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Illuminating the Early Life of Salamanders: Exploring Biofluorescence
During Development

Jennifer Y. Lamb1, Holden Cooper2, Alexander Seymour1, Matthew P. Davis1,
and Lynne Beaty2

Biofluorescence in tetrapods has rapidly become a captivating area of study. This phenomenon was previously identi-
fied to be widespread across amphibian diversity, but few studies have investigated biofluorescence in early life his-
tory stages. The aquatic environments inhabited by the early developmental stages of biphasic amphibians are
different from those of terrestrial, post-metamorphic individuals. This could translate to differences in the presence
and function of biofluorescence. In our study, we explored the biofluorescence of developing embryos and larvae of
three species of mole salamander (Ambystoma) and one species of newt (Notophthalmus) in response to different exci-
tation wavelengths. We discovered that the colors, intensity, and locations of maximal fluorescence varied ontogeni-
cally and by species. Although fluorescence occurred in response to both blue and green light, it was more prevalent
and intense under blue excitation. Under blue excitation, we observed predominantly green fluorescence, but orange-
red wavelengths were emitted in some taxa and developmental stages. We discuss intrinsic and external mechanisms
that may be contributing to fluorescence in the eggs, embryos, and larvae of salamanders. We also use previously pub-
lished criteria to generate hypotheses about the potential ecological significance of fluorescence in the aquatic life
history stages of salamanders.

B
IOFLUORESCENCE is a natural phenomenon in which
high energy light absorbed by an organism is emitted
into the environment at lower energy wavelengths.

Numerous branches of the animal tree of life are biofluores-
cent. In the last ten years (2014–2024), there have been at
least 81 publications documenting fluorescence in amphibi-
ans, reptiles, and mammals (Supplemental Appendix A; see
Data Accessibility). These accounts include 43 distinct orders
and 159 families of tetrapods. About half (n ¼ 42) of those
publications detail fluorescence in reptiles (including Aves),
whereas 21 and 27 describe fluorescence in mammals and
amphibians, respectively (Supplemental Appendix A; see
Data Accessibility).
Biofluorescence is widespread among distantly related

lineages of amphibians (Lamb and Davis, 2020). Twenty-
two families of anurans, eight families of caudates, and
two families of gymnophionans biofluoresce (Supplemen-
tal Appendix A; see Data Accessibility). Most recorded
observations of biofluorescence in amphibians are for
metamorphosed individuals. There are many fewer accounts
of the presence or absence of biofluorescence during the
embryonic and larval stages of amphibians (but see Lamb
and Davis [2020] and Kong et al. [2023]). Lamb and Davis
(2020) included the larvae of six species in two families of
anurans (i.e., Hylidae, Ranidae) and three families of caudates
(i.e., Ambystomatidae, Plethodontidae, Proteidae) in their
broader survey. They confirmed the presence of biofluor-
escence in larval life history stages but did not document
whether fluorescing patterns or colors changed with ontog-
eny or with different excitation wavelengths. Moreover, they
did not observe biofluorescence in eggs and embryos of these
species.

The potential mechanisms behind and biological functions
of biofluorescence in amphibians are presently unknown for
the majority of taxa (Marshall and Johnsen, 2017; Lamb and
Davis, 2020; but see Taboada et al., 2017; Whitcher et al.,
2024a, 2024b). For some amphibians, fluorescence in certain
areas of the body is attributed to bony elements, secreted
compounds, and pigments (Taboada et al., 2017; Goutte
et al., 2019; Lamb and Davis, 2020; Whitcher et al., 2024b).
Many potential sources of biofluorescence change through-
out development in amphibians, and it is feasible that the
functions of biofluorescence may also change with ontogeny.
For example, fluorescence in amphibians is hypothesized to
increase visibility of conspecifics (Taboada et al., 2017) and
to contribute to communication (Whitcher et al., 2024b).
However, for aquatic larvae, mates do not matter and mortal-
ity risk is high, so it may be more advantageous to be camou-
flaged. This variation in the landscape of selection could
result in different patterns of biofluorescence. An ontoge-
netic perspective may help identify the mechanism(s) and
potential functions of biofluorescence in amphibians.

Our objectives were to describe and compare patterns of
biofluorescence across species of salamanders for which we
could obtain an ontogenetic series and which were previ-
ously documented to be biofluorescent (Lamb and Davis,
2020). We focused on three species in Ambystomatidae,
the Blue-spotted Salamander (Ambystoma laterale), Eastern
Tiger Salamander (A. tigrinum), and Spotted Salamander (A.
maculatum), and one species in Salamandridae, the Eastern
Red-spotted Newt (Notophthalmus viridescens viridescens).
We documented and quantified biofluorescent emissions
in response to blue (440–460 nm) and green excitation
(510–540 nm), with observations of fluorescent patterns in
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gross anatomy. Blue and green excitation wavelengths
were chosen because they penetrate further in freshwater
environments than do ultraviolet (UV) or violet light
(Crump et al., 1999), and because they excite fluorescence
in amphibians (Lamb and Davis, 2020; Supplemental
Appendix A; see Data Accessibility).

