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				Fluorescence induced by ultraviolet light has been observed in many animals, from invertebrates to mammals. Fluorophores (chemical compounds responsible for fluo-rescence) have been studied in feathers of bird species; for example, porphyrins (one of the most abundant biological pigments) in feathers of some owl species produce red-orange fluorescence. We conducted a fluorescence study on 13 European owl spe-cies, and found fluorescence in all of them. Contrary to what was previously reported, we also found fluorescence in the snowy owl (Bubo scandiacus). We also investigated fluorescence of different body and feather areas of the owls, and found similarities between species and some differences depending on occupied landscape, nest and life type, activity period, and plumage colour.

			

		

		
			
				Introduction

				Fluorescence is observed in many animals and plants (Marshall & Johnsen 2017, Galván et al. 2018). It occurs when a fluorophore (fluores-cent chemical compound) is excited by absorb-ing short wavelength/high-energy light, which results in emitting light of lower energy/longer wavelength (Johnsen 2012, Marshall & Johnsen 2017). Although in nature various types of light can excite fluorophores, in low light conditions, UV light (< 400 nm) constituting approximately 10% of sunlight (Fu 2003, Johnsen 2012) is most common (Carver et al. 1974, Tyler et al. 2014). Various chemical compounds pre-sent in nature (e.g., carotenoids, proteins) may act as fluorophores. As the fluorescence colour 

			

		

		
			
				depends on the type of fluorophore, different biological tissues may emit light of different colours (Galván et al. 2018, Prötzel et al. 2018). Some fluorophores are specific to a taxonomic group (e.g., psittacofulvins in parrots; McGraw & Nogare 2005), others such as porphyrins (a group of heterocyclic macrocycle organic com-pounds) are ubiquitous. The latter are one of the main biological pigments, found in compounds such as chlorophyll or heme (Ponka 1999, de Zwart et al. 1999). Recent studies show red-orange porphyrins fluorescence in the noctur-nal springhare (Pedetidae) and in the European hedgehog (Erinaceus europaeus) (Hamchand et al. 2021, Olson et al. 2021). Fluorophores can lose their ability to emit light because of e.g., photodegradation (Fu et al. 2021). Pine et al. 
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				(1985) recorded photodegradation in taxidermy specimens, Galván et al. (2016, 2018), and Wei-densaul et al. (2011) in bird feathers exposed to sunlight.

				Porphyrin is an abundant fluorophore in birds producing red/orange fluorescence detected in feathers of some owls (Weidensaul et al. 2011, Galván et al. 2018). Völker (1937) was the first to describe a red UV fluorescence in the short-eared owl (Asio flammeus) and little owl (Athene noctua). Weidensaul et al. (2011) described the owl age grading technique based on the red fluorescence of remiges, explaining that the tech-nique could be applied to many North American owl species. Mikkola and Lamminmäki (2014) suggested this approach also for European owl species. Coproporphyrin III, a dead-end product that can be generated during hemesynthesis and protoporphyrin IX, a metabolite of the heme synthesis pathway, is the porphyrin found in bird feathers (de Zwart et al. 1999, Ponka 1999, Galván et al. 2018).

				Porphyrin production can be increased in birds by oxidative stress (caused by e.g., low temperatures) Galván et al. 2018, Teerikorpi et al. 2019). Fluorophore compounds, as well as catabolites or environmental pollutants, can be deposited in the feathers only during the growth phase. Once the growth of the feather is completed, the vascular connection with the organism is interrupted and the feathers store these compounds in a stable and long-lasting way (García-Fernández et al. 2013). Porphyrin deposits in the feathers of some bird species can also cause a reddish coloration; in the case of great bustard (Otis tarda), it was hypothesized that this coloration could be related to a court-ship behaviour (Galván et al. 2016). Also Galván et al. (2018) described a red fluorescence in owl feathers in Spain, finding a positive relationship between the amounts of porphyrin deposited, body condition and food abundance in the breed-ing area of the eagle owl (Bubo bubo). No study reports the distribution of fluorescence across the owl’s body; it is only mentioned to exist in some ventral areas of the body not exposed to sunlight (Völker 1937, Weidensaul et al. 2011).

				We studied the UV-induced fluorescence in 13 European owl species (1) to further the knowl-edge on the presence of this phenomenon, and 

			

		

		
			
				performed a luminescence spectrometry analysis to prove the existence of UV-fluorescence. We studied the distribution of fluorescence (2) across the feather sections and (3) the body, as well as (4) documented the presence of fluorescence in owls during their different activities.

				Material and methods

				Study area and species

				The research was conducted in Latvia. The day length in the country varies from 6 hours 43 minutes on 22 December to 17 hours 52 minutes on 22 June. Due to clouds, the sun is visible for less than half of the period between sunrise and sunset: for only 10%–25% and 50%–60% of the daytime in winter and summer, respectively, with a total of ~100 sunless days per year (Kļaviņš & Zaļoksnis 2016).

				All 13 studied owl species (Table 1) are distributed across Palearctic and Holarctic, and occur naturally in Latvia. Some, however, are considered occasional vagrants.

				Investigation of the fluorescence

				In our study, we considered five traits (landscape preference, nest type, life type, activity period, plumage colour) that may affect fluorescence (Table 1).

				To confirm fluorescence in feathers and to determine a fluorophore, a spectrofluorimetry analysis on feathers from dead owls (Eurasian pygmy owl Glaucium passerinus, long-eared owl Asio otus, snowy owl Bubo scandiacus, tawny owl Strix aluco and Ural owl Strix uralen-sis) was performed using a luminescence spec-trometer FLS1000-DD-stm (Edinburgh Instru-ments, UK) equipped with a CW 450 W Xenon lamp and a cooled photomultiplier tube for detection. A 100 LED UV flashlight (emitting 395 nm light) was used to induce and observe fluorescence in birds.

				To establish the presence of fluorescence in the studied owl species, specimens (taxi-dermy specimens) from the Latvian National Museum of Natural History (Museum) collec-
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				tions, living birds in Riga National Zoological Garden (Riga Zoo) and roadkill animals were used. The intensity of fluorescence was studied using the feathers of five species of owls (dead animals) (Glaucidium passerinum, Strix aluco, Strix uralensis, Bubo bubo, Asio otus) follow-ing the methodology described in Kohler et al. (2019), here using direct observations rather than photographs (Table 1). For the study of fluores-cence in moving animals, six species from Riga 

			

		

		
			
				Zoo (Bubo scandiacus, Asio otus, Bubo bubo, Strix uralensis, Strix nebulosa, Strix aluco) were examined.

				Presence of fluorescence

				To include all 13 European owl species in the study, taxidermy specimens from the Latvian National Museum of Natural History (Museum) 

			

		

		
			
				Table 1. Studied species (data from König & Weick 2008, Mikkola 1983, and *for Latvia from Avotinš 2019) and sample sizes.

