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Abstract Ultraviolet (UV) reflectance of the plumage is
common in birds and plays an important role in sexual
signalling. Recently, it has been proposed that birds are able
to modify plumage UV reflectance by the application of
uropygial gland secretion. Based on a survey of the optical
properties of this secretion from 51 species belonging to 12
avian orders, we show that two main types of uropygial
secretions exist, one predominantly found in passerines and
one in non-passerines, both reducing relative UV reflec-
tance of a white background (Teflon™ tape). We quantified
how each type of secretion (exemplified by blue tit and
mallard) affected feather UV reflectance. Both secretions
reduced overall brightness and relative UV reflectance of
white mallard feathers but hardly affected the reflectance
of UV/blue blue tit crown feathers. According to models of
avian colour vision, changes in reflectance due to applica-
tion of the secretion were at or below the discrimination
threshold of most birds. We conclude that the uropygial
secretion is unlikely to play a major role in modifying
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plumage UV reflectance. However, the optical properties of
the uropygial secretion may have been selected to interfere
as little as possible with visual signaling through plumage
reflectance.
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Introduction

The recent recognition that birds are able to see in the near-
ultraviolet (UV) part of the spectrum (~300-400 nm) has
crucial implications for the interpretation of avian colours
and transformed our understanding of avian sexual signal-
ling (Bennett et al. 1997). Moreover, since some bird
predators have poor UV sensitivity, the UV waveband has
been considered a “private communication channel” for
birds (Guilford and Harvey 1998; but see Hunt et al. 2001
and more recently Stevens and Cuthill 2007). Accordingly,
UV reflecting plumage patches are found in most bird
species (Eaton and Lanyon 2003) and UV reflectance is
often associated with body parts used in sexual signalling
(Hausmann et al. 2003). In the eastern bluebird (Sialia
sialis) for example, higher UV reflectance may signal male
competitive ability and more UV individuals are more
successful at obtaining nestboxes (Siefferman and Hill
2005). Female choice may also select for exaggerated UV
reflectance as shown in some blue tit (Cyanistes caeruleus)
populations (Sheldon et al. 1999; Limbourg et al. 2004),
and producing highly UV reflecting feathers may only be
achieved by birds in top condition (Jacot and Kempenaers
2007). Finally, differences in UV reflectance have been
hypothesised to aid in reproductive isolation between
closely related species (Bleiweiss 2004), and UV reflec-
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tance in chicks and eggs may increase their detectability to
parents (Aviles et al. 2006; Hunt et al. 2003).

UV reflectance in bird plumage is caused by physical
interference of the incident light with tissue microstructure
(Prum 2006). It is also affected by pigment deposition
(Shawkey and Hill 2005; Prum 2006), and by substances
such as dirt and fat (Ornborg et al. 2002; Zampiga et al.
2004). UV reflectance is particularly sensitive to such
external influences (Orborg et al. 2002) and it has been
suggested that birds may modify UV reflectance of their
plumage by applying uropygial gland secretion (Piersma
et al. 1999). Thus, birds may be able to rapidly, and perhaps
also reversibly, adjust UV reflectance of the plumage.

The secretion produced by the uropygial gland consists
of a complex mixture of waxes, (Jacob and Ziswiler 1982)
and is actively applied onto the feathers during preening.
Sometimes the secretion is visibly coloured, and its
application changes the colour of the plumage thus acting
as a “cosmetic” (for example in the great hornbill, Buceros
bicornis Vevers 1964; Kemp 2001). The function of cos-
metic colour changes is unknown although it has been
hypothesised that they may enhance sexual attractiveness or
reduce conspicuousness to predators (see reviews in
Montgomerie 2006b; Delhey et al. 2007). Generally, the
secretion is colourless to our eyes, but if it affects UV
reflectance (either increasing or decreasing it) it could act
as an avian “UV-cosmetic” (Piersma et al. 1999). This