MATERIALS AND METHODS

Fieldwork.—Populations of Ambystoma laterale and A. tigrinum
were opportunistically sampled in central and south Minne-
sota from April through July in 2019, 2022, and 2023. We
collected A. laterale from two small, ephemeral, fishless wet-
lands at Lake Maria State Park in Wright County. These wet-
lands occurred in primarily hardwood forests composed of
maple (Acer spp.) and ash (Fraxinus spp.). Eggs were laid sin-
gly in submerged leaf litter or attached to graminoids in
shallow (,60 cm) water. We revisited these ponds multi-
ple times to capture larvae by using dip nets and soft-
sided, collapsible, flat-bottomed minnow traps (Promar).
We collected individuals of A. tigrinum from Crow-Hassan
Reserve Park in Hennepin County and from Lake Maria
State Park. Eggs and larvae were collected from two
depressional prairie wetlands at Crow-Hassan Reserve
Park. A large larval A. tigrinum was collected from an isolated
wetland at Lake Maria State Park. The eggs of Ambystoma tigri-
num were found in large masses attached to submerged gra-
minoids. Multiple individuals were collected from several egg
masses. Larval A. tigrinum were sampled using the same
methods as described for A. laterale. All eggs and larvae of A.
laterale and A. tigrinum were transported to St. Cloud State
University for data collection. Eggs and embryos were main-
tained in a room with windows for access to natural light
and in plastic containers with water from the original wet-
lands until hatching. This was done so that early larval stages
could be observed. Data were collected from A. laterale and A.
tigrinum while individuals were live or within ten to twenty
minutes of euthanasia via a 20% solution of Benzocaine
(Oragel; Altig, 1980; Lamb and Davis, 2020). All individuals
of A. laterale and A. tigrinum were fixed in a 10% solution of
buffered formalin and incorporated into SCSU’s Herpetology
Teaching Collection.

Ambystoma maculatum and N. viridescens viridescens were
opportunistically collected on Penn State Behrend’s campus
in Erie County, Pennsylvania. The campus includes Great
Lakes beech (Fagus spp.) and sugar maple (Acer saccharum)
forests. Aquatic habitats include streams draining into Lake
Erie, and ponds with variable hydroperiods. Egg surveys
took place multiple times from May through June 2023. We
sampled opaque and clear egg masses of A. maculatum and
individuals at different stages of development. The eggs of
N. viridescens viridescens were found by hand searching
through aquatic vegetation for the singly laid eggs. We col-
lected larval A. maculatum and N. viridescens viridescens from
the same ponds. Larvae were captured in D-frame nets
between May and August 2021 and again in August 2023.
Salamander eggs and larvae were brought to laboratory facil-
ities on Penn State Behrend’s campus and photographed.
Eggs and larvae were then returned to their respective
ponds. We sampled metamorphosing and juvenile A. macu-
latum and N. viridescens viridescens in August 2021, August
through October 2022, and August 2023. These individuals

were encountered via visual and natural cover object sur-
veys. Data collection from these individuals occurred either
in the field or in the laboratory. All were released at their
site of capture. It is possible that the same individual(s) were
repeatedly examined for fluorescence because we revisited
sites where previously sampled individuals were released.

Digital photography of biofluorescence.—We used digital pho-
tography to document fluorescing structures and to identify
each individual’s developmental stage (Shi and Boucaut,
1995). Images were either collected in the laboratory or the
field. Images taken in a lab setting were collected under
white light and then while under blue (440–460 nm) or
green (510–540 nm) excitation lights and in a darkened
room. If images were collected in the field, a blackout tent
provided the necessary dark space for photography. All exci-
tation lights were sourced from NIGHTSEA (blue: DFP RB-
GR flashlight, Xite RB flashlights, or RB gooseneck lamps;
green: DFP RB-GR flashlight, Xite GR flashlights, or GR
gooseneck lamps). Images of fluorescence were captured
through long pass filters (500 nm for blue excitation and
600 nm for green excitation lights) by a variety of different
cameras (Canon EOS Rebel T7i DSLR camera with a 60 mm
macro lens, Canon EOS Rebel T7 DSLR camera with a 18-
55 mm lens, Olympus TG-5 digital camera, or with an
iPhone XR).

Our goal was to document the fluorescence we observed,
rather than to rigorously quantify how emission intensity
varied between species or life stages. For this reason, some
aspects of the photography environment and/or camera set-
tings varied. For example, a glass petri dish was placed over
the egg masses of A. maculatum to allow for clearer photos
of embryos. Additionally, embryos within eggs, and small-
bodied larvae, generally required longer exposure times
(e.g., 4 seconds for images of embryos of A. tigrinum). The
single egg of N. viridescens viridescens was imaged under a
stereoscope (Wild Heerbrugg MDG 17) due to its small size.
This individual was photographed daily under diffuse white
and blue excitation lights. An iPhone XR camera was used
to collect images through an eye piece and a long pass filter
was placed over the objective lens.

Quantifying biofluorescent spectra.—Spectral data were col-
lected from each species, and from most life stages, via two
different Ocean Optics spectrometers. Fluorescent spectra
were collected from A. laterale and from A. tigrinum with a
FLAME-S-VIS-NIR-ES spectrometer connected to a 600 um
UV/VIS fiber optic probe with a UV/VIS 200-2000 nm colli-
mating lens. Dark calibration was used prior to data collec-
tion with this spectrometer (Lamb and Davis, 2020).
Fluorescent spectra for A. maculatum and N. viridescens viri-
descens were collected with a USB2000þ spectrometer with a
QR400-7-SR fiber optic probe calibrated with an Ocean
Optics HG-2 mercury-argon wavelength calibration source.
The same excitation light sources and long pass filters used
during digital photography were also used when collecting
spectral data. As in Lamb and Davis (2020), the long pass fil-
ter was placed between the probe and the specimen so that
only fluorescent spectra would be recorded. For each species
and life stage, four or five independent readings were col-
lected from various regions of the body or egg mass. It was
not always possible to position light sources and spectrome-
ter probes at consistent distances from specimens. Specimens
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differed in their overall size, and some species were measured
within 20 minutes of euthanasia (i.e., A. tigrinum, A. laterale)
whereas others were measured when live and capable of
movement (i.e., A. maculatum, N. viridescens viridescens).

Analyzing emission spectra.—Spectral data collected by differ-
ent spectrometers were analyzed separately but with the
same approach. Spectra were averaged, smoothed, and sum-
marized in the R package pavo (Maia et al., 2019). An aver-
age spectrum was found for each individual larva. Average
spectral curves were calculated for each egg mass, or for an
individual egg in the case of N. viridescens viridescens. We
used the plotsmooth() function in pavo to identify the low-
est span value for smoothing curves (span ¼ 0.2). From
these curves for each species and stage, we identified the
wavelength at which fluorescent emission was the most
intense, also known as the peak wavelength hue (H1; Mont-
gomerie, 2006; Maia et al., 2019). If emission spectra con-
tained more than one peak, we calculated the peak
wavelength hue for each peak. Spectral curves were plotted
using plot() in pavo.