				Species	Traits	Bird numbers used in the study
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					Landscape	Nest	Life	Activity	Plumage	Live	Taxidermy	Dead

					preference	type	type	period	colour	specimens

				Tyto alba	Open	Closed	Resident	Nocturnal,	Light	0	4	0

						crepuscular

				Otus scops	Open	Closed	Migratory	Nocturnal,	Dark	0	2	0

						crepuscular

				Bubo bubo	Forest*	Semi-	Resident	Nocturnal,	Brown	5, 3a	9	2, 2b

						closed	crepuscular

				Bubo	Open	Open	Nomadic	Diurnal	White	5, 2a	5	1, 1c

				scandiacus

				Strix	Forest	Semi-	Nomadic	Nocturnal,	Grey	2, 2a	4	0

				nebulosa		closed	crepuscular

				Strix	Forest	Closed	Resident	Nocturnal,	Grey	3, 3a	7	13, 5b, 3c

				uralensis		crepuscular

				Strix aluco	Mixed	Closed	Resident	Nocturnal,	Grey	6, 4a	11	42, 3b, 3c

					(mainly	crepuscular	Brown	4	5	6

					forest)

				Surnia ulula	Mixed	Semi-	Nomadic,	Diurnal,	Dark	1	6	0

						closed	invasive	crepuscular

				Glaucidium	Forest	Closed	Nomadic	Crepuscular	Dark	0	11	8, 5b, 3c

				passerinum

				Athene	Mixed	Closed	Resident	Diurnal,	Dark	0	2	0

				noctua	(mainly	crepuscular

					open)

				Aegolius	Forest	Closed	Nomadic	Nocturnal,	Dark	0	12	0

				funereus		crepuscular

				Asio otus	Mixed	Semi-	Migratory	Nocturnal,	Brown	3, 3a	13	13, 6b, 4c

					(mainly	closed	crepuscular

					open)

				Asio	Open	Open	Migratory	Diurnal,	Brown	0	5	0

				flammeus		crepuscular

						Total	29, 17a	96	85, 21b, 14c

				a fluorescence studied in moving birds; b fluorescence of different feather parts and body areas; c spectrofluorimetry analysis.
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				collections, living birds from the Riga National Zoological Garden (Riga Zoo), and road-kill owls were used (total number of birds n = 210). In all specimens, we examined the same feather sections and body areas (see Fig. 1A–C). Fluores-cence was considered present if it was detected in at least one feather section on any body area. All the observations were performed by two inde-pendent observers (ADM, RŠ), using a 100 LED UV flashlight emitting light at 395 nm.

				Museum (taxidermy) specimens

				Taxidermy specimens were studied in January 2021. The observations were carried out in a dark room of the museum, with all animals checked individually. To observe fluorescence of feathers not directly exposed to light, we moved aside the first layer of feathers with tweezers 

			

		

		
			
				to avoid causing damage to the specimens. The observations were carried out by ADM and RŠ. In total, 96 individuals from 13 species were examined (Table 1). Information on the year when the taxidermy specimens were prepared and the geographic origin of the birds were noted. Fluorescence was expected to be partially lost due to prolonged exposure to UV light. Unfortunately, storage and/or exposure histories for every birds were not available.

				Live birds

				The presence of the fluorescence in live birds was investigated in Riga Zoo where owls live year-round outdoors exposed to the same cli-matic conditions as their wild counterparts. Observations were carried out between 21 November 2020 and 30 March 2021, between 
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				Fig. 1. (A and B) Owl body areas, (C) feathers in natural light (note feather sections), and (D) feathers in UV light.
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				16:30 and 23:00 (in twilight/night light condi-tions) by ADM and RŠ. Each bird was observed for 20 seconds from the front and for another 20 seconds from behind while it was perching, flying or moving. There were no more than 10 observation sessions per hour, and all observa-tions were done from outside the enclosure from the distance of approx. 2 metres. Altogether 29 individuals from seven species were observed (Table 1). If fluorescence was detected in any part of the body during any observation session, the result was classified as fluorescence present. Fluorescence in wild birds was expected to be similar to birds in this group.

				During the fluorescence observations, in 17 individuals from six species we (ADM and RŠ) also recorded types of activities during which this phenomenon was observed. The activities were classified as follows: perching (resting on the perch), ground (resting on the ground), preening (feather preening), pre-flight (prepara-tion for flight; body of a bird at a 45° angle to the ground and wings partially raised), flight (bird in flight), and landing (bird landing) (see Table 1, superscript a).

				Dead animals

				Observations on dead animals were performed by ADM and AA in a dark room in February 2021. These were mainly road-kill animals col-lected and stored by AA with permission of the Nature Conservation Agency of Latvia. Alto-gether 84 individuals from five species were investigated (Table 1). As individuals were col-lected soon after their death, only a marginal loss of fluorescence due to exposure to sunlight and freezing was expected. Twenty-one specimens were used in studies of fluorescence intensity, and 14 for spectrofluorimetry.

				Spectrofluorimetry

				The fluorescence excitation and emission meas-urements of the feathers were performed using a luminescence spectrometer FLS1000-DD-stm (Edinburgh Instruments, UK) equipped with a CW 450 W xenon lamp, and a cooled photomul-

			

		

		
			
				tiplier tube used to establish whether the observed phenomenon was UV-fluorescence. Three feath-ers — one from the brest belly, one from the wing coverts, and one from remiges (see Fig. 1A and B) — were taken from each of 14 owls (dead or live specimens only) belonging to five species (3 of Glaucidium passerinum, 4 of Asio otus, 1 of Bubo scandiacus, 3 of Strix aluco, 3 of Strix uralensis). These species were selected to represent different trait groups (see Table 1, superscript c).

				One feather was chosen randomly from the pool of feathers taken from each specimen. The feathers were irradiated with UV or visible light perpendicularly to their surface (shone from the top using the built-in mirror of the spectrometer). The emitted fluorescent light was reflected by the mirror and directed to the photomultiplier tube.

				Fluorescence intensity

				The UV-fluorescence intensity was evaluated in April 2021, following the methodology described in Kohler et al. (2019). The owl body was divided into 15 areas (Fig. 1A and B) and randomly selected feathers from each area were examined. For the purpose of this study we subdivided each feather into three sections: top, middle and bottom (Fig. 1C). We also distinguished between the dorsal and ventral sides of a feather: the former being the one facing away from the body, or the upper part in case of remiges and rectrices, the latter facing the body, or lower part in case of remiges and rectrice.

				Fluorescence intensity was ranked using a qualitative visual fluorescence rank from 0 to 4 with 0 indicating no fluorescence and 4 maxi-mum fluorescence. The observations were car-ried out by ADM and AA in March 2021. Alto-gether 21 individuals from five species (5 of Glaucidium passerinum, 3 of Strix aluco, 5 of Strix uralensis, 2 of Bubo bubo, 6 of Asio otus) were studied (Table 1, superscript b).

				Statistical analyses

				All analyses were performed in R (https://www.R-project.org/) considering results signifi-cant at p < 0.05. The results with type-I statisti-
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				cal error probability < 0.1 after post-hoc analysis were considered ‘near significant’. Data process-ing and visualizations was carried out using tidyverse (https://www.tidyverse.org/; Wickham et al. 2019).

				As the majority of individuals were from Latvia, four museum specimens from elsewhere (Tyto alba, Bubo scandiacus, Surnia ulula, Athene noctua) were excluded from the analyses.

