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Photoluminescence in the pelage of mammals, a topic that has gained considerable recent research interest, 
was first documented in the 1700s and reported sporadically in the literature over the last century. The first 
detailed species accounts were of rabbits and humans, published 111 years ago in 1911. Recent studies have 
largely overlooked this earlier research into photoluminescent mammalian taxa and their luminophores. 
Here we provide a comprehensive update on existing research on photoluminescence in mammal fur, with 
the intention of drawing attention to earlier pioneering research in this field. We provide an overview on 
appropriate terminology, explain the physics of photoluminescence, and explore pigmentation and the ubiq-
uitous photoluminescence of animal tissues, before touching on the emerging debate regarding visual func-
tion. We then provide a chronological account of research into mammalian fur photoluminescence, from 
the earliest discoveries and identification of luminophores to the most recent studies. While all mammal 
fur is likely to have a general low-level photoluminescence due to the presence of the protein keratin, fur 
glows luminously under ultraviolet light if it contains significant concentrations of tryptophan metabolites 
or porphyrins. Finally, we briefly discuss issues associated with preserved museum specimens in studies of 
photoluminescence. The study of mammal fur photoluminescence has a substantial history, which provides 
a broad foundation on which future studies can be grounded.
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Photoluminescence in biology results from photons hitting 
an organic object and causing a change in the energy levels 
of the electrons within certain molecules, resulting in the 
reemission of light at a higher wavelength as the electrons 
return to their ground energy level (Murthy and Virk 2014; 
Visser and Rolinski 2014). In the oceans, photoluminescence 
is widespread in corals (Mazel and Fuchs 2003), fish (Sparks 
et al. 2014), and other organisms (Shimomura et al. 1962; 
Mazel et al. 2004). On land, photoluminescence occurs in 
some fungi (Soop 2005), bacteria (Hurley et al. 2019), and 
ubiquitously in the chlorophyl of plants (Krause and Weis 
1991). Photoluminescence has also been recorded in terres-
trial invertebrates (Kloock 2005), amphibians (Lamb and 
Davis 2020), reptiles (Prötzel et al. 2021), birds (Derrien 
and Turchini 1925), and mammals (Bolliger 1944; Pine et al. 
1985; Kohler et al. 2019).

Recent reviews on biological photoluminescence have 
focused on terrestrial plants, invertebrates, birds, and marine 
organisms (Lagorio et al. 2015; Macel et al. 2020)–and it 
appears that what is known about external photoluminescence 
in mammals is very limited. Only Jeng (2019) and Croce 
(2021) mention mammals, with examples beginning in 1985, 
and many of these studies appear to relate specifically to photo-
luminescence induced by ultraviolet light (termed UV-induced 
photoluminescence; Toussaint et al. 2023), although this is not 
always the case. External UV-induced photoluminescence in the 
pelage of mammals is most well-known from opossums in the 
Americas (Pine et al. 1985). However, the discovery of mam-
malian photoluminescence predates the work on opossums, 
with historical publications documenting photoluminescence 
in a range of species and the isolation of some of the lumino-
phores involved. Specifically, the term ‘luminophore’ (Kricka 

© The Author(s) 2023. Published by Oxford University Press on behalf of the American Society of Mammalogists.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the 
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

am
m

al/article/104/4/892/7111432 by Jam
es C

ook U
niversity user on 01 N

ovem
ber 2023

mailto:linda.reinhold@my.jcu.edu.au?subject=
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


REINHOLD ET AL.—PHOTOLUMINESCENCE IN FUR 893

2003) encompasses groups of atoms that luminesce, whether 
they are specifically fluorophores (colored compounds called 
chromophores that fluoresce; Tomalia et al. 2019) or phosphors 
(chromophores that phosphoresce; Valeur and Berberan-Santos 
2011), or whether they may exist in both states of excitation. 
Although most natural substances contain a photoluminescent 
component, they vary in brightness, and it is the conspicuously 
bright photoluminescent compounds that are generally thought 
of as being luminophores (Tomalia et al. 2019).

Although the extent of brightly photoluminescent fur across 
mammalian taxa has not been comprehensively documented, 
the phenomenon has been sporadically recorded across 14 
of 20 extant mammal orders (Table 1). A timeline of discov-
ery (Fig. 1), divides these orders into the mammal families in 
which species with luminescent pelage have been documented.

In this review, we convey the historical extent of research 
on mammalian photoluminescence, filling the gap left by 
recent reviews (e.g., Lagorio et al. 2015; Jeng 2019; Macel 
et al. 2020). Photoluminescence is commonly perceived to 
only be induced by ultraviolet light. However, photolumines-
cence can also be excited and emitted entirely in the ultra-
violet (Millington 2020), entirely in the visible (Lamb and 
Davis 2020), in the infrared (Huang et al. 2006), or even in the 
X-ray wavelengths of the electromagnetic radiation spectrum 
(Rakovan 2021). Most documented biological photolumines-
cence is triggered by blue or blue/green light (Johnsen 2012; 
Lagorio et al. 2015; Marshall and Johnsen 2017). Although 
much photoluminescence in mammal fur has been identified 
using ultraviolet light, the precise range of excitation wave-
lengths is unknown for many of the historical observations 
of photoluminescent fur. Photoluminescence can result from 
various excitation wavelengths for example, keratin in sheep 
(Ovis aries) wool responds to maximal excitation of 430 nm, 
in the visible violet–blue light (Melhuish and Smith 1993), 
while porphyrins are maximally excited at 405 (Croce 2021) 
or 400 nm, on the cusp of ultraviolet and violet and extend-
ing either side, with lesser excitation from 450 to 700 nm, well 

into the visible range (Goldoni 2002; Hamchand et al. 2021). 
Therefore, we use the general term ‘photoluminescence’, rather 
than ‘UV-induced photoluminescence’, throughout the text to 
refer to the phenomena across mammal pelage.

We first describe photoluminescence and explain the dis-
tinction between fluorescence and phosphorescence, and how 
photoluminescence differs from bioluminescence, then dis-
cuss how the physics of photoluminescence might operate in 
the context of terrestrial illumination. Next, we introduce the 
chemistry of mammal fur regarding the pigments that give 
color to fur in white light and the presence of luminophores 
that effect photoluminescence. Although a possible visual func-
tion of luminophores in fur has not been specifically studied, 
we also briefly discuss hypotheses recently put forward in this 
emerging debate. We then document the history of mammal 
photoluminescence research, from earliest discoveries to the 
present day, attributing photoluminescence predominantly to 
the two groups of luminophores that are so far known from 
fur, namely tryptophan metabolites and porphyrin derivatives 
(Box 1). Finally, we add a cautionary note about over-reliance 
on museum specimens for the documentation of photolumines-
cence in fur. Our review brings together a wealth of histori-
cal knowledge that remains relevant in the context of ongoing 
discoveries.