RESULTS

Eggs and embryos

Ambystoma.—The egg jelly surrounding embryos of both A.
laterale and A. tigrinum fluoresced in response to blue excita-
tion light. Green fluorescent emissions were visible when
eggs were submerged or held outside of water. Red fluores-
cence was also visible in a thin layer along the outer edges
of the jelly, or scattered across it, for all individuals (Figs. 1,
2). Six embryos of A. laterale were collected around stage 5–
7 (Shi and Boucaut, 1995). At this early stage of develop-
ment, the darkly pigmented embryos did not appear to fluo-
resce. Three of these embryos continued to develop in the
lab and were later observed at stages 22–27 (Shi and Bou-
caut, 1995). At this point, the egg jelly fluoresced green, but

the darkly pigmented embryos within did not fluoresce
(Supplemental Fig. 1; see Data Accessibility). Five embryos
of A. tigrinum were collected from the field at developmental
stages 31–34 (Shi and Boucaut, 1995). These individuals
were close to hatching had already developed blotches of
dark and light-yellow pigment across the dorsal and lateral
surfaces of the body (Fig. 1A). Areas of yellow pigment on
these surfaces appeared to fluoresce and were of a similar
color and intensity as the surrounding egg jelly. The ventral
surfaces of the developing embryos of A. tigrinum fluoresced
brightly green and could clearly be differentiated from the
surrounding egg jelly (Fig. 1D).

Eggs and embryos of Ambystoma maculatum from five egg
masses also fluoresced in response to blue light (Supplemen-
tal Fig. 2; see Data Accessibility). Biofluorescent emissions
could be seen when masses were submerged and when held
outside of the water. The egg masses and egg capsules of A.
maculatum fluoresced red, and the developing salamanders
fluoresced green across stages 0–25 (Shi and Boucaut, 1995).
The ventral surfaces of later-stage embryos of A. maculatum
(stages 26–32; Shi and Boucaut, 1995) fluoresced bright
green (Supplemental Fig. 2B; see Data Accessibility). In both
early- (n ¼ 2) and late-stage egg masses (n ¼ 2), the green
biofluorescence of the salamanders was largely obscured by
the red biofluorescence of the egg capsules (Supplemental
Fig. 2A; see Data Accessibility). We were able to collect fluo-
rescence spectra for the eggs and embryos of two species
(Fig. 3), including A. maculatum. The primary peak fluores-
cence measured from a single egg mass of A. maculatum (H1)
was 685 nm, which falls within the red spectrum of visible
light (Fig. 3B; Supplemental Table 1; see Data Accessibility).

Notophthalmus.—The single embryo ofN. viridescens viridescens
observed fluoresced in response to blue light (Fig. 4). The
embryo and capsule both fluoresced green, although fluo-
rescence was weaker for the egg capsule. The most intense

Fig. 1. Biofluorescence in the eggs and larvae of Eastern Tiger Salamanders (Ambystoma tigrinum) in response to blue excitation light. Areas of
embryos (A), early-stage larvae (B), and late-stage larvae (C) with lighter pigments fluoresce green (D–F). Ventral surfaces fluoresce more brightly
than do dorsal surfaces (D, E). There is minimal red fluorescence on the surface of the egg, but the jelly layers themselves fluoresce green (D).
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fluorescence, or primary peak wavelength (H1), observed was
683 nm, and there was a secondary fluorescence peak at 550 nm
(Fig. 3D; Supplemental Table 1; see Data Accessibility). Later
in development (stages 26–32; Shi and Boucaut, 1995), the
embryo of N. viridescens viridescens had brighter green mark-
ings on the ventral surface compared to the dorsal surface.
Black pigment on the embryo contrasted against the green
fluorescence (Fig. 4C, D).

Larvae

Ambystoma.—Fluorescence in response to blue excitation
light occurred in hatchlings (around stage 34 for both spe-
cies), early-stage larvae (34–39), and late-stage larvae (40 and
beyond; Shi and Boucaut, 1995) for both A. laterale and A.
tigrinum. We observed fluorescence in a total of 22 larval A.
laterale and 28 larval A. tigrinum. The average wavelength of
peak fluorescence (H1) was 533 6 0 nm for A. laterale (mea-
sured from two late-stage larvae; snout-to-vent length ¼ 16.56
3.54 mm). This peak occurred at 535.5 6 0.71 nm for the two
individuals of A. tigrinum for which measurements were col-
lected (late-stage larvae; snout-to-vent length ¼ 726 4.24 mm;
Fig. 3; Supplemental Table 1; see Data Accessibility). These fluo-
rescent emissions fall within the green spectrum of light. The
relative intensity of fluorescence measured with the FLAME
spectrometer was higher for the large larval A. tigrinum com-
pared to the larval A. laterale (Fig. 3).

The relative intensity of fluorescence in response to blue
light varied with the area of the body being viewed and by
species. In both A. laterale and A. tigrinum, areas where lar-
vae contained yellow and reflective white pigments in the
skin or on the tailfin fluoresced brightly (Figs. 1, 2; Shi and
Boucaut, 1995). Translucent areas of the tailfin also fluo-
resced both in and out of the water, although not as
brightly as patterned areas of the body (Figs. 1, 2). The gas-
trointestinal tracts of small, early-stage larvae of A. laterale

and A. tigrinum, which appear whitish yellow in daylight,
fluoresced brightly green. In contrast, we observed that the
ventral surfaces of late-stage larvae of A. laterale did not
fluoresce brightly, whereas those of A. tigrinum did (Fig. 5).
Fluorescence on the ventral surfaces of A. laterale was scat-
tered and irregular. Occasionally, brighter reddish-pink or
green fluorescing items within the gastrointestinal tract of
some larger, late-stage larvae were observed (Fig. 5E). Some
of the bones of the lower and upper jaws could be seen
fluorescing through the skin in each species. The eyes,
including lighter pigments in the iris but also areas behind
the surface of the eye, fluoresced brightly throughout lar-
val development (Figs. 1, 2, 5).