				Presence of fluorescence

				We calculated the proportions (± Wilson’s 95%CIs) of individuals with fluorescence observed and produced a graph (Fig. 2A). Then, we compared the point estimates among samples to see whether it would be possible to combine some samples with the same fluorescence pro-portions to simplify the analysis. Samples from Riga Zoo (live owls) and dead owls had the same (100%) proportion of individuals with fluores-cence observed (Fig. 2A), thus they were com-bined into one group dubbed “Fresh”. The sam-ples from the Museum collection had, however, a lower proportion of individuals with fluores-cence observed (Fig. 2A), thus they constituted a separate group dubbed “Museum”. The likely cause for the differences in observed propor-tions of individuals with fluorescence between collections could be photobleaching, as Museum specimens were exposed to light for a longer time than the other two collections.

				To evaluate the effect of specimen age on the presence of fluorescence, we used a Mann-Whit-ney-Wilcoxon test for two independent samples (groups with fluorescence present or absent) and the age as a response variable. We assumed all the “Fresh” specimens to be of age 0, while the age of specimens from Museum collection was the number of years from mounting until the year 2021. The test indicated that individu-als with fluorescence present were significantly “younger” (W90 = 816, p = 0.0003), thus age of the specimen was included as an independent variable in the analyses.

				As all the individuals in the “Fresh” group produced fluorescence, using Kruskal-Wallis’s test we analysed whether specimen age had an effect on fluorescence in each “Museum” spe-

			

		

		
			
				cies. Had differences in age been significant, it would have not allowed for data pooling within species. We, however, found no evidence for that (χ212,90 = 15.137, p = 0.234), thus all same-species “Museum” specimens were pooled when analysing effects of traits (Table 1).

				We used generalized linear modelling (GLM) and generalized linear mixed effects modelling (GLMM) of binary response (presence of fluo-rescence = 1, absence = 0) assuming binomial family with logit link function. Due to the small sample size and to avoid overfitting, we used main effects models with Age as an independent variable (quantity, scaled and centred) and Trait as a categorical variable (groups and levels as in Table 1).

				For each trait group, we created three models: GLM with main effects of Age and trait (model 1); GLMM with main effects of Age and Trait, and random intercept per spe-cies (model 2); GLMM with main effects of Age and Trait, and random intercept for Spe-cies and random slope for Age (model 3). We used the Akaike information criterion corrected for small sample size (AICc) to select the best model from those converging without singularity in random effects part. We used Tukey’s post-hoc test from the package multcomp (Hothorn et al. 2008) for trait comparison, and functions from the packages lme4 (Bates et al. 2015) and lmerTest (Kuznetsova et al. 2017) in model fit-ting. Finally, we used a point estimate predic-tion of fluorescence probability of one-year-old “Museum” specimen per trait for a graphical comparison with observed proportion of individ-uals with fluorescence in “Museum” and “Fresh” collections (± Wilson’s 95%CIs).

				Distribution of fluorescence and its intensity

				Distribution and intensity of fluorescence were analysed by estimating agreement between the observers using square-weighted Cohen’s κ (Cohen 1968), as well as raw agreement (%) analysed with the R package irr (https://cran.r-project.org/web/packages/irr/irr.pdf). As the observations of the two observes agreed well, in further analyses we used average values of two observations.
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				A Wilcoxon paired-samples test was used for comparing averaged intensity scores per sec-tion-at-side of the feather. This was done for each species separately and the Benjamini and Yakutielli (2001) approach was used to deal with false discovery rates when performing multiple tests.

				Once differences between feather sections were established, intensity rank values per side of the feather were scored by summing observer-averaged scores for feather sections. As there were multiple measurements made per bird, a linear mixed effects model (LMM) with a random intercept per specimen was applied. A main effects model with Species (Asio otus as a reference), Area of body (throat patch as a 

			

		

		
			
				reference) and side of a feather (dorsal as a reference) as independent variables was also used. The model was fitted with a Gaussian residual distribution with the response variable being log(x + 1)-transformed. Model fitting was done using the R packages lme4 (https://cran.r-project.org/web/packages/lme4/index.html; see also Bates et al. 2015) and lmerTest (https://cran.r-project.org/web/packages/lmerTest/index.html; see also Kuznetsova et al. 2017), and pairwise comparisons by means of Tukey’s HSD family-wise adjusted test in the post-hoc analysis of marginal mean estimation was carried out with the R package emmeans (https://CRAN.R-project.org/package=emmeans).
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				Fig. 2. (A) Proportion of fluorescent individuals per species ± Wilson’s 95% confidence intervals; Dead = roadkill owls, Museum = taxidermy specimens from the Natural History Museum of Latvia, Zoo = live owls from Riga Zoo; Aeg_fun =Aegolius funereus, Asi_fla = Asio flammeus, Asi_otu = Asio otus, Ath_noc = Athene noctua, Bub_bub = Bubo bubo, Bub_sca = Bubo scandiacus, Gla_pas = Glaucidium passerinum, Otu_sco = Otus scops, Str_alu = Strix aluco, Str_neb = Strix nebulosa, Str_ura = Strix uralensis, Sur_ulu = Surnia ulula, Tyt_alb = Tyto alba. (B) Proportion of fluorescent individuals per group with Wilson’s 95% CIs; Fresh = dead (roadkill) owls + live owls (Riga Zoo), Museum (fitted) = fitted model with point estimates assuming 1-year-old-museum specimens, Museum = taxi-dermy specimens from the Natural History Museum of Latvia.
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				Fluorescence in moving owls

				Wilson’s 95% confidence interval was used to compare fluorescence in moving animals among species. A more sophisticated analysis was not performed because of extreme proportions of events with or without fluorescence.

				Results

				Spectrofluorimetry

				For all species, with the 275 nm excitation, we found an intense fluorescence band in the emission range 290–400 nm peaking at approxi-mately 324 nm (Fig. 3F). In addition, with the 500 nm excitation, low-luminescence emission bands in the visible range (380–700 nm) were also present (Fig. 3F). In the red and near-infrared spectral ranges (600–800 nm), intense fluorescence bands were registered with exci-tation wavelengths from 350 nm to 500 nm (Fig. 3G–J). The positions of the spectral peaks varied from specimen to specimen and could be found at approx. 625 nm, 650 nm, 674 nm or 690 nm. The intensive red fluorescence band at 650 nm (Fig. 3G–J) can be excited most efficiently using 395 nm to 402 nm (Fig. 3D). This peak is characteristic of porphyrins and is called the Soret band (Hamchand et al. 2021, Toussaint et al. 2022). Additionally, three excitation peaks (499 nm, 540 nm, 590 nm; Fig. 3D) with lower luminescence were also consistent with the exci-tation spectra for porphyrins (Q bands) (Tous-saint et al. 2022) (Fig. 3D). With 395 nm excita-tion, in the case of Glaucidium passerinum and Asio otus, the highest fluorescence intensity can be found at 650 nm, while for Bubo scandiacus and Strix uralensis at 675 nm (Fig. 3H). For Strix aluco, both 650 nm and 670 nm peaks had simi-lar intensities (Fig. 3H). In the case of the 674 nm fluorescence peak, the spectral form of the excitation spectra was similar to that for the 650 nm peak, however, the maximum intensity was shifted to 400–413 nm and the lower intensity peaks for most of the specimens were found at 504 nm, 540 nm, 572 nm and 612 nm (Fig. 3E).