The Physics of Luminescence
Terminology of photoluminescence relating to fur: fluores-

cence versus phosphorescence.—Luminescence is the blanket 
term for cold light (Wiedemann 1888), which can be emitted 
via either chemiluminescence or photoluminescence. In biol-
ogy, the generation of true glow-in-the-dark light only occurs 
by chemiluminescence (bioluminescence), a chemical reac-
tion catalyzed by an enzyme (e.g., luciferase) or photopro-
tein (Abercrombie et al. 1992). Photoluminescence, including 
phosphorescence and fluorescence, is the reemission of light 
from matter after excitation by absorption of an external light 
source (Valeur and Berberan-Santos 2011).

Phosphorescence is a process whereby the electrons of the 
phosphorescent molecule temporarily reside in an intermediate 
state before returning to the ground energy level (Valeur and 
Berberan-Santos 2011). Phosphorescent objects initially need 
light to glow, and are often defined simply by the length of time 
the glow lasts after the light source is turned off (Harvey 1957; 
Johnsen 2012). In phosphorescence, the duration of light emis-
sion is typically >10−8 s (i.e., tens of nanoseconds to seconds; 
Murthy and Virk 2014; Visser and Rolinski 2014).

Interestingly, Stokes (1852) coined the term ‘fluorescence’ 
to describe the biological property that he identified and 
reported in white feathers, shells, quills, bristles, skin, nails, 
horn, bone, and most unpigmented organic materials. However, 
‘phosphorescence’ of such materials had been recorded earlier 
by de Mairan (1715) and Wilson and Beccari (1775). Giese and 
Leighton (1937) also found some of these materials ‘feathers’, 
‘shells’, ‘skin’, ‘nails’, ‘horn’, and ‘bone’ to phosphoresce for 
2–25  s. This phosphorescence was attributed to the aromatic 
amino acids tryptophan and tyrosine in proteins (Warren 1982).

Table 1.—Mammalian orders in which photoluminescent fur has 
been documented.

Order Citations 

Monotremata Reinhold 2020; Anich et al. 2021
Didelphimorphia Pine and Abravaya 1978; Pine et al. 1985; Toussaint 

et al. 2023
Dasyuromorphia Reinhold 2020
Peramelemorphia Reinhold 2020; Reinhold 2021
Diprotodontia Bolliger 1944; Nicholls and Rienits 1971; Reinhold 

2021
Primates Stübel 1911; Daly et al. 2009; Millington 2020
Lagomorpha Stübel 1911; Tumlison and Tumlison 2021
Rodentia Rebell et al. 1956; Kohler et al. 2019; Olson et al. 

2021
Eulipotyphla Derrien and Turchini 1925; Hamchand et al. 2021
Artiodactyla Hirst 1927; Smith et al. 1994; Millington 2020
Chiroptera Udall et al. 1964; Reinhold 2022
Perissodactyla Posudin 2007
Pholidota (scales) Jeng 2019
Carnivora Latham 1953; Millington 2020; Tumlison and 

Tumlison 2021
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Fig. 1.—Discovery timeline of luminescence in the pelage of mammal families. Antechinus image, David T. Wilson; bandicoot image, Linda 
M. Reinhold; springhare image, Revolutionrock 1976, https://commons.wikimedia.org/wiki/File:Pedetes_capensis_(South_African_Springhare).
jpg; https://creativecommons.org/licenses/by-sa/4.0/deed.en.
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Fluorescence occurs when electrons in fluorescent molecules 
temporarily jump to an electronically excited higher energy 
state before they decay back to their original ground state. The 
outgoing photon is usually emitted at a longer wavelength than 
the incoming wavelength (Herman et al. 2015). In fluorescence, 
the duration of light emission is usually <10−8 s (nanoseconds), 
so appears to cease as soon as the excitation light source is 
stopped (Murthy and Virk 2014).

However, both long-lived fluorescence and short-lived phos-
phorescence can last for several hundred nanoseconds, mean-
ing the length of light emission alone is not always enough 
to define the difference between fluorescence and phospho-
rescence (Valeur and Berberan-Santos 2011). It was not until 
1929 that the fluorescence observed in some animals by Stokes 
(1852) was separated from phosphorescence at the atomic 
level (Perrin 1929). Even though fluorescence and short-lived 
phosphorescence differ in their atomic processes, there is little 

practical difference between them, and in such cases where the 
processes have not been differentiated, the distinction between 
the two is sometimes viewed as arbitrary (Harvey 1957). 
However, the interchangeable use of these two terms in biology 
can cause confusion.

Historically, phosphorescence was applied to cold light in 
general (Harvey 1957); however, the newer distinction of fluo-
rescence now seems to have taken its place as the default term 
unless phosphorescence is demonstrated. In describing any 
light-induced glowing where the atomic state of the lumino-
phores is unknown, it would be more prudent to use the encom-
passing term photoluminescence. In a biological context, the 
prefix ‘bio-’ may be added to any of these words, but would be 
applicable to live animals more than to specimens examined 
in museum studies. However, bio- would also imply that the 
photoluminescence is coming from the organism, whereas pho-
toluminescence is initiated by photons external to the organism. 

BOX 1.—DESCRIPTION OF THE TWO KNOWN LUMINOPHORE GROUPS FOR FUR

Tryptophan metabolites
Tryptophan is an essential amino acid, meaning that mammals are unable to synthesize it endogenously 
and must obtain it from their diet (Yao et al. 2011). Tryptophan is metabolized in tissues via well-defined 
steps under enzymatic control (Nicholls and Rienits 1971). When metabolized, tryptophan produces 
a suite of molecules that photoluminesce in various colors. Pine et al. (1985) suspected different tryp-
tophan metabolites to be mostly responsible for the multi-colored photoluminescence in opossums. 
Tryptophan metabolism can be affected by steroid hormones or an excess of tryptophan in the diet, so 
the resulting luminophores have the potential to vary with sex, hormone cycles, and diet (Pine et al. 
1985). Various tryptophan metabolites in fur that give rise to visible photoluminescence have absorption 
peaks of ~320 nm (brushtail possums; Nicholls and Rienits 1971), 358 nm (laboratory rats; Rebell 1966), 
and 380 nm (mink fur, rabbit fur, cashmere wool, sheep wool, and human hair; Millington 2020). Some 
tryptophan metabolites present in pelage can emit phosphorescence as well as fluorescence (Leaver 1978; 
Smith and Melhuish 1985).
Porphyrins
Porphyrins are large heterocyclic organic molecules that act as precursors to hemoglobin and can be syn-
thesized internally by biological organisms (Neves and Galván 2020). In birds, porphyrins can produce 
red, pink, brown, and green pigmentation (Riedler et al. 2014). Additionally, porphyrins function as 
chlorophyl intermediates in plant photosynthesis (e.g., protoporphyrin IX; Lee et al. 2018), and dietary 
chlorophyl can break down into porphyrin-based compounds that transfer into red photoluminescence 
in the skin of mice (Weagle et al. 1988; Croce 2021).
Spectral analysis of protoporphyrin has identified absorption maxima at 390–398 nm (Kessel and Rossi 
1982), with absorption at 400 nm for porphyrins in general (Goldoni 2002). These maximal absorp-
tion wavelengths correlate to the 395 nm emission wavelength of the most common modern ultraviolet 
flashlights (Kohler et al. 2019; Pynne et al. 2021). Lesser absorption bands extend up to 700 nm (Goldoni 
2002). This means that the optimal excitation wavelengths for porphyrin photoluminescence are higher 
than those for tryptophan metabolites. Porphyrins are also weakly phosphorescent, some with afterglows 
of 70 s and longer being recorded (Gouterman and Khalil 1974). The near-infrared phosphorescence of 
these porphyrins, however, is excited by wavelengths of 485–633 nm (cyan–yellow–orange; Gouterman 
and Khalil 1974).
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For clarity, bio- should be reserved for the chemiluminescent 
process of ‘bioluminescence’ (Johnsen 2012; Toussaint et al. 
2023).