The condition of the specimens being observed impacted
fluorescent emissions in response to blue excitation light.
When larvae of A. laterale and A. tigrinum were accidentally
damaged while they were positioned for photographs, the
point of injury fluoresced green (Fig. 2B, E). However, blood
vessels, and any points where blood was visible at the sur-
face of the skin due to injury, did not fluoresce (Fig. 2C, F).
To informally examine the effect of freezing on biofluores-
cence, we euthanized and then froze five larvae of A. tigri-
num in 2 mL screw cap tubes at –208C. We thawed and
examined these individuals one week later. They had lost
almost all darker pigments, and green fluorescence was
apparent across the body more so than in larvae of a similar
size and developmental stage that had not been frozen.

Larval A. tigrinum fluoresced red in response to green
light, although at a much lower intensity compared to fluo-
rescence in response to blue light (Fig. 6). These intensity
measurements should not be statistically or quantitatively
compared, but they do correspond with what we perceived
when observing these specimens. Fluorescence in response
to green excitation light was recorded for two individuals
(late-stage larvae; snout-to-vent length ¼ 72 6 4.24 mm).

Fig. 2. Biofluorescence in the eggs and larvae of Blue-spotted Salamanders (Ambystoma laterale) in response to blue excitation light. The eggs
(A), early-stage larvae (B), and late-stage larvae (C) fluoresce primarily green wavelengths of light (D–F). Red fluorescence is visible on the outer
surface of the egg and is similar to fluorescence from epiphytes on the vegetation to which the egg is attached (D). Damaged tissues fluoresce
intensely in the early-stage larvae (white arrows, B and E), but a small point of damage with visible blood in the late-stage larva is not comparably
bright (white arrows, C and F).
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The average wavelength of peak fluorescence (H1) was 606 6
0 nm. These fluorescent emissions fall within the spectrum
of red visible light (Fig. 6A). The average relative intensity
of this red fluorescence was lower compared to the green
fluorescence produced in response to blue excitation light
(Figs. 3, 6; Supplemental Table 1; see Data Accessibility).
However, similar patterns with respect to the gross anat-
omy fluorescing were apparent. The ventral surface fluo-
resced more strongly than did the dorsal surface, and areas
with lighter pigments fluoresced brightly compared to
areas with melanin (Fig. 5).
All of the larvae of A. maculatum observed fluoresced in

response to blue light, but this species had limited fluores-
cence in response to green light. Fluorescence measurements
were collected from five larvae. The peak fluorescence wave-
length (H1) under blue light for these individuals was 5326 1
nm, appearing green in the visible spectrum (Fig. 3; Supple-
mental Table 1; see Data Accessibility). Patterns of biofluores-
cence exhibited significant changes throughout development

for this species. Early larval A. maculatum (stages 35–39; Shi
and Boucaut, 1995) fluoresced with the greatest intensity
across their gill filaments, but their eyes and regions of the
body lacking darker pigments also fluoresced (Fig. 7). In
later-stage larva (stages 40–50; Shi and Boucaut, 1995), the
ventral surfaces and iridophores had the most vibrant fluo-
rescence, whereas fluorescence elsewhere, including the
gill filaments, was reduced. Some of the bones of the lower
and upper jaws, limbs, and digits could be seen fluorescing
through the skin. The dorsal surfaces of later-stage larval
A. maculatum weakly fluoresced green, but regions where
yellow spots had begun to form had noticeably higher
intensity (Fig. 7). Occasionally, pinkish-red fluorescence
could be seen on the ventral midline some individuals.
In general, specimens of A. maculatum did not display
noticeable fluorescence under green excitation light (Sup-
plemental Fig. 3; see Data Accessibility), and emission
spectra were not recorded from larvae of this species for
this light source.

Fig. 3. Biofluorescence emission spectra in response to blue excitation light in the eggs, embryos, and larvae of salamanders. The data presented
here represent averages for each egg or egg mass (gray lines), or individual larva (black lines), and are presented in their raw form (not smoothed).
The y-axis represents sensor count data. The larvae of Ambystoma laterale (n ¼ 2; A), A. maculatum (n ¼ 5; B), A. tigrinum (n ¼ 1; C), and
Notophthalmus viridescens viridescens (n ¼ 5; D) exhibit primary fluorescent emission peaks in the spectrum of green light (500–550 nm). Some
larvae of A. laterale (A) and N. viridescens viridescens (D) also have secondary, smaller peaks or elevated readings in the spectrum of red light
(625–700 nm). Primary fluorescent emission peaks for the eggs and embryos of A. maculatum (B) and N. viridescens viridescens (D) are in the
spectrum of red light (625–700 nm). However, the single egg of the N. viridescens viridescens (D) that was measured also fluoresces in the spec-
trum of green light. The sharp spikes in B and D represent equipment measurement errors at approximately 636.5 and 689 nm, respectively. These
spikes were excluded from spectral shape calculations in Supplemental Table 1 (see Data Accessibility).
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Notophthalmus.—Larvae of N. viridescens viridescens fluo-
resced in response to blue light and had limited fluores-
cence in response to green light. We measured fluorescence
spectra in five larvae of this species. Peak fluorescence (H1)
occurred in the green spectrum at 528 6 2 nm, with two
individuals having a secondary peak in the red spectrum at
692 6 4 nm (Fig. 3; Supplemental Table 1; see Data Accessi-
bility). The structures fluorescing, and the intensity of that
fluorescence, changed throughout development. The single
hatchling observed was still absorbing its yolk and displayed
the most vibrant biofluorescence on its ventral surface
where the yolk was visible under white light. In early-stage
larvae (35–39; Shi and Boucaut, 1995), the entire body fluo-
resced bright green, and the developing dorsal orange-red
spots, characteristic of this species’ common name, fluo-
resced most intensely. These spots appeared white under
white light. In later-stage larvae (40–50; Shi and Boucaut,
1995), dorsal fluorescence was less intense, with the excep-
tion of fluorescence from dorsal spots that were orange or
red under white light. These spots fluoresced bright green
and were distinct against the less-fluorescent dorsal surface
of the body (Fig. 3). Gill rachis fluoresced more intensely
than did filaments, and they appeared to retain the same
level of brightness throughout development. Developing
bones in the jaws and limbs fluoresced and were visible
through the soft tissues. When exposed to green excitation
light, larvae of N. viridescens viridescens displayed minimal
biofluorescence (Supplemental Fig. 3; see Data Accessibil-
ity). They exhibited whole body red fluorescence with the
exception of more darkly pigmented parts of the eye and
the darkly pigmented line connecting the eye to the tip of
the snout. Emission spectra were not recorded in response
to green light for this species.