				A wide fluorescence band from 350 nm to 650 nm was registered for all specimens with the 

			

		

		
			
				UV and visible light excitations (Fig. 3F–J). The maximum luminescence position of the band strongly varied with different excitation wave-lengths and was shifted from 450 nm (350 nm excitation; Fig. 3G) to 570 nm (500 nm exci-tation; Fig. 3J). Considering the excitation of 470 nm and 570 nm fluorescence bands, the results appeared more complex as compared with the fluorescence bands discussed above. In the excitation spectra of 470 nm (Fig. 3B), a wide fluorescence band from 225 nm to 460 nm was seen, with luminescence peaks at 360 nm and 430 nm. However, the peaks were not well pronounced and varied depending on specimens. In the case of the 570 nm fluorescence (Fig. 3C), an intense peak at 410 nm was observed, and other bands at 330 nm and 450–530 nm were also seen.

				Presence of fluorescence

				In total 208 individuals from all the 13 European Owl species (Table 1) were investigated and flu-orescence found in every species. All individu-als in the “Fresh” group produced fluorescence, while in the “Museum” specimens fluorescence was variable (Fig. 2A).

				When analysing traits, simpler models with lowest AICc values performed better (Appen-dix 1). Negative effect of “Museum” specimen age was significant in every trait group (Land-scape: β = –1.3003, z = –3.724, p = 0.0002; Nest type: β = –1.2953, z = –3.782, p = 0.0002; Life type: β = –1.1296, z = –3.589, p = 0.0003; Activity period: β = –1.176, z = –3.689, p = 0.0002; Plumage colour β = –1.3204, z = –3.362, p = 0.0008). In most of the traits (Fig. 2B), pre-diction of fluorescent proportion, assuming one-year-old taxidermy mount, resulted in point esti-mates close to the observed values in the “Fresh” individuals (live and recently died individuals group). Plumage colour effect was also signifi-cant for White (z = –2.956, p = 0.0031). Post-hoc comparisons revealed significant difference with Brown colour (z = –2.956, p = 0.0245) and near significant differences with Dark (z = –2.606, p = 0.066) and Grey (z = –2.481, p = 0.0909) . In other trait groups no differences were found (Table 2 and Fig. 2B). According AICc, plumage 
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				colour best explained between-species differ-ences of observed fluorescence in “Museum” specimens (Appendix 1) (Tjur’s R2 = 0.390; Table 2).

				Distribution of fluorescence and its intensity

				An “almost perfect” (square-weighted κ = 0.922, z1806 = 39.2, p < 0.001; raw agreement = 78.8%) agreement among observers was found in the qualitative visual fluorescence classifica-tion, therefore allowing intensity scores between observers to be averaged in further analysis. The top of the feather section showed the weak-est fluorescence with no significant difference between dorsal and ventral parts in any species 

			

		

		
			
				(Appendix 2). The only other insignificant dif-ference was found in Glaucidium passerinum between the dorsal and ventral middle sections. Top sections of the feather were significantly different from any other section in every species. All the other ‘within species’ and ‘pooled over feather areas’ comparisons, assuming a Bejamini and Yakutielli (2001) FDR correction for mul-tiple comparisons, were significant (p < 0.05) when tested with the paired samples Wilcoxon test (Fig. 4A, Appendix 2). Based on this evalua-tion, it was established that the top of the feather hardly glows at all and that the greatest intensity is on the ventral side and closer to the base. The intensity score was declining with increasing exposure of the feather section to direct sunlight and ambient weather conditions. Keeping this in mind, intensity (averaged across observers’ and 
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				Fig. 3. Luminescence of owls’ feathers. Excitations spectra for fluorescence peaks of (A) 324 nm, (B) 470 nm, (C) 570 nm, (D) 650 nm, and (E) 674 nm; Soret band and Q bands indicate presence of porphyrin. Fluorescence spectra with excitations of (F) 275 nm, (G) 350 nm, (H) 395 nm, (I) 430 nm, and (J) 500 nm. Asi_otu = Asio otus, Bub_sca = Bubo scandiacus, Gla_pas = Glaucidium passerinum, Str_alu = Strix aluco, Str_ura = Strix uralensis.
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				summed-up on the feathered side of the bird area) was considered to increase variability in data.

				Comparisons of the fluorescence-intensity scores showed that the intensity on the feather’s dorsal side was only about 85.6% (t566 = –6.373, p < 0.0001; averaged over species and area) of that on the ventral side (Table 3). Overall, the highest fluorescence intensity was found in flank, legs, axillaries and lowest on the head — both facial disk and the back of the head (full set of pairwise comparisons, averaged over species in Fig. 4B and marginal means pairwise comparisons in Appendix 3). The model sug-gested some difference between species, but when pairwise comparisons (averaging over area and side) were performed, this effect was lost 

			

		

		
			
				with fluorescence intensity of only Strix aluco (Str_alu) being slightly greater than that of Asio otus (Asi_otu; t15.8 = –2.750, p = 0.09; Table 4).

				Visibility during activities

				In total, 2–3 specimens from 6 species were observed during different activities. Fluores-cence was observable during every flight, land-ing and pre-flight in every individual from every species, with visibility during preening being seemingly dependent on an area preened and species (Fig. 5). Nearly no fluorescence was observed when birds were inactive (perching or on the ground).

			

		

		
			
				Table 2. Parameters of the models describing the effects of traits and trait model performance metrics; AICc = Akaike information criterion corrected for small sample sizes, Tjur’s R 2 = Tjur’s adjusted pseudo determination coefficient; for model selection see Appendix 1.

				Variable	Estimate	SE	z	p

				Landscape preference, AICc = 63.44683, Tjur’s R 2 = 0.251

				 Intercept	2.5424	0.6687	3.802	0.0001

				 Closed (reference)

				 Mixed	0.4787	0.984	0.487	0.6266

				 Open	–0.8368	0.8106	–1.032	0.3019

				 Age	–1.3003	0.3492	–3.724	0.0002

				Nest type, AICc = 60.33189, Tjur’s R 2 = 0.276

				 Intercept	2.2649	0.5483	4.131	< 0.0001

				 Closed (reference)

				 Open	–1.5084	0.9704	–1.554	0.1201

				 Semi-closed	1.0856	0.9216	1.178	0.2388

				 Age	–1.2953	0.3425	–3.782	0.0002

				Life type, AICc = 64.5474, Tjur’s R 2 = 0.239

				 Intercept	3.0039	1.0475	2.868	0.0041

				 Migratory (reference)

				 Nomadic	–1.0656	1.1724	–0.909	0.3634

				 Resident	–0.7756	1.1787	–0.658	0.5105

				 Age	–1.1296	0.3148	–3.589	0.0003

				Activity period, AICc = 65.19673, Tjur’s R 2 = 0.228

				 Intercept	2.1190	1.2269	1.727	0.0842

				 Crepuscular (reference)

				 Diurnal	–0.1677	1.4036	–0.119	0.9049

				 Nocturnal	0.2672	1.3029	0.205	0.8375

				 Age	–1.1760	0.3187	–3.689	0.0002

				Plumage colour, AICc = 58.52145, Tjur’s R 2 = 0.390

				 Intercept	3.4556	1.0325	3.347	0.0008

				 Brown (reference)

				 Dark	–0.8571	1.2484	–0.687	0.4924

				 Grey	–0.8895	1.3337	–0.667	0.5048

				 Light	–1.8808	1.6467	–1.142	0.2534

				 White	–4.8209	1.6306	–2.956	0.0031

				 Age	–1.3204	0.3927	–3.362	0.0008
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				Discussion

				Spectrofluorimetry

				According to Weidensaul et al. (2011) and Galván et al. (2018), fluorescence in some owl species results from the presence of porphyrins. Also in our study, we found porphyrins to be responsible for owl feather fluorescence which was substantiated by the presence of the Soret and Q bands in the spectra (Fig. 3D and E).