Practicalities of seeing photoluminescence: excitation and 
visibility.—It is a popular misconception that ultraviolet vision 
is a prerequisite for seeing the kind of photoluminescence that 
emits at visible wavelengths (Toussaint et al. 2023). However, 
the process of photoluminescence transfers photons from the 
invisible into the visible spectrum (Stokes 1852). Therefore, 
seeing fluorescence and phosphorescence only requires that the 
emitted wavelengths are within the visible wavelength range 
of the observer. Consequently, the ability to see photolumines-
cence is not special. It is not ultraviolet vision that is needed 
to make this phenomenon visible, but rather an external light 
source, such as ultraviolet light.

When a photoluminescent object absorbs ultraviolet light in 
an environment that is otherwise dark and reemits light in the 
visible spectrum, the object will look as if it is glowing. This 
light appears to come from the object itself because the inci-
dent light source is invisible to the naked eye (Baird 2015). 
The emitted wavelength may also be unusual in the ambient 
light spectrum illuminating the surroundings, resulting in 
increased contrast of the object. In the oceans, this means turn-
ing the ubiquitous blue light into rare red light (Johnsen 2012; 
Marshall and Johnsen 2017), a conversion effected by diurnal 
reef fish (Michiels et al. 2008). A blue glow may blend in to 
ambient lighting, whereas a red glow would stand out.

In terrestrial environments, photoluminescence (and biolu-
minescence) may provide the only visible colors during oth-
erwise monochromatic twilight (Pohland 2007). The color 
contrast of a photoluminescent object against its background 
would make the light emission more noticeable. Even if an ani-
mal is color blind, it could potentially detect the brightness of 
photoluminescence or its increased contrast against the back-
ground. Humans frequently exploit this phenomenon by using 
photoluminescence to deliberately make objects such as traf-
fic signs appear brighter, particularly in low light conditions 
(Schnell et al. 2001; Baird 2015). Photoluminescence can also 
result in a brighter overall appearance without a change in color 
(Marshall and Johnsen 2017), intensifying the saturation of col-
ors. When photoluminescence occurs in the strong and multiple 
excitation wavelengths of sunlight, it can add to the appearance 
of brightness of the visible light reflecting off an object (Baird 
2015). Sunlight delivers excitation wavelengths of 330–500 nm 
at enough intensity to trigger most natural photoluminescence 
(Marshall and Johnsen 2017). However, the intense ambient 
light of sunlight may also act to overpower more subtle pho-
toluminescence (Viitala et al. 1995). Without the overpower-
ing yellow rays of the sun, moonlight (Kloock 2005) and the 
lower wavelength light of twilight (Taboada et al. 2017) have 
the potential to excite such subtle photoluminescence.

While excitation of photoluminescence in the oceans is 
widely accepted (Michiels et al. 2008), how photoluminescence 
is placed in a terrestrial environment is less well understood. 
While humans regularly employ photoluminescent pigments 
to make objects ‘hi-vis’ (Schnell et al. 2001; Baird 2015), our 

knowledge of how natural photoluminescence may be seen in 
a terrestrial landscape is relatively limited. Forest structure, 
low sun angles, and some weather conditions can create ter-
restrial environments where overpowering middle wavelengths 
are lessened (Endler 1993). In closed forest shade during the 
day, light is greenish due to being shone through or reflected 
from leaves. However, in woodland shade, light also does not 
come directly from the sun, but holes in the canopy instead 
let in bluish light from the sky (Endler 1993). Although some 
habitat and environmental conditions may promote more of the 
lower wavelengths of light relative to others (Silberglied 1979), 
no studies have measured whether these levels of ultraviolet, 
purplish, or blue light actually trigger the excitation of natural 
photoluminescence at a level that can be detected by animals.

Pigmentation and the Ubiquitous 
Background Photoluminescence of 

Mammal Fur
In mammals, the coloration of fur is largely driven by pigments 
(chromophores; Hubbard and Kropf 1965) that are insoluble in 
water and absorb light of different wavelengths. Fur in general 
absorbs ultraviolet radiation due to a characteristic of keratin, 
a structural protein in hair (Dawson et al. 2014). How light or 
dark a coat is can change with climate, season, or through the 
lifetime of an animal (Pawelek and Körner 1982; Mills and 
Patterson 2009). The dominant coloration in mammal fur is 
from melanin, a group of natural pigments that animals synthe-
size in the fur follicles by oxidizing the amino acid tyrosine, and 
incorporate into the shaft as the fur grows (Pawelek and Körner 
1982). Melanin largely limits color patterns to brown, tan, gray, 
black, white (absence of melanin), red, and yellow (Newman et 
al. 2005; Penteriani and Delgado 2017). Eumelanin gives fur 
its characteristic black or brown coloration, while pheomelanin 
provides yellow and red (Pawelek and Körner 1982). When the 
black wool of sheep is exposed to light, the black eumelanin is 
converted into red or yellow pheomelanin (Sumner et al. 1994). 
Other pigments include cinnabarinic acid, which contributes 
to the red pigmentation of fur in red kangaroos (Macropus 
rufus; Nicholls and Rienits 1971); and an organic iron pigment, 
trichosiderin, which is involved in the coloration of human red 
hair (Flesch and Rothman 1945; Barnicot 1956).

An increasing number of pigments are now known to also 
photoluminesce (Hudon 2005). Even eumelanin photolu-
minesces with ultraviolet, visible, and infrared wavelengths 
(Kozikowski et al. 1984; Mosca et al. 1999; del Rosal et al. 
2016). For example, the melanin-rich black fur of a black and 
white domestic cat (Felis catus) photoluminesces in the infra-
red with greater intensity than the white fur (Huang et al. 2006). 
However, fur photoluminescence by ultraviolet excitation 
shows the opposite pattern in striped possums (Dactylopsila 
trivirgata), with the white stripes, and not the black, emitting 
visible photoluminescence (Reinhold 2021). Because mela-
nin otherwise masks UV-induced photoluminescence, the fur 
lacking melanin displays the brighter photoluminescence when 
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exposed to ultraviolet light. The presence of melanin quenches 
luminophores and their visible photoluminescence (Rebell 
et al. 1957; Rebell 1966; Daly et al. 2009), so fur containing 
more melanin absorbs more ultraviolet light, yet reemits less 
(Posudin 2007).