Metamorphs

Notophthalmus.—All efts exhibited both green and red fluo-
rescence in response to blue excitation light (Fig. 8). Green
fluorescence was present on both the dorsal and ventral sur-
faces. Fluorescent spectra collected from five individuals had
an average, primary peak wavelength (H1) equaling 526 6 0
nm and a smaller, secondary wavelength of 605.2 6 0.45 nm
(Fig. 8C). In some of the efts observed, the bright red dorsal
spots fluoresced green, while in others they fluoresced an
orange-red (Fig. 8B). Some of the individuals that had red-
orange fluorescent dorsal spots in response to blue light also
exhibited dark orange fluorescence on the majority of their
tail (Fig. 8). When exposed to green excitation light, efts fluo-
resced red across all surfaces, and the red spots fluoresced
more intensely than did other surfaces (Supplemental Fig. 3F;
see Data Accessibility). Bones of the digits could be seen fluo-
rescing through the skin under both blue and green excita-
tion lights.

DISCUSSION

We suspect that multiple mechanisms are responsible for
the fluorescence observed in salamander eggs. Photosyn-
thetic symbionts could be producing red fluorescent wave-
lengths (Kerney et al., 2011). This fluorescence was prominent
in the eggs of A. maculatum (Supplemental Fig. 2; see Data
Accessibility), a species that is well known for symbiotic associ-
ations with algae (Kerney et al., 2011; Kim et al., 2014). We
also document red fluorescence on the surfaces of eggs of

Fig. 4. Biofluorescence in the eggs and larvae of Eastern Red-spotted

Newts (Notophthalmus viridescens viridescens) in response to blue exci-

tation light. The eggs and embryos (A, C), early-stage larvae (E), and late-

stage larvae (G) of N. viridescens viridescens fluoresce green in response

to blue excitation light. Both early- and late-stage embryos (B, D) brightly

fluoresce green. Early-stage larvae (F) are more vibrantly fluorescent than

are those found in later stages of development (H). The dorsal red-orange

spots seen in late-stage larvae, as well as some of the ventral surfaces of

late-stage larvae appear to fluoresce orange wavelengths (H).
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A. laterale, A. tigrinum, and N. viridescens viridescens (Figs. 1,
2, 4). Amphibian eggs can be colonized by different microbes,
including algae and photosynthetic bacteria (Kim et al., 2014;
Anslan et al., 2021). Photosynthetic organisms, including
symbiotic algae, fluoresce red in response to blue excita-
tion light (Kerney et al., 2011). The spectrometer measured
red fluorescence in the egg of N. viridescens viridescens
(Fig. 4; Supplemental Table 1; see Data Accessibility), but
in images it appears this fluorescence may belong to the
grammanoid to which the egg is attached (Fig. 4). The green
fluorescence we document could be produced by compounds
within amphibian eggs. To our knowledge, no studies have
identified whether components of amphibian eggs, such
as mucopolysaccharides and mucoproteins in the capsule
layers (Duellman and Trueb, 1994), biofluoresce. Alternatively,

the green fluorescence could be due to egg capsules absorb-
ing components from the water column. Both the egg
capsules and the perivitelline space absorb water after
oviposition (Salthe, 1965), and water from our field sites
fluoresced green.

Variation in the intensity of fluorescence in early embryos
may be caused by differences in melanin concentration.
The embryo of N. viridescens viridescens fluoresced green as
early as developmental stage 23 (Shi and Boucaut, 1995;
Fig. 3B), whereas embryos of A. laterale observed at a similar
developmental stage did not (Fig. 2; Supplemental Fig. 1;
see Data Accessibility). The eggs of N. viridescens viridescens
are “light to dark brown,” whereas those of A. laterale are
“darkly pigmented” (Petranka, 1998). This difference in pig-
mentation may be due to the species utilizing different

Fig. 5. Ventral biofluorescence in response to blue excitation light. Ventral fluorescence varies with species and ontogeny. Green fluorescence is
brighter in larval A. tigrinum (A and D top, C, F) than it is in A. laterale (A and D bottom, B, E). Early- (A) and late-stage (B, C) larval Ambystoma
have bright white or reflective ventral surfaces under white light. These surfaces emit bright green fluorescence (D–F), but are more fluorescent in
late-stage A. tigrinum (F) than in late-stage A. laterale (E).