				With 395 nm excitation, the most intense fluorescence was found at 650 nm for Glaucidium passerinum and Asio otus, and 675 nm for Bubo scandiacus and Strix uralensis (Fig. 3H). For Strix aluco, both 650 nm and 670 nm peaks had similar intensity (Fig. 3H). It should, however, be noted that the feather fluorescence spectra may 

			

		

		
			
				be affected by sunlight and weather conditions — causing photobleaching (de Oliveira Neves & Galván 2020) — as was found by Weidensaul et al. (2011) and Galván et al. (2016). The 400–600 nm fluorescence peaks (Fig. 3F–J), were also observed in hedgehogs (Hamchand et al. 2021) and explained by the presence of brown eumela-nins (Gallas & Eisner 1987, Hamchand et al. 2021). Pending further studies, eumelanins could be considered an explanation for fluorescence in these spectra also in the owls’ feathers.

				Fluorescence presence, distribution, intensity and visibility

				Our observations of presence, distribution and intensity of fluorescence following the method-

			

		

		
			[image: ]
		

		
			
				Fig. 4. (A) Fluorescence intensity scores (averaged across observers) for feathers parts by species, and (B) com-parison of fitted fluorescence intensity scores (averaged between reviewers and summed over feather) with 95%CI per analysed species for area of body per side of the feather; Asi_otu = Asio otus, Bub_sca = Bubo scandiacus, Gla_pas = Glaucidium passerinum, Str_alu = Strix aluco, Str_ura = Strix uralensis.
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				ology of Kohler et al. (2019), indicated substan-tial differences between white and brown plum-age (to a lesser extent also between white and black and gray). This could be explained by fluo-rescence reduction in unpigmented feathers due to the lack of biopigments and photodegradation of keratin (Pearlstein et al. 2014). We, however, found fluorescence in the snowy owl (Bubo scandiacus) (Fig. 3 and Appendix 4) for the first time, although a complete lack of fluorescence in this species was reported by some researchers (see https://www.atlasobscura.com/articles/why-birds-glow-blacklight). Since no other substan-tial differences in fluorescence (other than the plumage colour; Fig. 2 and Table 2) were found 

			

		

		
			
				among owl species or traits, fluorescence can be considered a common phenomenon in owls regardless of their distribution range (see also e.g., Weidensaul et al. 2011, Galván et al. 2018).

				Distribution of fluorescence across the owl body and feathers can be affected by pho-tobleaching, with lower luminosities observed in areas of the body and feathers exposed to sun-light (facial disc and back of the head; Fig. 1). For example, the ventral part of a feather (ori-ented towards the body) was more fluorescent than the dorsal one (Fig. 1C and D, Fig. 2). Freshly emerged follicles were fluorescent on the entire surface. Regarding museum taxidermy specimens, several older specimens (> 30 years 

			

		

		
			
				Table 3. Parameters of the models describing the differences in relative UV-fluorescence intensity depending on owl species, owl body area and owl body side; cond. = conditional, marg. = marginal. ICC = intraclass correlation coefficient

				Variable	Estimate	SE	df	t	p	Variance	SD	R 2	ICC

					

							cond.	marg.

				Fixed effects:	0.667

				 Intercept	1.32656	0.06464	84.82101	20.521	< 0.0001

				 Species

				 Asio otus (reference)

				 Bubo bubo	–0.03904	0.08341	15.56988	–0.468	0.6463

				 Glaucidium passerinum	0.11031	0.06164	15.31511	1.79	0.0933

				 Strix aluco	0.19733	0.07173	15.13308	2.751	0.0148

				 Strix uralensis	0.03036	0.06186	15.52997	0.491	0.6304

				 Body area

				 throat (reference)

				 facial disk	–1.072	0.07054	567.24184	–15.198	< 0.0001

				 brest belly	0.21292	0.06799	567.15052	3.131	0.0018

				 flank	0.66272	0.06886	568.28642	9.625	< 0.0001

				 ventral region	0.14121	0.06799	567.15052	2.077	0.0383

				 legs	0.63793	0.06799	567.15052	9.382	< 0.0001

				 rectrices	0.07002	0.06799	567.15052	1.03	0.3035

				 axillaries	0.59905	0.06886	568.28642	8.7	< 0.0001

				 wing coverts	0.37519	0.06799	567.15052	5.518	< 0.0001

				 remiges	0.40669	0.06799	567.15052	5.981	< 0.0001

				 wing coverts	0.21262	0.06799	567.15052	3.127	0.0019

				 scapulars	0.24352	0.06886	568.28642	3.537	0.0004

				 head	–0.58485	0.06966	567.61629	–8.396	< 0.0001

				 back	0.21164	0.06976	569.044	3.034	0.0025

				 rump	0.31021	0.06886	568.28642	4.505	< 0.0001

				 Body side

				 dorsal (reference)

				 ventral	0.15518	0.02435	565.38512	6.373	< 0.0001

				Random effects:	0.692	0.075

				Individual	0.00719	0.08481

				Residual	0.08923	0.29871
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				Table 4. Estimated marginal means differences (Tukey’s HSD post-hoc analysis) in overall fluorescence (pooled for feather sections, sides, and body areas) between species.

				Species	Ratio	SE	df	t	p

				Asio otus vs. Bubo bubo	1.04	0.0868	16.2	0.468	0.9892

				Asio otus vs. Glaucidium passerinum	0.896	0.0552	15.9	–1.789	0.4128

				Asio otus vs. Strix aluco	0.821	0.0589	15.8	–2.75	0.0904

				Asio otus vs. Strix uralensis	0.97	0.06	16.2	–0.491	0.9871

				Bubo bubo vs. Glaucidium passerinum	0.861	0.0733	16	–1.755	0.431

				Bubo bubo vs. Strix aluco	0.789	0.0732	15.9	–2.55	0.1285

				Bubo bubo vs. Strix uralensis	0.933	0.0795	16.1	–0.814	0.9225

				Glaucidium passerinum vs. Strix aluco	0.917	0.0676	15.5	–1.181	0.7619

				Glaucidium passerinum vs. Strix uralensis	1.083	0.0695	15.8	1.247	0.7255

				Strix aluco vs. Strix uralensis	1.182	0.0873	15.6	2.259	0.2096
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				Fig. 5. Proportions of observation sessions with fluorescence observed per species in activity period (numbers above x-axis denote numbers of observation sessions); Asi_otu = Asio otus, Bub_sca = Bubo scandiacus, Gla_pas = Glaucidium passerinum, Str_alu = Strix aluco, Str_ura = Strix uralensis.