In addition to masking, melanin can also have a photopro-
tective effect on photoluminescence (Daly et al. 2009). Fur is 
susceptible to photobleaching, correlated with the degradation 
of tryptophan (Lennox and Rowlands 1969), which results in 
decreased photoluminescence (Smith 1995). Tryptophan-based 
photoluminescence gradually degrades under light exposure 
over months (Schäfer et al. 1997; Posudin 2007; Longo et al. 
2013). Porphyrin molecules are significantly more prone to 
photodegradation, and photobleaching of porphyrins can occur 
within minutes of sunlight exposure (Galván et al. 2016). This 
extreme lability means that porphyrin photoluminescence 
will quickly degrade in the fur of animals exposed to sunlight 
(Toussaint et al. 2023).

Keratin is a high-sulfur, fibrous structural protein compris-
ing a filament-matrix structure embedded in an amorphous 
keratin matrix (Wang et al. 2016). Forming as a pleated sheet, 
β-keratin is found in feathers, beaks, and claws. Forming as 
a helix, α-keratin is found in fur, wool, hair, quills, nails, and 
horns (Wang et al. 2016). Wool fibers are composed of 82% 
high-cystine (a sulphur-containing disulfide-bonded dimer of 
the semiessential amino acid cysteine) keratinous proteins, 
17% low-cystine nonkeratinous material, and 1% lipids and 
polysaccharides (Rippon 2013). Keratin not only functions 
as a scaffold for luminophores, but the disulfide bonds in the 
high-cystine content partially quench the tryptophan fluores-
cence and phosphorescence in wool (Smith 1995). Dietary 
supplementation of cystine increases the cystine content in the 
wool (Reis and Schinckel 1963), which would hence result in 
reduced photoluminescence. Wool keratin itself photolumi-
nesces cyan upon excitation by violet–blue light (Melhuish and 
Smith 1993).

Pine et al. (1985) reported a yellow–green photolumines-
cence–which they surmised to be from keratin–coming from 
all opossum, rodent, and human hair under a fluorescence 
microscope, even if photoluminescence was not induced in the 
whole pelt with ultraviolet light. Photoluminescence in kera-
tin is caused by the photoluminescent amino acids tryptophan, 
tyrosine, and phenylalanine involved in its protein structure 
(Smith et al. 1980; Longworth 1983). These are also the only 
three aromatic amino acids known to cause both fluorescence 
and phosphorescence of proteins in a free state (Konev 1967; 
Pailthorpe and Nicholls 1972). This background fluorescence 
and/or phosphorescence of the amino acids in keratin means 
that fur, in general, photoluminesces to some extent unless it is 
masked by melanin.

Mammals can also display photoluminescence not just 
of their own production, but as a host for other organisms. 
Photoluminescence in fungi is a widespread phenomenon, 
and photoluminescence in human and other mammal tis-
sues can also be caused by (and used to diagnose) fungal 
infection (Margarot and Deveze 1925; Rao et al. 2008). An 

important example is orange–yellow photoluminescence 
in the microlesioned wings of Holarctic bats with white-
nose syndrome, a disease caused by the fungal pathogen 
Pseudogymnoascus destructans, because this photolumines-
cence can help to rapidly diagnose bats infected with this 
pathogen (Turner et al. 2014)–the fungal luminophore was 
identified as lumichrome, a degradation product of riboflavin 
(Flieger et al. 2016). Bacterial infection by Staphylococcus 
aureus and Pseudomonas spp. on human skin is also diag-
nosable by detection of photoluminescence (Hurley et al. 
2019), and Propionibacterium spp. produce coproporphyrin 
III (Cornelius and Ludwig 1967).

Photoluminescence in animal tissues is so ubiquitous it is 
the norm, not the exception (Stübel 1911). Natural photolumi-
nescence is a characteristic of biological substances such as 
enamel, chitin, collagen, elastin, lipofuscins, reticulin fibers, 
and urine (Stübel 1911; Kellie et al. 2004; Viegas et al. 2007). 
A substantive literature surrounds photoluminescence in bone 
of humans and other mammals affected by pathologies of con-
genital erythropoietic porphyria, which apparently occurs nor-
mally in eastern fox squirrels (Sciurus niger) without ill effects 
(Turner 1937; Wolff et al. 2005; Rivera and Leung 2008; Neves 
and Galván 2020).

The molecular trends associated with potential luminophores 
is a difficult topic to address beyond the basic general descrip-
tion that molecules in which electrons can be elevated to an 
excited electronic state may fluoresce or phosphoresce if the 
excited electrons can return to the electronic ground state via 
radiative decay by spontaneous emission. Sumita et al. (2022) 
highlight that several intricately intertwined factors, including 
reactions with oxygen molecules, molecular collisions, intra-/
intermolecular electron transfer, and aggregation may deacti-
vate the molecule as it travels in the excited state. This makes 
it difficult to correlate luminescence with molecular structure 
and, therefore, there are no clear guidelines for creating or pre-
dicting luminescent molecules. In biological luminophores, 
molecules containing planar conjugated systems, such as aro-
matic rings, have the potential to luminesce and are regularly 
observed due to the common occurrence of π* ← π (bonding 
pi (π) to antibonding pi (π*) molecular orbital) transitions. 
However, the potential luminescence of these molecules cannot 
be easily predicted.

An intrinsic photoluminescence (both fluorescence and 
phosphorescence) has been described in a range of abiotic 
and biological molecules, including amino acids (tryptophan, 
tyrosine, phenylalanine), and peptides and proteins contain-
ing these amino acids (Tomalia et al. 2019). This generic blue 
glow is so pervasive that it can confuse the recognition of syn-
thetic luminophores used in medical imaging (Tomalia et al. 
2019). For example, lysozyme- and elastin-derived peptides 
photoluminesce blue when excited by wavelengths in the 350–
400  nm range (Niyangoda et al. 2017; Tomalia et al. 2019). 
Furthermore, Toussaint et al. (2023) recorded blue photolumi-
nescence in the pelage of all 23 mammal specimens they exam-
ined with emission spectroscopy, but they suspected it was at 
least partially due to keratins.
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The ubiquitous background photoluminescence of mammal 
fur would seem to obscure a distinction between a ‘photolumi-
nescent’ and a ‘non-photoluminescent’ mammal, as even mam-
mals regarded as non-photoluminescent may still display this 
phenomenon when examined microscopically (e.g., Pine et al. 
1985). Hirst (1927) saw the difference in photoluminescence 
of textile fibers as a matter of degree, making only a qualitative 
distinction between most fibers that yielded ordinary photolu-
minescence, and those that glowed with brilliant color. Those 
fibers that contain sufficient concentration of luminophores 
to be regarded as photoluminescent or not are ill-defined. 
Therefore, future studies could include spectroscopy to quanti-
tatively measure the intensity of photoluminescence. However, 
how photoluminescent an animal is under particular excitations 
would only be relevant if the phenomenon is visually significant 
in nature. It is the cases of the stunningly bright human-visible 
photoluminescence that have recently attracted speculation on 
visual function (Kohler et al. 2019).