Fig. 6. Eastern Tiger Salamander (A. tigrinum) larvae fluoresce red in response to green excitation light. Multiple independent spectral readings
were averaged for two larvae and are presented here in their raw form (not smoothed; A). Individuals are represented with different line types.
Black lines represent measurements from the ventral surface. The y-axis represents sensor count data. The primary emission peaks for both individ-
uals and surfaces are in the spectrum of orange-red light. Areas with lighter or reflective pigments in white light (B) are responsible for the red fluo-
rescence observed (C).
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microhabitats for oviposition. Notophthalmus viridescens viri-
descens typically lay eggs singly and tuck them into aquatic
vegetation (Petranka, 1998; Altig and McDiarmid, 2015)
where they are likely shaded from damaging ultraviolet
wavelengths. Amphibians that deposit their eggs in habitats
with more ultraviolet exposure tend to have darkly pig-
mented embryos (Duellman and Trueb, 1994; Petranka,
1998; Altig and McDiarmid, 2015).

Our observations of fluorescence in larval amphibians in
response to blue light expand on the findings of Lamb and
Davis (2020). As in that study, we saw that fluorescence in
larval salamanders primarily included green wavelengths
(Fig. 3). Areas with yellow, red, and/or white pigments, and
the ventral surfaces, fluoresced intensely (Figs. 1, 2, 4, 5, 7).
We also saw bony fluorescence, particularly in the digits,
limbs, and jaw. However, unlike Lamb and Davis (2020), we

observed orange-red fluorescence in some amphibian larvae

(Figs. 3–5). This fluorescence could be caused by multiple
mechanisms. Larval newts form red dorsolateral spots as

they develop (Fig. 4G). In efts, these spots fluoresce orange-
red under blue light (Fig. 8). Orange-red fluorescence visible

ventrally or laterally could also come from the gastrointesti-
nal tract. Larval salamanders sometimes ingest plant or algal

matter, and they actively feed on small arthropods, includ-
ing crustaceans (Brophy, 1980). We lack information about

fluorescence in freshwater crustaceans, but some marine
crustaceans fluoresce red under blue excitation light

(Juhasz-Dora et al., 2024). Alternatively, the intestines of

Fig. 7. Larval Spotted Salamanders (A. maculatum) biofluoresce
green in response to blue excitation light. Early- (A) and late-stage (C)
A. maculatum fluoresce green (B and D, respectively) in response to
blue light. In both stages, fluorescence is brighter in areas that appear
lighter under white light (A, C), including ventral surfaces. Areas with
iridophores fluoresce especially brightly (B, D).

Fig. 8. Biofluorescence of Eastern Red-spotted Newt (N. viridescens
viridescens) efts in response to blue excitation light. Post-metamorphic
N. viridescens viridescens (i.e., efts; A) brightly fluoresce green in
response to blue excitation light (B). In some individuals, the red-
orange spots located on the dorsal surface of the eft (A) fluoresce
green, while in others they fluoresce orange (B). The primary peak
wavelength emitted is within the green spectrum, but there is a
smaller, secondary peak within the red spectrum (C).
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larval salamanders may inherently fluoresce. Autofluores-

cence in the yellow-green spectrum occurs in the intestinal

tissues of larval clawed frogs (genus Xenopus; Yergeau et al.,

2009). Careful dissection of larval amphibians to observe

the source of fluorescence would be an interesting direction

for future studies.
Different species of larval salamanders varied in the inten-

sity of their fluorescence, and it appears that fluorescence in

response to blue light is most prominent in A. tigrinum.

Green fluorescence measured from this species appeared

more intense than it was for A. laterale (Figs. 3, 5). This cor-

responds with observations made of fluorescence in meta-

morphosed individuals of the same taxa (Lamb and Davis,

2020). Interestingly, the ventral surfaces of A. tigrinum fluo-

resced brighter than those of other congeners (Fig. 5). The

skin of larval amphibians is thin and often translucent, and

the peritonea of other larval Ambystoma (i.e., axolotls, A.

mexicanum) are densely populated with iridophores (Dalton

and Hoerter, 1974). Iridophores contain components such

as guanine which could be the mechanism behind the fluo-

rescence observed (Marshall and Johnsen, 2017).
Biofluorescence varied among individuals within the

same species, potentially due to variation in an individual’s

health or other factors. Pigments like carotenoids can be

costly to produce and maintain (McGraw, 2006). Individuals

that do not fluoresce brightly may not be able to afford

those energetic costs. In the case of the efts of N. viridescens

viridescens, variation in fluorescence could also correlate

with toxicity. Efts that are older (Brodie, 1968) and efts with

more red spots (Spicer et al., 2018) have higher levels of tox-

ins in their skin compared to those with fewer red spots.

These spots fluoresced brightly under both blue and green

excitation (Fig. 8; Supplemental Fig. 3; see Data Accessibil-

ity). Whether fluorescence contributes to aposematism in

the efts of N. viridescens viridescens warrants further investi-

gation. There have been some creative studies which have

utilized painted clay models to test the hypothesis that fluo-

rescence contributes to aposematism in frogs (Whitcher

et al., 2024a) and fireflies (Wilcox and Lewis, 2019). How-

ever, these studies have failed to support that hypothesis.

Still, future studies should examine how an individual

amphibian’s body condition might influence fluorescence.
There are likely additional, non-pigment-based mecha-

nisms behind biofluorescence in larval salamanders. Injured

specimens fluoresced intensely at the point of damage

(Fig. 2B, E), but visible blood at the surface of the tissue did

not notably fluoresce (see Fig. 2C, F). Small larvae frozen at

–208C fluoresced uniformly across the body. This suggests

that observations of fluorescence made from frozen tissues

should be interpreted cautiously. Freezing ruptures cells and

may degrade pigments, both of which likely alter the

appearance of fluorescence. Taboada et al. (2017) identified

hyloins in the lymph and dermal secretions of some

anurans that were largely responsible for non-pigment-

based fluorescence. Lamb and Davis (2020) also point to

seemingly non-pigment-based fluorescence across amphibi-

ans that lack bold, colorful patterns. Identifying the mecha-

nisms behind fluorescence across amphibian groups will

likely require an interdisciplinary approach that combines

observations like these with histological and biochemical

approaches.