			

		

		
			
				old) showed fluorescence only in the upper part of the back (Fig. 1). The underwing area with lowest exposure to light in these specimens could not be examined. Moreover, higher fluo-rescence was found in 1-year-old museum speci-mens.

			

		

		
			
				Distribution of fluorescence across the owl body and feathers also explains why during the observations of active birds, it was mainly detected during the phases of flight, preparation for flight (when the animal assumes a position of 45° with respect to its support base) and preening/
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				inflating of the plumage (Fig. 5). During those activities, plumage less exposed to light thus less subject to photobleaching become visible. It is also worth noting that owls inflate their plum-age and/or display fluorescent body parts during intra-species communication behaviour (brest-belly, flank, axillaries, wing coverts, remiges; König & Weick 2008, Bortolotti et al. 2011, Galván et al. 2018), courtship (throat; König & Weick 2008, Penteriani & Delgado 2009, 2017, Penteriani et al. 2010), mating (rump; König & Weick 2008) and hunting (ventral region, legs, axillaries, wing coverts, remiges; San-Jose et al. 2019, Karell et al. 2021). Many of the above-cited studies suggest the reflection of light in the plumage to be associated with intra-species com-munication and hunting.

				Galván et al. (2018) hypothesized that fluores-cence (or reddish coloration of porphyrin deposits in the plumage) could have biological functions in eagle owls (Bubo bubo). However, as they could not find reddish coloration in the species and recorded rapid disappearance of fluorescence, their hypothesis could not be confirmed.

				Despite photodegradation, owl feathers in our study were found to maintain their fluorescence over time (from November to March), with low levels of fluorescence observable even for many years (see also Weidensaul et al. 2011). Unlike Galván et al. (2018), we found the presence of reddish pigmentation resulting from porphyrin deposits on the throat feathers in every studied species, including the eagle owl (Bubo bubo) (Appendix 5). These discrepancy could be attrib-uted to higher photodegradation in Spain than in northern Europe and/or the presence of higher amounts of porphyrins in the feathers of northern birds caused by oxidative stress resulting from low temperatures (Teerikorpi et al. 2019).

				Although current knowledge does not yet con-nect fluorescence with any biological function in animals, it has been proposed that it may be related to inter-specific communication as an advantage in hunting or camouflage (Kohler et al. 2019). Although it was beyond the scope of this study to determine whether fluorescence has a biological function in owls, further investigation of its advantages in hunting, intraspecific com-munication, courtship and threating display may be suggested.

			

		

		
			
				Conclusions

				Our findings advance the knowledge about the fluorescence in owls. Detection of fluorescence in all European owl species shows that it is a common phenomenon in owls. Discovering fluorescence in snowy owls (Bubo scandiacus) — the only species earlier considered non-flu-orescent — is particularly valuable. Detection of fluorescence bands that may be related to eumelanin, and finding that fluorescence may last longer in animals living in northern areas, could be an indication that fluorescence may also be observed in other owl species (e.g. neotropi-cal species).

				The evidence that different wavelengths (within the spectrum of sunlight) can stimu-late fluorophores, producing fluorescence, could have important implications for studies of pos-sible associations between owl biological func-tions and fluorescence. Thus, it would be worth to examine whether the signal produced by flu-orescence and the light reflection signal are complementary, exclusive or alternative, and to which species these functions would apply. All this knowledge could be important in under-standing the ethology of owls, necessary to facil-itate their conservation.
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				Appendix 1. Trait group model (binomial GLM and GLMM of the probability of fluorescence) selection table; best models in boldface.

				Model	df	AICc

				Landscape model 1	4	63.44683

				Landscape model 2	5	65.13062

				Landscape model 3	6	64.33291

				Nest type model 1	4	60.33189

				Nest type model 2	5	62.57558

				Nest type model 3	6	62.63268

				Life type model 1	4	64.54574

				Life type model 2	5	66.61009

				Life type model 3	6	64.69341

				Activity period model 1	4	65.19673

				Activity period model 2	5	67.08823

				Activity period model 3	7	singluar fit

				Plumage colour model 1	6	58.52145

				Plumage colour model 2	7	60.87525

				Plumage colour model 3	9	61.54051
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				Appendix 2. Differences in fluorescence intensity of feather sections (see Fig. 1) by species.

				Species	Feather sections compared	Wilcoxon test p

					(Banjamini & Yakutielli corrected)