Does Fur Photoluminescence Have a 
Visual Function?

Stübel (1911) doubted that photoluminescence could be bio-
logically significant given that it is so common in both external 
and internal tissues. A visual function for photoluminescent fur 
has not been tested, nor have studies explored whether natu-
ral twilight or moonlight can excite the luminophores in fur. 
However, several hypotheses have been proposed, namely that 
photoluminescence is: (1) adaptive in nocturnal–crepuscular 
(especially snowy) light environments (Kohler et al. 2019); 
(2) used in intraspecific communication (Kohler et al. 2019; 
Pynne et al. 2021); or (3) an antipredator strategy (Kohler et al. 
2019; Anich et al. 2021; Olson et al. 2021; Pynne et al. 2021). 
Several studies have focused on intraspecific communication in 
other animals, including: budgerigars (Melopsittacus undula-
tus; Arnold et al. 2002); ornate jumping spiders (Cosmophasis 
umbratica; Lim et al. 2007); fairy wrasse (Cirrhilabrus solo-
rensis; Gerlach et al. 2014); and crested auklets (Aethia cri-
statella; Douglas et al. 2021). However, these have used either 
artificial ultraviolet lighting or artificial photoluminescent 
paint. Studies using natural photoluminescence under natural 
lighting are rare and results are mixed. One study found that 
flying insects avoided photoluminescent scorpions (Vaejovis 
spp.) on a full moon (Kloock 2005), whereas another found 
that house crickets (Acheta domesticus) did not react differently 
to photoluminescent scorpions (Centruroides granosus) under 
a half moon (Gálvez et al. 2020). Until field experiments using 
real fur and natural lighting are conducted, whether a visual 
function exists or not remains speculative.

Photoluminescence in Fur: An Historical 
Account

Some of the earliest documentations of photoluminescence in 
hair were those of de Mairan (1715), which seemed to con-
firm the earlier experiments of Wilson and Beccari (1775), and 

later Stokes (1852). Hair, fur, and wool phosphoresced after 
excitation by sunlight (Wilson and Beccari 1775). The first 
mammals for which photoluminescent pelage properties were 
comprehensively described by species were European rabbits 
(Oryctolagus cuniculus) and humans (Homo sapiens; Stübel 
1911; Fig. 1). Black rabbit fur did not photoluminesce, but 
unpigmented fur photoluminesced intense light yellow under 
excitation by 300–400  nm light. Similarly, in humans, pig-
mented hair did not photoluminesce, but white hair photolumi-
nesced bright blue and white. Only tissues containing pigment 
or hemoglobin and its derivatives had their photoluminescence 
suppressed (Stübel 1911).

In 1917, ‘phosphorescence’ (bioluminescence in this con-
text) was reported from large black, and black and white skunks 
(Mephitidae) in deserted mine tunnels in Arizona, United States 
(Brennan 1917; Fig. 1). Red luminescence emanated from the 
head, turning blue down the rest of the body and tail (Brennan 
1917).

Red photoluminescence, believed to be caused by porphy-
rins, was then recorded in the quills, but not in the soft fur, 
of young European hedgehogs (Erinaceus europaeus; Derrien 
and Turchini 1925; Fig. 1). In the same year (1925), a bright 
green photoluminescence was noted in the hair cortex of some 
humans and cats, and later in guinea pigs (Cavia porcellus), 
that was ultimately due to a dermatophyte (keratin-eating) fun-
gal infection rather than intrinsic to the fur itself (Margarot and 
Deveze 1925; Stockdale et al. 1965).

Interest then turned to textile fibers, with ordinary sheep 
wool noted as having a bright blue photoluminescence (Hirst 
1927; Fig. 1). The wool of Australian merino sheep photolu-
minesced yellow with bluish-white tips. Sheep wool phospho-
rescence with an afterglow lasting 12 s was described in 1943 
(Millson 1943). Fluorescence of wool was yellowish white, 
whereas phosphorescence was colorless.

Photoluminescence in the fur of a marsupial, the Australian 
Common Brushtail Possum (Trichosurus vulpecula), was first 
described by Bolliger (1944; Fig. 1). An otherwise colorless 
substance gave a brilliant sky-blue photoluminescence to the fur 
shafts (Bolliger 1944). An extraction of this substance photolu-
minesced in daylight, visible to the human eye. The sky-blue 
photoluminescence also exuded from the sweat gland walls and 
coated the skin over the entire animal except for the soles (i.e., 
the palmar and plantar surfaces) of the paws (Bolliger 1944). 
Male possums also had vivid salmon red photoluminescence 
of the fur between the head and middle of the rump, whereas 
this salmon red photoluminescence was localized to small tufts 
around the shoulders in females. Newly regrown fur on the 
dorsal surface or flanks of possums photoluminesced vivid red 
or purple, whereas fur on the ventral surface photoluminesced 
pink. Bolliger (1944) also reported fur photoluminescence to 
be common in other mammals, but with lesser intensity.

In the 1950s, vivid lavender photoluminescence was pro-
posed as a taxonomic character to distinguish the brown 
summer coats of least weasels (Mustela nivalis), recorded as 
photoluminescent, from two other sympatrically occurring 
weasel species, ermines (M. erminea) and long-tailed weasels 
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(Neogale frenata) that were observed not to photoluminesce 
(Latham 1953; Fig. 1). Brilliant photoluminescence was also 
observed in the fur of albino laboratory (Norway) rats (Rattus 
norvegicus; Rebell et al. 1956; Fig. 1). The photoluminescence 
was confined within the fur itself, with no similar photolumi-
nescence emitted from the skin.

Using paper chromatography, the luminophores extracted 
from rat fur were identified as the tryptophan metabolites 
kynurenine, kynurenic acid, and N-α-acetyl-L-kynurenine 
(Rebell et al. 1957; Rebell 1966). Washed fur from albino 
lab rats had 3.3  mg of kynurenine (including N-α-acetyl-L-
kynurenine) per 1 g of fur, cinnamon rats had 3.4 mg per 1 g, and 
black rats had 4.6 mg per 1 g (Rebell 1966). Although the fur 
of cinnamon and black lab rats contained equivalent amounts 
of luminophores, the melanin in the fur of rats with black coats 
quenched the visible photoluminescence. Approximately 1,000 
times as much kynurenine was concentrated in the fur of pho-
toluminescent rats than in non-photoluminescent white house 
mice (Mus musculus) or guinea pigs, which still yielded low 
concentrations of this luminophore (Rebell 1966). Extracts of 
guinea pig, rabbit, and cat fur also displayed a weak bluish pho-
toluminescence (Rebell et al. 1956).