Exploring potential functions.—Marshall and Johnsen (2017)
present a checklist that is helpful in considering whether
observed biofluorescence might be ecologically relevant.
Their criteria include that (1) fluorescence occurs on part(s)
of the organism that are visible, (2) the wavelengths fluo-
resced are within the spectral sensitivities of potential view-
ers, (3) the wavelengths that excite fluorescence are
prominent in the natural lighting conditions experienced
by the organism, and (4) the fluorescent area(s) are visible
during behaviors that could impact an individual’s fitness.
Whitcher et al. (2024b) applied Marshall and Johnsen’s
(2017) criteria to their survey for fluorescence, which
focused on metamorphosed anurans. They concluded that
just over half of the anurans tested, a total of 86 species,
met these criteria. We suggest that biofluorescence in the
species of larval salamanders we tested meets Criteria 1, 2,
and 4 from Marshall and Johnsen (2017) and hypothesize
that if biofluorescence is ecologically significant in this life
history stage, then it contributes to camouflage.

Fluorescence in larval salamanders occurs on surfaces of
the body that would be visible when the animals are at rest
and when moving through the water column (Criterion 1).
During the day, larval salamanders are often found on the
bottoms of their aquatic habitats (Anderson and Graham,
1967; Hassinger et al., 1970; Branch and Altig, 1981). They
may be buried and out of sight, but they do also rest on the
surfaces of the substrate, detritus, and aquatic vegetation. In
these instances, the dorsal and lateral sides of the body and
tail might be visible. The bodies and tails of larval salaman-
ders are typically covered by patches, spots, or stripes that
fluoresce (Figs. 1, 2, 4, 7). However, the ventral surfaces of
larvae tend to fluoresce more noticeably than do the dorsal
or lateral surfaces. Ventral surfaces would be visible either
from the side or below when the animals are foraging,
swimming, or floating in the water column (Anderson and
Graham, 1967; Hassinger et al., 1970; Branch and Altig,
1981). Fluorescent emissions in response to blue excitation
were brighter than emissions in response to green excitation
(Figs. 3, 6; Supplemental Table 1; see Data Accessibility). For
this reason, we speculate that the wavelengths emitted
when exposed to blue light are more relevant.

The green to red fluorescent emissions produced by larval
salamanders (Fig. 3; Supplemental Table 1; see Data Accessi-
bility) are within the spectral sensitivities of other amphibi-
ans (Criterion 2). Larval salamanders predate smaller
amphibians and are depredated by congeners (Lannoo,
2005). Broadly speaking, the photoreceptor cells of larval
amphibians can detect longer wavelengths of light (Fouil-
loux et al., 2022). For example, potential prey, like the tad-
poles of Northern Leopard Frogs (Lithobates pipiens), are
sensitive to both green (medium wavelength sensitive rods
and cones kmax ¼ 527 nm) and red (long wavelength sensitive
cones kmax ¼ 620 nm) wavelengths of light (Liebman and
Entine, 1968). Larval A. tigrinum are sensitive to both green
(medium wavelength sensitive rod kmax ¼ 516 nm), yellow
(long wavelength sensitive cones kmax ¼ 584, 586 nm), and
red wavelengths (Isayama et al., 2014).

Larval salamanders are also prey for many aquatic inverte-
brates that can perceive green to red wavelengths (Immo-
nen et al., 2014; Futahashi et al., 2015; Guignard et al.,
2022; Criterion 2). Potential predators of larval salamanders
include dragonfly nymphs (order Odonata), diving beetles
(order Coleoptera), as well as belostomatids and notonectids
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(order Hemiptera; Lannoo, 2005; Stretz et al., 2019). Visual
acuity (Feller et al., 2021) and color sensitivities vary across
these groups, but several have photoreceptors or express
opsins sensitive to medium and longer wavelengths of light
(Immonen et al., 2014; Futahashi et al., 2015; Guignard
et al., 2022). For example, odonate nymphs that predate lar-
val salamanders (e.g., families Aeshnidae and Libellulidae;
Lannoo, 2005) express multiple visual opsins that are sensi-
tive to long wavelengths in the green spectrum (i.e., ca.
kmax ¼ 530 nm; Futahashi et al., 2015; Guignard et al.,
2022) and notonectids have photoreceptors with kmax that
fall within 500–600 nm (see Immonen et al., 2014: fig. 1a).

Shorter wavelengths, like UV and blue light, may not be
available throughout freshwater aquatic habitats, or at all
times of the year in these environments. In freshwater sys-
tems, UV and blue light attenuate at shallower depths in the
water column than they do in marine systems. This is due
to absorption and scattering by dissolved organic carbons
and suspended particulates (Lean, 1998; Crump et al.,
1999). Algae and aquatic plants can also contribute to light
attenuation, scattering, and shading (Krause-Jensen and
Sand-Jensen, 1998; Lean, 1998; Crump et al., 1999; Arts
et al., 2000; Cronin et al., 2014; Hornbach et al., 2020). Due
to their density, plants likely have a major impact on the
light environment in a freshwater wetland during the height
of the growing season. Because of these factors, there may be
little illumination below about 50 cm in freshwater wetlands
(Crump et al., 1999; Arts et al., 2000). The wetlands used for
breeding by the mole salamanders and newts studied here
are often shallow (i.e., �1.5 m), ephemeral to semi-perma-
nent, with ample aquatic vegetation (Lannoo, 2005). Larval
salamanders utilize multiple depths in these wetlands,
including depths to which blue light may penetrate. How-
ever, additional data describing water turbidity, as well as
irradiance and transmission spectra at varying depths in
these environments, are needed. Without those data, we can-
not evaluate Marshall and Johnsen’s (2017) third criterion
regarding the prevalence of excitation wavelengths where
larval salamanders occur.

