the constrained optimum correlated to the peak wave-

length of fluorescence from the tradeoff spectrum of each environ-

ment/vision condition. This was done by constraining the

moveAppend(theta) parameter weight to 0.01 and constraining the

theta prior parameter to 0.01 nm on either side of the peak tradeoff

wavelength for each condition as follows. The bounds of the uniform

prior for the Daylight/RSCone condition were set at (575.99, 576.01);

(591.99, 592.01) for the UnderCanopy/RSCone condition; (512.99,

513.01) for the Twilight/GSRod condition; (496.99, 497.01) for the

FullMoon/GSRod condition; and (503.99, 504.01) for the Starlight/

GSRod condition (Supplementary Figure S9). We ran each model for

100,000 iterations (burnin generations = 20000, tuningInterval =

100). The average likelihood value from all 100,000 generations of

each model was compared using Akaike’s information criterion (AIC).

Models with a delta AIC value less than two were considered to fit the

data equally well.

The analyses were run as above for the blue light-induced oranges

fluorescence with a few additions. Three additional conditions were

tested in the constrained optima modelling analyses as defined pre-

viously (see Assessing Phylogenetic Structure in Results and Discussion).

The bounds of the uniform theta prior for these three conditions were

defined as (617.99, 618.01) for the Chlorophyll/GSRod condition;

(699.99, 700.01) for the Chlorophyll/RSCone condition; and (616.99,

617.01) for the AnuraGreenFluorescence/GSRod condition (Supple-

mentary Figure S10). Note that unlike all other condition tradeoff

spectra, the maximum wavelength for both chlorophyll conditions

were calculated by taking the fluorescent chlorophyll b fluorescent

spectrum divided by the photoreceptor visual sensitivity curve. This is

because these conditions were chosen to test whether the orange

fluorescence of frogs could be utilized as a cryptic signal for camou-

flage. Hence, we wanted to find the wavelengths that maximize

matching both the peak emission of the fluorescent chlorophyll

background environment and the peak Red-sensitive cone visual sen-

sitivity (in contrast to finding the wavelengths that maximize peak

visual sensitivity while also maximizing contrast with the background

environment, as defined in Marshall and Johnsen’s original Criterion 2

and 3). Finally, the emission spectra utilized for the green anuran

fluorescent signal in the final condition tested (Supplementary Figure

S10, panel C), was taken from an individual of the species Osteoce-

phalues buckleyi (Field number ECM 20505). For this indiviudal

Osteocephalus buckleyiwe have both an orange fluorescent throat and

a green fluorescent flank spectrometer recording under Blue

(440–460nm) excitation light. As both the flank and ventral surface of

this species is mottled, we believe that the fluorescent recording from

the flank is a good approximation for the fluorescence of the ventral

skin surface. These spectrometer recordings are presented in Sup-

plementary Figure S11.

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
All specimendata canbe accessed via themuseum/institution inwhich

the individual was accessioned (ECM 20001-20528, see Methods sec-

tion above). All spectrometer recordings and photographs are avail-

able by contacting the corresponding author; these raw data files

available under restricted access due to vastness (>17,000 spectro-

meter recordings and >24,000 photographs). All other data are

available in themain text or the supplementarymaterials. Source data

are provided with this paper.

Code availability
All code is available on Dryad (Supplementary Code 1; https://

datadryad.org, https://doi.org/10.5061/dryad.djh9w0w5g). https://

doi.org/10.5061/dryad.wpzgmsbxz
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