Udall et al. (1964) reported on photoluminescence studies 
in a large number of museum specimens of both Old and New 
World rodents. Both black rats (R. rattus) and Norway rats 
photoluminesced brilliant green–blue. However, members of 
related genera, such as Malayan spiny rats (Maxomys rajah) 
and African multimammate mice (Mastomys spp.) did not 
photoluminesce. North American pocket gophers of the genus 
Geomys photoluminesced (Fig. 1), whereas pocket gophers of 
the genus Thomomys did not. Udall et al. (1964) also found 
that photoluminescence was a useful taxonomic character for 
distinguishing similar species of African gerbils (Gerbillinae) 
that would otherwise be challenging to discriminate. Museum 
specimens of least brown bats (Myotis subulatus) photolumi-
nesced (Fig. 1), but three other species of Myotis did not. Live 
and freshly dead individuals of various Trinidadian bats also 
showed variation in photoluminescent colors and intensities 
(Udall et al. 1964).

Kynurenine was also identified as one of the luminophores 
in the photoluminescent blue fur of Goodfellow’s tree kanga-
roos (Dendrolagus goodfellowi) from New Guinea (Nicholls 
and Rienits 1971; Fig. 1). Tree kangaroo fur contained an 
additional tryptophan metabolite, the purple-photoluminescing 
3-hydroxyanthranilic acid (Watanabe et al. 1972), which also 
produced photoluminescence in the fur of common brushtail 
possums (Nicholls and Rienits 1971). Photoluminescent pig-
ments were exuded from follicles into the internal structure of 
the fur shafts, and similar secretions were also manufactured 
in a skin gland in the tree kangaroos. Unpigmented fur of red 
kangaroos had a moderate blue photoluminescence (Nicholls 
and Rienits 1971). By this time, photoluminescence was also 
already known in the fur of other marsupials, such as koa-
las (Phascolarctos cinereus), although Nicholls and Rienits 
(1971) did not provide specific references for these studies. 
Nicholls and Rienits (1971) could not completely describe the 

photoluminescent compounds in the species they investigated, 
and highlighted that the extent of photoluminescence in marsu-
pials was generally unknown. Australian research into the fur 
photoluminescence of wildlife species did not progress beyond 
this study until the 2020s (Reinhold 2020, 2021).

Photoluminescence in mammals was next identified in 
Brazilian long-nosed short-tailed opossums (Monodelphis 
scalops; Pine and Abravaya 1978; Fig. 1), Virginia opossums 
(Didelphis virginiana; Meisner 1983), and 21 other opossum 
species from the Americas (Pine et al. 1985). Opossum fur 
photoluminesced purple, lavender, blue, yellow–green, pink–
orange, salmon, pink, rose, and/or red under excitation by 
366 nm light. In some specimens, all of the fur exhibited pho-
toluminescence, but more brightly on the ventral surface of the 
animal, which often photoluminesced a different color to that of 
the dorsal surface. In other specimens, the pattern of photolumi-
nescence in fur involved spots or a stripe. Photoluminescence 
characteristics of some taxa were so consistent to genera and 
species that they could be used as taxonomic characters (Pine 
et al. 1985). Photoluminescence of specimens did not differ 
appreciably with age or season, but in one species, the Gray 
Four-eyed Opossum (Philander opossum), females and adult 
males photoluminesced, whereas juvenile males did not.

Pine et al. (1985) also used thin-layer chromatography of 
extracts of photoluminescent blue pigment from the fur of the 
Bare-tailed Woolly Opossum (Caluromys philander) to iden-
tify the luminophore as 3-hydroxyanthranilic acid, the same 
tryptophan metabolite found in the fur of both common brush-
tail possums and Goodfellow’s tree kangaroos (Nicholls and 
Rienits 1971). Fluorescence microscopy revealed that the pho-
toluminescence emanated from inside the medulla and cortex 
of the hair shaft of little water opossums (Lutreolina crassi-
caudata). Pine et al. (1985) examined Australian marsupials 
and monotremes, but found they did not photoluminesce to 
the same extent as opossums. Pine et al. (1985) also studied 
weasels, but in contrast to Latham (1953), ermines photolumi-
nesced, whereas least weasels did not.

Photoluminescence in the hair of Ukranian sportive and 
Przewalski horses, and Scotch and Estonian ponies (Equus 
ferus) was examined with microfluorometry spectroscopy in 
2007 (Posudin 2007; Fig. 1). The body hair of the horses pho-
toluminesced with more than twice the intensity of their manes 
and tails. The photoluminescence of pony hair was less intense 
than that of horse hair, but their tails were the most photolu-
minescent. Photoluminescence intensity also depended on coat 
color (Posudin 2007).

Humans and production fur animals have continued to 
be the focus of much of the ongoing research on mam-
mal pelage photoluminescence. The wool of sheep was 
again recorded phosphorescing, this time blue–cyan when 
excited by 330–360  nm ultraviolet light, thought to be 
from N-formylkynurenine (Smith and Melhuish 1985). 
At least three luminophores are thought to produce phos-
phorescence in wool, two of which are derived directly 
or indirectly from tryptophan (Collins 1992). The tryp-
tophan in wool also reacts with α-keto acids, producing 
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β-carbolines that photoluminesce blue and yellow/green 
when excited by ultraviolet and blue wavelengths (Smith 
et al. 1994). However, even with the extensive amount of 
research conducted on sheep wool, the luminophores have 
not all been identified with certainty, with even the contri-
bution of N-formylkynurenine in doubt (Millington 2006). 
Millington (2020) warned that intrinsic blue photolumines-
cence (Niyangoda et al. 2017; Chen et al. 2018) occurring in 
wool keratin at similar excitation and emission wavelengths 
as N-formylkynurenine could not be ruled out.

Using spectrophotometry to match photoluminescence peaks, 
the tryptophan metabolites kynurenine, N-formylkynurenine, 
and 3-hydroxykynurenine were identified as luminophores in 
human hair (Daly et al. 2009). Hair pigmented with melanin 
did not photoluminescence as strongly as unpigmented hair, 
agreeing with the initial observation of Stübel (1911) that it was 
unpigmented human hair that displayed blue and white pho-
toluminescence. However, the 330 nm emission of tryptophan 
metabolite photoluminescence in human hair was weaker than 
that of commercial fur animals, such as mink (Neogale vison), 
European rabbit, Cashmere goat (Capra aegagrus hircus), and 
sheep (Millington 2020).