We hypothesize that if biofluorescence in larval salaman-
ders is ecologically significant (Marshall and Johnsen,
2017), it most likely contributes to camouflage. Green fluo-
rescence in free-swimming larvae could help individuals
blend in with the green-fluorescing water column when
moving through open areas (Criterion 4). Fluorescence of
the lateral and dorsal sides of larvae corresponds with mot-
tled areas of light pigments (Figs. 1, 2, 4, 7). These seemingly
random patterns may obscure a larva’s body shape and con-
tribute to disruptive camouflage in the water column (Altig,
1972). Similarly, countershading, having a brighter ventral
and darker dorsal surface, may be an important method of
camouflage for this life stage (Altig, 1972; Thibaudeau and
Altig, 2012). Larval salamanders will forage for prey, includ-
ing smaller salamander larvae (Lannoo, 2005), by suspend-
ing themselves in the water column at various depths
(Anderson and Graham, 1967; Hassinger et al., 1970;
Branch and Altig, 1981). In these scenarios, fluorescence
from the ventral surface may reduce an individual’s shadow
when viewed from below or contribute to background
matching from different angles (Kelley et al., 2017; Kohler
et al., 2019). At this point, we lack studies that explicitly
test the role of biofluorescence in amphibian camouflage.
However, camouflage via background matching and/or

disruptive patterns appears to be a function of biofluores-
cence in some marine fishes (Sparks et al., 2014; Anthes
et al., 2016).

For species that oviposit in exposed locations in wetlands
(e.g., many species of Ambystoma), we hypothesize that fluo-
rescence contributes to camouflage via background match-
ing. Fluorescence may help eggs or egg masses color match
vegetation and/or the background fluorescence from the
water column. Egg masses of A. maculatum and A. tigrinum
are attached to submerged vegetation or woody structures
(Petranka, 1998; Lannoo, 2005). The eggs are exposed and
visible (Criterion 1). Adults of these species do not defend
their eggs, and embryos are vulnerable to predation from
other salamanders (e.g., Notophthalmus; Lannoo, 2005),
invertebrates (e.g., odonate nymphs; Ward and Sexton,
1981; Gunzburger and Travis, 2005), and, in some cases,
from tadpoles (e.g., Wood Frogs [Lithobates sylvaticus]; Pet-
ranka et al., 1998; Criterion 4). Many of these potential
predators can visualize the red and green wavelengths fluo-
resced by salamander eggs (Criterion 2). As previously
stated, we need additional data regarding the light environ-
ments of these wetlands before concluding that Marshall
and Johnsen’s (2017) third criterion is met by this life his-
tory stage.

Caveats and future directions.—There are several important
caveats to keep in mind regarding our results. Although we
have included eggs, embryos, larvae, and efts, our sample
sizes for some species, life stages, and data types (i.e., spec-
tral data) are limited. Our spectral dataset is additionally
restrictive because we cannot make statistical comparisons
with respect to fluorescence intensity due to variation in
the placement of light sources and probes. Light and probe
geometry would not typically affect the emission wave-
lengths measured, but it does introduce noise into measure-
ments of intensity or brightness. Importantly, this survey
does not consider the impact of potential environmental
factors on fluorescence in amphibian larvae. Our data sug-
gest that some aspects of fluorescence correlate with the
overall color and pattern of larval amphibians. However,
these traits are influenced by geographic location as well as
local environmental factors in many species during the lar-
val period (Thibaudeau and Altig, 2012). For example, a lar-
va’s brightness or the colors they exhibit can vary with time
of day (Altig, 1972), photoperiod (Rodrı́guez-Rodrı́guez
et al., 2021), temperature (Garcia et al., 2003; Rodrı́guez-
Rodrı́guez et al., 2021; Hird et al., 2023), background or sub-
strate reflectance (Polo-Cavia and Gomez-Mestre, 2017;
Rodrı́guez-Rodrı́guez et al., 2021; Liedtke et al., 2023), and,
potentially, water clarity (Altig, 1972; Thibaudeau and Altig,
2012). Knowing this, future efforts to document and quan-
tify fluorescence in larval amphibians should endeavor to
account for or explicitly test the impact of these factors on
both fluoresced and reflected color and pattern.

We suggest that researchers take advantage of any opportu-
nity to test amphibian larvae for biofluorescence. Surveys that
cast a wide taxonomic net are more likely to uncover unique
variation or additional practical applications for the use of
fluorescence (see Smith et al., 2018). There are surprising gaps
in our knowledge of the biology and ecology of amphibian lar-
vae, including for species in North America (Altig, 2018). Our
review of pertinent literature shows that the number of studies
documenting amphibian biofluorescence is growing rapidly
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(n ¼ 27), but also that larval amphibians are being left behind
(i.e., only Kong et al. [2023] and Lamb and Davis [2020] report
testing fluorescence in larvae; Supplemental Appendix A; see
Data Accessibility). If a targeted approach is preferred, we sug-
gest that researchers use a combination of morphological and
ecological traits to guide their surveys for biofluorescence in
larval amphibians. We predict that larvae that exhibit bright
colors, or those with translucent skin and white peritonea, are
likely to fluoresce. Some of these same traits have been tar-
geted by other authors studying fluorescence in metamor-
phosed anurans (e.g., Taboada et al., 2017). Additionally,
larvae that are noxious or toxic, or that forage while
exposed in shallow or clear waters, may exhibit interesting
fluorescence. Finally, we suggest that species with promi-
nent fluorescence as adults be examined as larvae. Adding
to our understanding of fluorescence in the larval stage
can help us better understand fluorescence in metamor-
phosed individuals.
Our study stands out in that it is one of the few that docu-

ment and quantify biofluorescence across the aquatic life
stages of amphibians (Supplemental Appendix A; see Data
Accessibility). By revealing the presence of fluorescence in
the eggs, developing embryos, and larvae of four salaman-
der species that represent two families, we take important
strides in bridging knowledge gaps identified by Lamb and
Davis (2020). We delve into potential mechanisms of bio-
fluorescence and highlight areas where further research is
needed. These insights carve paths toward a deeper under-
standing of the ecological significance that biofluorescence
might hold for amphibians across their life histories.
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