				Glaucidium passerinum	dorsal middle vs. dorsal bottom	< 0.0001

				Glaucidium passerinum	dorsal top vs. dorsal bottom	< 0.0001

				Glaucidium passerinum	dorsal top vs. dorsal middle	< 0.0001

				Glaucidium passerinum	ventral bottom vs. dorsal bottom	0.0002

				Glaucidium passerinum	ventral bottom vs. dorsal middle	< 0.0001

				Glaucidium passerinum	ventral bottom vs. dorsal top	< 0.0001

				Glaucidium passerinum	ventral middle vs. dorsal bottom	< 0.0001

				Glaucidium passerinum	ventral middle vs. dorsal middle	< 0.0001

				Glaucidium passerinum	ventral middle vs. dorsal top	< 0.0001

				Glaucidium passerinum	ventral middle vs. ventral bottom	< 0.0001

				Glaucidium passerinum	ventral top vs. dorsal bottom	< 0.0001

				Glaucidium passerinum	ventral top vs. dorsal middle	< 0.0001

				Glaucidium passerinum	ventral top vs. dorsal top	1

				Glaucidium passerinum	ventral top vs. ventral bottom	< 0.0001

				Glaucidium passerinum	ventral top vs. ventral middle	< 0.0001

				Bubo bubo	dorsal middle vs. dorsal bottom	< 0.0001

				Bubo bubo	dorsal top vs. dorsal bottom	< 0.0001

				Bubo bubo	dorsal top vs. dorsal middle	0.0035

				Bubo bubo	ventral bottom vs. dorsal bottom	0.0013

				Bubo bubo	ventral bottom vs. dorsal middle	< 0.0001

				Bubo bubo	ventral bottom vs. dorsal top	< 0.0001

				Bubo bubo	ventral middle vs. dorsal bottom	0.0002

				Bubo bubo	ventral middle vs. dorsal middle	0.0146

				Bubo bubo	ventral middle vs. dorsal top	0.0006

				Bubo bubo	ventral middle vs. ventral bottom	< 0.0001

				Bubo bubo	ventral top vs. dorsal bottom	< 0.0001

				Bubo bubo	ventral top vs. dorsal middle	0.00348

				Bubo bubo	ventral top vs. dorsal top	not performed; insufficient sample size

				Bubo bubo	ventral top vs. ventral bottom	< 0.0001

				Bubo bubo	ventral top vs. ventral middle	0.0006

				Asio otus	dorsal middle vs. dorsal bottom	< 0.0001

				Asio otus	dorsal top vs. dorsal bottom	< 0.0001

				Asio otus	dorsal top vs. dorsal middle	< 0.0001

				Asio otus	ventral bottom vs. dorsal bottom	< 0.0001

				Asio otus	ventral bottom vs. dorsal middle	< 0.0001

				Asio otus	ventral bottom vs. dorsal top	< 0.0001

				Asio otus	ventral middle vs. dorsal bottom	< 0.0001

				Asio otus	ventral middle vs. dorsal middle	< 0.0001

				Asio otus	ventral middle vs. dorsal top	< 0.0001

				Asio otus	ventral middle vs. ventral bottom	< 0.0001

				Asio otus	ventral top vs. dorsal bottom	< 0.0001

				Asio otus	ventral top vs. dorsal middle	< 0.0001

				Asio otus	ventral top vs. dorsal top	0.16

				Asio otus	ventral top vs. ventral bottom	< 0.0001

				Asio otus	ventral top vs. ventral middle	< 0.0001

				Strix aluco	dorsal middle vs. dorsal bottom	< 0.0001

				Strix aluco	dorsal top vs. dorsal bottom	< 0.0001

				Strix aluco	dorsal top vs. dorsal middle	0.004

				Strix aluco	ventral bottom vs. dorsal bottom	0.0019

				Strix aluco	ventral bottom vs. dorsal middle	< 0.0001

				Strix aluco	ventral bottom vs. dorsal top	< 0.0001

				Strix aluco	ventral middle vs. dorsal bottom	< 0.0001

				Strix aluco	ventral middle vs. dorsal middle	0.0006

				Strix aluco	ventral middle vs. dorsal top	< 0.0001

				continued
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				Appendix 2. Continued.

				Species	Feather sections compared	Wilcoxon test p

					(Banjamini & Yakutielli corrected)

				Strix aluco	ventral middle vs. ventral bottom	< 0.0001

				Strix aluco	ventral top vs. dorsal bottom	< 0.0001

				Strix aluco	ventral top vs. dorsal middle	0.0078

				Strix aluco	ventral top vs. dorsal top	0.5759

				Strix aluco	ventral top vs. ventral bottom	< 0.0001

				Strix aluco	ventral top vs. ventral middle	< 0.0001

				Strix uralensis	dorsal middle vs. dorsal bottom	< 0.0001

				Strix uralensis	dorsal top vs. dorsal bottom	< 0.0001

				Strix uralensis	dorsal top vs. dorsal middle	< 0.0001

				Strix uralensis	ventral bottom vs. dorsal bottom	< 0.0001

				Strix uralensis	ventral bottom vs. dorsal middle	< 0.0001

				Strix uralensis	ventral bottom vs. dorsal top	< 0.0001

				Strix uralensis	ventral middle vs. dorsal bottom	< 0.0001

				Strix uralensis	ventral middle vs. dorsal middle	< 0.0001

				Strix uralensis	ventral middle vs. dorsal top	< 0.0001

				Strix uralensis	ventral middle vs. ventral bottom	< 0.0001

				Strix uralensis	ventral top vs. dorsal bottom	< 0.0001

				Strix uralensis	ventral top vs. dorsal middle	< 0.0001

				Strix uralensis	ventral top vs. dorsal top	1

				Strix uralensis	ventral top vs. ventral bottom	< 0.0001

				Strix uralensis	ventral top vs. ventral middle	< 0.0001
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				Appendix 3. Estimated marginal means differences (Tukey’s HSD post-hoc analysis) in fluorescence intensity between owl body areas (data pooled for species and feather sides).

				Areas compared	Fluorescence	SE	df	t	p

					intensity ratio

				throat vs. facial disk	2.921	0.2061	568	15.195	< 0.0001

				throat vs. brest belly	0.808	0.055	568	–3.131	0.1114

				throat vs. flank	0.515	0.0355	569	–9.622	< 0.0001

				throat vs. ventral region	0.868	0.0591	568	–2.076	0.7502

				throat vs. legs	0.528	0.0359	568	–9.38	< 0.0001

				throat vs. rectrices	0.932	0.0634	568	–1.03	0.9995

				throat vs. axillaries	0.549	0.0378	569	–8.697	< 0.0001

				throat vs. wing coverts	0.687	0.0467	568	–5.517	< 0.0001

				throat vs. remiges	0.666	0.0453	568	–5.98	< 0.0001

				throat vs. wing coverts	0.808	0.055	568	–3.126	0.1128

				throat vs. scapulars	0.784	0.054	569	–3.535	0.0331

				throat vs. head	1.795	0.1251	568	8.394	< 0.0001

				throat vs. back	0.809	0.0565	570	–3.033	0.1442

				throat vs. rump	0.733	0.0505	569	–4.504	0.0008

				facial disk vs. brest belly	0.277	0.0188	568	–18.889	< 0.0001

				facial disk vs. flank	0.176	0.0121	567	–25.235	< 0.0001

				facial disk vs. ventral region	0.297	0.0202	568	–17.835	< 0.0001

				facial disk vs. legs	0.181	0.0123	568	–25.136	< 0.0001

				facial disk vs. rectrices	0.319	0.0217	568	–16.788	< 0.0001

				facial disk vs. axillaries	0.188	0.0129	567	–24.309	< 0.0001

				facial disk vs. wing coverts	0.235	0.016	568	–21.274	< 0.0001

				facial disk vs. remiges	0.228	0.0155	568	–21.737	< 0.0001

				facial disk vs. wing coverts	0.277	0.0188	568	–18.884	< 0.0001

				facial disk vs. scapulars	0.268	0.0184	567	–19.137	< 0.0001

				continued
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				Appendix 3. Continued.