possibility was recently tested in the red knot (Calidris
canutus), where the chemical composition of the uropygial
secretion changes dramatically from mono-ester to di-ester
waxes prior to breeding (Reneerkens et al. 2002; Reneerkens
et al. 2006). Despite differences in the optical properties of
both types of secretion (di-ester waxes absorbed more UV
light in vitro), their application did not change plumage
reflectance (Reneerkens and Korsten 2004). However,
given that the rusty red breeding plumage of the red knot
reflects very little in the UV, the potential UV-absorbing
effects of the secretion cannot be expressed. Therefore,
even if a UV cosmetic function of the uropygial secretion is
unlikely in this species, this might not be the case in other
birds with UV-reflective plumage or if in other species the
secretion increases, rather than decreases, UV reflectance.
Thus, the aim of this study is to assess inter-specific
variability in the optical properties of the uropygial secretion
in the UV and visible spectrum and to experimentally test
how its application affects UV-reflective plumage.

Materials and methods

We sampled uropygial gland secretion of 181 individuals,
belonging to 51 species from 12 orders. We sampled on
average four individuals per species (range, 1-20; see Table 1).
Samples were obtained from wild or captive live birds during

Table 1 List of all species included in this study, including sample size, source of the birds, and average values representing the change in
brightness and UV chroma (ABrightness and AUV chroma) due to the uropygial secretion of each studied species

Order Species N  Source Date ABrightness ~ AUV-chroma
Pelecaniformes  Phalacrocorax carbo 5 Radolfzell (frozen) ? —22.83 -1
Ciconiiformes Ciconia ciconia 3 Radolfzell (1 captive, 2 frozen) Sep 2004 -21.05 -1.4
Anseriformes Anas platyrhynchos 6  Seewiesen (captive) Apr 2004 —25.68 -34
Falconiformes Falco subbuteo 1 Radolfzell (frozen) ? -22.9 -0.7
Galliformes Tetrao urogallus 3 Radolfzell (2 captive, | frozen) Sep 2004 —26.84 -1.4
Coturnix coturnix 3 Radolfzell (captive) Sep 2004 —29.22 -4.9
Phasianus colchicus 1 Radolfzell (frozen) ? -11.96 —-0.1
Gruiformes Gallinula chlorophus 1 Radolfzell (frozen) ? —17.88 -0.4
Charadriiformes  Phalaropus lobatus 2 Barrow (wild) Jun 2004 -25.97 -1.9
Phalaropus fulicarius 6  Barrow (wild) Jun 2004 -23.14 -3.1
Calidris pusilla 7  Barrow (wild) Jul 2004 —23.98 -1.2
Calidris melanotos 2 Barrow (wild) Jul 2004 -30.34 -1.6
Calidris alpina 1 Barrow (wild) Jun 2004 —29.15 2.2
Tryngites subruficollis 1 Barrow (wild) Jun 2004 —13.83 -1.5
Psittaciformes Agapornis sp. 1 Radolfzell (frozen) ? —20.62 0.5
Apodiformes Apus melba 3 Biel, Switzerland (wild) Jul 2004 -9.51 -0.7
Alcediniformes  Alcedo atthis 2 Radolfzell (wild) Sep 2004 —16.08 -2.5
Piciformes Dendrocopos major 4 Radolfzell (1 wild, 3 frozen) Sep 2004 —24.51 0.1
Picus viridis 1 Radolfzell (frozen) ? —24.37 -0.2
Passeriformes Hirundo rustica 1 Radolfzell (wild) Sep 2004 —15.26 0.2
Troglodytes troglodytes 1 Seewiesen (wild) Aug 2004 —16.91 -0.3
Prunella modularis 3 Seewiesen (wild) Apr 2004 —6.12 0.1
Erithacus rubecula 7  Seewiesen and Radolfzell (wild) Apr, Aug, —-17.5 -0.5
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Table 1 (continued)