In 2019, there was a resurgence of interest in the fur photo-
luminescence of wildlife species with the publication of color 
photographs of New World flying squirrels (Glaucomys spp.; 
Kohler et al. 2019; Tumlison et al. 2019; Fig. 1). The squir-
rels photoluminesced bright pink under 395 nm illumination, 
mostly on the ventral body surface and tail. Kohler et al. (2019) 
ranked the brightness and extent of photoluminescence on each 
specimen using a qualitative scale based on visual observation 
of photographs (rather than spectrophotometric analysis of fur) 
to investigate patterns of photoluminescence among individu-
als. Although there was variation between individuals, intensity 
of photoluminescence could not be clearly divided on species, 
sex, month, year, or latitude. Live animals in the wild photo-
luminesced comparably to museum specimens, although they 
were not compared using the same photographic qualitative 
scale (Kohler et al. 2019). Diurnal nonflying squirrels did not 
photoluminescence; however, a subsequent study elicited some 
photoluminescence from both gray squirrel (Sciurus carolin-
ensis) and red squirrel (Tamiasciurus hudsonicus) fur extracts 
when excited at 350 nm (Hughes et al. 2022). Twenty unidenti-
fied potential luminophores were also found to be present in the 
fur of non-photoluminescent squirrels (hinting that non-pho-
toluminescent animals carry the potential luminophores, but 
they are only activated in photoluminescent animals) and were 
inconsistently present in the fur of all photoluminescent fly-
ing squirrels (Hughes et al. 2022). Excitation spectroscopy 
identified only porphyrin S-411 in the fur of Glaucomys spp. 
(Toussaint et al. 2023). Pink photoluminescence was also found 
later in the red-cheeked flying squirrel (Hylopetes spadiceus) 
and the smoky flying squirrel (Pteromyscus pulverulentus) of 
southeast Asia (Toussaint et al. 2023).

In addition, photographs of light-blue photoluminescence 
in the fur of Coxing’s white bellied rats (Niviventer coninga) 
and the scales of Chinese pangolins (Manis pentadactyla; Fig. 

1) came from Taiwan (Jeng 2019). In the following year, pho-
toluminescence was identified in platypuses (Ornithorhynchus 
anatinus; Reinhold 2020; Anich et al. 2021; Fig. 1), antechi-
nus (Antechinus spp.), northern brown bandicoots (Isoodon 
macrourus), and long-nosed bandicoots (Perameles nasuta) in 
Australia (Reinhold 2020; Fig. 1). The list was soon extended 
to include striped possums, Krefft’s gliders (Petaurus notatus), 
mosaic-tailed rats (Melomys spp.) and bush rats (R. fuscipes; 
Reinhold 2021). Photoluminescence was absent from the skin 
and whiskers in these species. The live, wild ground-dwelling 
mammals from these studies photoluminesced either brindled 
bright pink or bluish white over the entire fur–whereas in arbo-
real gliders, the mild bluish-white photoluminescence was con-
fined to their ventral surfaces (Reinhold 2020, 2021).

Attention returned to Africa with the discovery of photo-
luminescence in the fur cuticle of two species of springhares 
(Pedetes spp.; Olson et al. 2021; Fig. 1). Both live and museum 
animals displayed patchy orange–red photoluminescence, 
although this photoluminescence had a greater intensity in live 
animals. There was no sexual dichromatism of photolumines-
cence, and patterns were consistent over time for an individual. 
Thin-layer chromatography and high-performance liquid chro-
matography (HPLC) of photoluminescent red fur extracts of 
the South African Springhare (P. capensis) identified some of 
the luminophores as porphyrins (uroporphyrin I, uroporphyrin 
III, heptacarboxylporphyrin, and coproporphyrin I; Olson et al. 
2021).

Excitation spectroscopy also identified uroporphyrin I or uro-
porphyrin III in the pink–red fur of the Guyanan Short-tailed 
Opossum (Monodelphis brevicaudata) and Linnaeus’ Mouse 
Opossum (Marmosa murina; Toussaint et al. 2023). HPLC, ultra-
violet-visible spectral, and electrospray ionization mass spec-
trometry analyses confirmed European hedgehog luminophores 
as coproporphyrin III, uroporphyrin III, and protoporphyrin IX 
(Hamchand et al. 2021). Hamchand et al. (2021) suspected that 
Actinobacteria in the spine microbiome of European hedgehogs 
could be producing the porphyrin photoluminescence. However, 
the porphyrin photoluminescence in European hedgehog spines is 
distributed in the walls of the inner lumen, a pattern inconsistent 
with commensal bacteria (Toussaint et al. 2023).

One of the most recent studies reported fur photolumines-
cence under ultraviolet light excitation (385–395 nm) in several 
mammal species from Arkansas, United States (Tumlison and 
Tumlison 2021). Based on museum specimens, the study exam-
ined dry pelts, alcohol-preserved and an untreated frozen spec-
imen of the Eastern Mole (Scalopus aquaticus). All specimens 
of this species across preservation techniques photoluminesced 
similarly greenish. In dry pelts of southern short-tailed shrews 
(Blarina carolinensis), the tips of the fur photoluminesced 
greenish, whereas the underfur of muskrats (Ondatra zibeth-
ica) photoluminesced yellow–green (Tumlison and Tumlison 
2021; Fig. 1). Two additional rabbit species, eastern cottontails 
(Sylvilagus floridanus) and swamp rabbits (S. aquaticus), dis-
played small amounts of cyan photoluminescence (Tumlison 
and Tumlison 2021). However, the fur of the mountain hare 
(Lepus timidus) did not photoluminesce (Toussaint et al. 2023).
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The documentation from Tumlison and Tumlison (2021) 
of mammal species that did not photoluminescence was 
particularly informative. While not settling the debate on 
which of least weasels and ermines is the photolumines-
cent species (Latham 1953; Pine et al. 1985), Tumlison and 
Tumlison (2021) established that, within long-tailed weasels 
with brown summer pelage, one specimen photoluminesced 
greenish, whereas the other specimen did not photolumines-
cence. Therefore, intraspecies variation may account for the 
previous conflicting observations, but larger sample sizes 
in the previous studies should have detected such an anom-
aly. The observations of Toussaint et al. (2023) of lavender 
photoluminescence in ermines (white winter pelage) agreed 
with those of Pine et al. (1985). Latitudinal differences in 
seasonal coat phases may have played a role in the original 
discrepancy.

American mink fur did not photoluminescence (Tumlison 
and Tumlison 2021), whereas mink fur did in Millington (2020); 
however, that study examined white mink fur, whereas the 
Tumlison and Tumlison (2021) minks were brown. Raccoons 
(Procyon lotor), red foxes (Vulpes vulpes), gray foxes (Urocyon 
cinereoargenteus), coyotes (Canis latrans), and bobcats (Lynx 
rufus) also did not photoluminescence (Tumlison and Tumlison 
2021). Furthermore, while Norway rats photoluminesced, 11 
other species of rodent did not. Wild-caught brown to gray-
ish (Tumlison R., Henderson State University, Arkadelphia, 
Arkansas, personal communication, March 2022) house mice 
did not photoluminesce, giving broader substantiation to the 
observation of Rebell (1966) of non-photoluminescence in cap-
tive-bred albino mice.