				Areas compared	Fluorescence	SE	df	t	p

					intensity ratio

				facial disk vs. head	0.614	0.0427	566	–7.006	< 0.0001

				facial disk vs. back	0.277	0.0193	568	–18.43	< 0.0001

				facial disk vs. rump	0.251	0.0173	567	–20.107	< 0.0001

				brest belly vs. flank	0.638	0.0421	567	–6.809	< 0.0001

				brest belly vs. ventral region	1.074	0.07	566	1.1	0.9989

				brest belly vs. legs	0.654	0.0426	566	–6.52	< 0.0001

				brest belly vs. rectrices	1.154	0.0752	566	2.192	0.6704

				brest belly vs. axillaries	0.68	0.0449	567	–5.845	< 0.0001

				brest belly vs. wing coverts	0.85	0.0554	566	–2.489	0.4498

				brest belly vs. remiges	0.824	0.0537	566	–2.973	0.1676

				brest belly vs. wing coverts	1	0.0652	566	0.005	1

				brest belly vs. scapulars	0.97	0.0641	567	–0.463	1

				brest belly vs. head	2.221	0.1488	568	11.907	< 0.0001

				brest belly vs. back	1.001	0.0671	568	0.019	1

				brest belly vs. rump	0.907	0.0599	567	–1.473	0.9796

				flank vs. ventral region	1.685	0.1113	567	7.894	< 0.0001

				flank vs. legs	1.025	0.0677	567	0.375	1

				flank vs. rectrices	1.809	0.1195	567	8.972	< 0.0001

				flank vs. axillaries	1.066	0.0712	566	0.953	0.9998

				flank vs. wing coverts	1.333	0.0881	567	4.352	0.0015

				flank vs. remiges	1.292	0.0853	567	3.876	0.0101

				flank vs. wing coverts	1.568	0.1036	567	6.813	< 0.0001

				flank vs. scapulars	1.521	0.1016	566	6.276	< 0.0001

				flank vs. head	3.482	0.2358	567	18.422	< 0.0001

				flank vs. back	1.57	0.1063	567	6.661	< 0.0001

				flank vs. rump	1.423	0.095	566	5.278	< 0.0001

				ventral region vs. legs	0.609	0.0397	566	–7.62	< 0.0001

				ventral region vs. rectrices	1.074	0.07	566	1.092	0.999

				ventral region vs. axillaries	0.633	0.0418	567	–6.93	< 0.0001

				ventral region vs. wing coverts	0.791	0.0516	566	–3.59	0.0277

				ventral region vs. remiges	0.767	0.05	566	–4.073	0.0047

				ventral region vs. wing coverts	0.931	0.0607	566	–1.096	0.999

				ventral region vs. scapulars	0.903	0.0596	567	–1.549	0.9683

				ventral region vs. head	2.067	0.1385	568	10.837	< 0.0001

				ventral region vs. back	0.932	0.0624	568	–1.051	0.9993

				ventral region vs. rump	0.845	0.0558	567	–2.558	0.4007

				legs vs. rectrices	1.765	0.115	566	8.712	< 0.0001

				legs vs. axillaries	1.04	0.0687	567	0.588	1

				legs vs. wing coverts	1.3	0.0848	566	4.031	0.0056

				legs vs. remiges	1.26	0.0821	566	3.547	0.0318

				legs vs. wing coverts	1.53	0.0997	566	6.525	< 0.0001

				legs vs. scapulars	1.484	0.098	567	5.97	< 0.0001

				legs vs. head	3.397	0.2276	568	18.251	< 0.0001

				legs vs. back	1.532	0.1026	568	6.363	< 0.0001

				legs vs. rump	1.388	0.0917	567	4.961	0.0001

				rectrices vs. axillaries	0.589	0.0389	567	–8.008	< 0.0001

				rectrices vs. wing coverts	0.737	0.048	566	–4.682	0.0003

				rectrices vs. remiges	0.714	0.0466	566	–5.165	< 0.0001

				rectrices vs. wing coverts	0.867	0.0565	566	–2.188	0.6737

				rectrices vs. scapulars	0.841	0.0555	567	–2.626	0.3545

				rectrices vs. head	1.925	0.129	568	9.774	< 0.0001

				rectrices vs. back	0.868	0.0581	568	–2.114	0.7252

				rectrices vs. rump	0.786	0.052	567	–3.636	0.0237

				axillaries vs. wing coverts	1.251	0.0826	567	3.389	0.0528
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				Appendix 3. Continued.

				Areas compared	Fluorescence	SE	df	t	p

					intensity ratio

				axillaries vs. remiges	1.212	0.0801	567	2.912	0.194

				axillaries vs. wing coverts	1.472	0.0972	567	5.849	< 0.0001

				axillaries vs. scapulars	1.427	0.0953	566	5.323	< 0.0001

				axillaries vs. head	3.267	0.2213	567	17.481	< 0.0001

				axillaries vs. back	1.473	0.0998	567	5.721	< 0.0001

				axillaries vs. rump	1.335	0.0892	566	4.324	0.0017

				wing coverts vs. remiges	0.969	0.0632	566	–0.483	1

				wing coverts vs. wing coverts	1.177	0.0767	566	2.494	0.4464

				wing coverts vs. scapulars	1.141	0.0754	567	1.993	0.8019

				wing coverts vs. head	2.612	0.175	568	14.329	< 0.0001

				wing coverts vs. back	1.178	0.0789	568	2.441	0.4851

				wing coverts vs. rump	1.067	0.0705	567	0.984	0.9997

				remiges vs. wing coverts	1.214	0.0791	566	2.977	0.1657

				remiges vs. scapulars	1.177	0.0778	567	2.47	0.4639

				remiges vs. head	2.695	0.1806	568	14.799	< 0.0001

				remiges vs. back	1.215	0.0814	568	2.911	0.1941

				remiges vs. rump	1.101	0.0728	567	1.46	0.9811

				wing coverts vs. scapulars	0.97	0.0641	567	–0.468	1

				wing coverts vs. head	2.22	0.1487	568	11.903	< 0.0001

				wing coverts vs. back	1.001	0.0671	568	0.015	1

				wing coverts vs. rump	0.907	0.0599	567	–1.477	0.979

				scapulars vs. head	2.29	0.1551	567	12.232	< 0.0001

				scapulars vs. back	1.032	0.0699	567	0.471	1

				scapulars vs. rump	0.935	0.0625	566	–0.999	0.9996

				head vs. back	0.451	0.0309	567	–11.605	< 0.0001

				head vs. rump	0.409	0.0277	567	–13.216	< 0.0001

				back vs. rump	0.906	0.0614	567	–1.456	0.9816
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				Appendix 4. Fluores-cence of brest-belly (lat-eral and frontal view) in Bubo scandiacus.
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				Appendix 5. (A) Throat fluorescence under UV light, and (B) reddish col-ouration of throat feathers under natural light in Bubo bubo.
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Fluorescence induced by ultraviolet light has been observed in many animals, from
invertebrates to mammals. Fluorophores (chemical compounds responsible for fluo-
rescence) have been studied in feathers of bird species; for example, porphyrins (one
of the most abundant biological pigments) in feathers of some owl species produce
red-orange fluorescence. We conducted a fluorescence study on 13 European owl spe-
cies, and found fluorescence in all of them. Contrary to what was previously reported,
we also found fluorescence in the snowy owl (Bubo scandiacus). We also investigated
fluorescence of different body and feather areas of the owls, and found similarities
between species and some differences depending on occupied landscape, nest and life
type, activity period, and plumage colour.

Introduction

Fluorescence is observed in many animals and
plants (Marshall & Johnsen 2017, Galvén ef al.
2018). It occurs when a fluorophore (fluores-
cent chemical compound) is excited by absorb-
ing short wavelength/high-energy light, which
results in emitting light of lower energy/longer
wavelength (Johnsen 2012, Marshall & Johnsen
2017). Although in nature various types of light
can excite fluorophores, in low light conditions,
UV light (< 400 nm) constituting approximately
10% of sunlight (Fu 2003, Johnsen 2012) is
most common (Carver et al. 1974, Tyler et
al. 2014). Various chemical compounds pre-
sent in nature (e.g., carotenoids, proteins) may
act as fluorophores. As the fluorescence colour

depends on the type of fluorophore, different
biological tissues may emit light of different
colours (Galvan ef al. 2018, Protzel et al. 2018).
Some fluorophores are specific to a taxonomic
group (e.g., psittacofulvins in parrots; McGraw
& Nogare 2005), others such as porphyrins (a
group of heterocyclic macrocycle organic com-
pounds) are ubiquitous. The latter are one of the
main biological pigments, found in compounds
such as chlorophyll or heme (Ponka 1999, de
Zwart et al. 1999). Recent studies show red-
orange porphyrins fluorescence in the noctur-
nal springhare (Pedetidae) and in the European
hedgehog (Erinaceus europaeus) (Hamchand et
al. 2021, Olson ef al. 2021). Fluorophores can
lose their ability to emit light because of e.g.,
photodegradation (Fu et al. 2021). Pine ef al.