The absence of photoluminescence in the eight species of 
bat examined by Tumlison and Tumlison (2021) is not surpris-
ing given that Udall et al. (1964) found photoluminescence in 
only one of four Myotis species preserved as museum speci-
mens. However, Udall et al. (1964) had found bats to be partic-
ularly photoluminescent when examining live and freshly dead 
mammals. Tumlison and Tumlison (2021) likewise found none 
of the luminescence in museum specimens of striped skunks 
(Mephitis mephitis) or spotted skunks (Spilogale putorius) as 
had Brennan (1917) in live animals.

The observed lack of photoluminescence in the fur of 
Baird’s pocket gopher (Geomys breviceps; Tumlison and 
Tumlison 2021) sets this species apart from records of 
photoluminescence in other Geomys species (Udall et al. 
1964; Pynne et al. 2021). Pynne et al. (2021) suggested that 
the orange–pink photoluminescence in the fur of five spe-
cies of pocket gophers–including species of Cratogeomys, 
Geomys, and Thomomys–could be a consequence of bacte-
ria, sequestration from eating photoluminescent blue roots, 
or a result of orange–pink photoluminescent soil adhering to 
the fur. The anomaly of Thomomys spp. photoluminescence, 
as observed by Pynne et al. (2021) but not by Udall et al. 
(1964), indicates that the sporadic observations documented 
so far are not yet adequate to piece together a taxonomic 
pattern of photoluminescence in pocket gophers, nor in other 
mammalian taxa.

A Cautionary Note on Photoluminescence 
in Museum Specimens

Many of the recent studies on mammalian photoluminescence 
have been based on preserved museum specimens (e.g., Kohler 
et al. 2019; Anich et al. 2021; Tumlison and Tumlison 2021; 
Toussaint et al. 2023). While an invaluable resource, museum 
specimen photoluminescence should be verified by fresh mate-
rial where possible. In particular, photoluminescence can fade 
over time with or without exposure to light (Pine et al. 1985; 
Olson et al. 2021; Tumlison and Tumlison 2021), and porphy-
rins in museum specimens are often not detectable (Hill 2010). 
As a result, absence of (Toussaint et al. 2023), or quantitative 
comparisons between, porphyrin photoluminescence of speci-
mens cannot be made with certainty. In addition, while the loss 
of fur photoluminescence that occurs during various chemical 
preservation procedures has not been quantified, these proce-
dures could drastically affect luminophores and their resulting 
photoluminescence (Tumlison and Tumlison 2021). Artificial 
photoluminescent stains, particularly bright greenish or yellow-
ish, are also sometimes inadvertently added to museum spec-
imens during taxidermy (Pohland 2007). X-ray fluorescence 
toxin-testing by some museums routinely uncovers methyl bro-
mide, and to a lesser extent mercury (Kehoe and Becker 2017), 
both of which emit green photoluminescence (BOC Sciences 
2022; Department of Physics, Imperial College/Science Photo 
Library 2022). If the photoluminescence of museum specimens 
is more vivid, or covers different areas than that of fresh ani-
mals, contamination should be suspected and tested for.

Summary
Photoluminescence in fur was first observed in the 1700s, 
by de Mairan (1715) and Wilson and Beccari (1775). Since 
Stübel (1911), photoluminescence has been described in 
detail for numerous species from more than two-thirds of all 
mammal orders. Wool has been documented both fluorescing 
and phosphorescing (Collins 1992). The most comprehen-
sive work on wildlife species was the description of photolu-
minescence in opossum fur in 1985 (Pine et al. 1985). Until 
2019, vividly photoluminescent pelage was already known 
from mammals such as rabbits, possums, tree kangaroos, 
opossums, weasels, rats, bats, humans, and sheep. Since the 
publication of color photographs of photoluminescent flying 
squirrels in 2019 (Kohler et al. 2019), the accessibility of the 
internet and availability of ultraviolet flashlights has led to 
an increasing number of mammal species being documented 
with photoluminescent fur.

Animal tissues in general, including keratin proteins (Stübel 
1911), exhibit a low-level photoluminescence, but some chem-
ical compounds present in fur generate an additional bright 
photoluminescence. Photoluminescence differs in degrees 
of brightness (Hirst 1927), making a definition of how bright 
mammal fur has to be (over and above that of the generic back-
ground glow) to be termed photoluminescent, or when lumi-
nescent molecules can be classified as luminophores, difficult.
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Luminophores can be incorporated into fur at the follicle 
(Nicholls and Rienits 1971; Pine et al. 1985) and can reside 
in different sections of the fur shaft (Pine et al. 1985; Olson et 
al. 2021). Two classes of luminophore are currently known to 
cause photoluminescence in mammal fur–tryptophan metabo-
lites, and porphyrin and its derivatives. Tryptophan metabolites 
photoluminesce in a rainbow of colors (Pine et al. 1985), while 
porphyrins in mammal fur photoluminesce pink–orange–red 
(Olson et al. 2021). Few species of mammal have had the chem-
ical composition of their fur analyzed (Nicholls and Rienits 
1971; Olson et al. 2021), so more luminophores may be active 
than are currently known.

The colors and patterns of photoluminescence mostly seem 
to be species-specific. Intraspecies variation is not correlated 
with any particular factor (e.g., flying squirrels [Kohler et al. 
2019; or springhares [Olson et al. 2021]) apart from some spe-
cies with sexual dichromatism (e.g., common brushtail possums 
[Bolliger 1944]; gray and black four-eyed opossums [Pine et al. 
1985]). Why the fur of some species contains luminophores at 
orders of magnitude greater than others, and why equal amounts 
of luminophores are incorporated into fur whether or not the 
resulting photoluminescence will be quenched by melanin, is 
unknown (Rebell 1966). As to why so many species of mam-
mal photoluminesce, and whether the incorporation of lumino-
phores into fur serves a visual purpose (Kohler et al. 2019), is 
a byproduct of some metabolic process (Toussaint et al. 2023), 
or is a largely dormant property incidental to functions of fur 
chemistry (Stübel 1911) awaits investigation.

What we have learned from 111 years of investigations 
into photoluminescent fur can be used as a basis for the next 
wave of research. Big picture research can investigate patterns 
of species-specific levels of luminophores over and above 
the background levels found in fur in general. Quantification 
of luminophores per gram of fur (Rebell 1966) will enable 
comparison between species. Much more needs to be done at 
the molecular level to determine the causes of photolumines-
cence and the conditions in which potential luminophores are 
activated. More detailed research should concentrate on the 
metabolic pathways that incorporate the property of brilliant 
photoluminescence into fur. Knowing whether luminophores 
are energetically expensive to deposit into fur may help to 
determine whether they have an adaptive function, perhaps 
correlated with body condition (Galván et al. 2018; Camacho 
et al. 2019), or whether incorporation into fur is an efficient 
way to expel metabolic waste products (Toussaint et al. 2023). 
Studies correlating diet and hormone concentrations to photo-
luminescent qualities will reveal if photoluminescence can be 
manipulated. Finally, measurements on whether the photolumi-
nescence of fur can be excited by twilight or moonlight should 
be conducted to establish the photophysical basis for experi-
mentation on potential visual function.
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