Order Species N Source Date ABrightness ~ AUV-chroma
Sep 2004
Phoenicurus ochrurus 1 Radolfzell (wild) Sep 2004 —14.28 -0.6
Phoenicurus phoenicurus 1 Radolfzell (wild) Sep 2004 —16.05 —-0.8
Saxicola rubetra 1 Radolfzell (wild) Sep 2004 -29 —-0.8
Turdus merula 7  Seewiesen (3 wild) and Radolfzell ~ Aug, Sep 2004 —22.71 -1.4
(4 frozen)
Turdus pilaris 1 Radolfzell (wild) Aug, Sep 2004 -19.39 0.9
Turdus philomelos 2 Seewiesen and Radolfzell (wild) Aug, Sep 2004 —25.31 -33
Sylvia atricapilla 7  Seewiesen and Radolfzell (wild) Aug, Sep 2004 -17.11 -0.9
Sylvia borin 2 Radolfzell (wild) Sep 2004 —20.51 0.7
Sylvia curruca 1 Radolfzell (wild) Sep 2004 —5.89 0.7
Sylvia communis 1 Radolfzell (wild) Sep 2004 =7.59 0.4
Acrocephalus scirpaceus 4 Radolfzell (wild) Sep 2004 -13.26 —-0.2
Acrocephalus 2 Radolfzell (wild) Sep 2004 -14 —-0.2
schoenbaenus
Phylloscopus trochilus 1 Seewiesen (wild) Aug 2004 —14.59 -1.6
Phylloscopus collybita 2 Seewiesen and Radolfzell (wild) Apr, Sep 2004 —14.58 -1
Parus major 20 Seewiesen (17 wild) and Apr, Aug 2004 —14.41 -1.1
Radolfzell
(3 frozen)
Parus caeruleus 15  Seewiesen (wild) Apr, Aug 2004 —15.41 -0.8
Parus palustris 4 Seewiesen (wild) Apr 2004 —15.34 -0.5
Parus cyaneus 1 Radolfzell (frozen) ? -9.72 0.6
Aegithalos caudatus 4 Seewiesen and Radolfzell (wild) Apr, Sep 2004 -10.98 -0.3
Sitta europaea 10 Seewiesen (wild) and Radolfzell, Aug, Sep 2004 —21.58 -1.6
(6 wild, 2 frozen)
Corvus monedula 8  Starnberg (captive) Aug 2004 —27.63 -1.7
Sturnus vulgaris 2 Seewiesen (captive) Apr 2004 —18.02 -1.1
Sturnus roseus 2 Seewiesen (captive) Apr 2004 —15.72 —0.6
Fringilla coelebs 2 Seewiesen and Radolfzell (wild) Aug, Sep 2004 -25.93 22
Carduelis chloris 6  Seewiesen and Radolfzell (wild) Apr, Sep 2004 —20.01 —-0.6
Carduelis spinus 4 Seewiesen (wild) Apr 2004 —20.75 -0.5
Emberiza schoeniclus 3 Seewiesen and Radolfzell (wild) Apr, Sep 2004 -19.42 -0.5
Taeniopyga bichenovii 2 Starnberg (captive) Apr 2004 -17.85 -1.3

Radolfzell (47° 44’ N, 8° 58’ E) and Seewiesen (47° 58’ N, 11° 14’ E) are in southern Germany while Barrow (71° 17" N, 156° 47" W) is in
Alaska, USA. All birds were caught, or held in captivity under license from the respective countries. Frozen birds were stored at the Max Planck
Institute for Ornithology in Radolfzell, and are represented mainly by birds found dead locally

spring and summer or from undated frozen specimens
(Table 1). To assess whether freezing affected the optical
properties of the secretion (effects on UV chroma and
brightness, see below) we compared frozen and fresh
secretions for the six species (Ciconia ciconia, Tetrao
urogallus, Dendrocopos major, Turdus merula, Parus major
and Sitta europaea) for which we had both frozen and fresh
samples. Although frozen samples reduced UV chroma and
brightness slightly more than fresh uropygial secretion (UV
chroma, meang.q,=—1.1, SE=0.32; meang,,.,=—1.5, SE=
0.46; Brightness, meang.s,=—21.4, SE= 2.3; meang,en=
—23.9, SE=2.1), this difference was not significant (Wilcoxon
Matched-Pairs Signed Rank test, UV chroma, Z=-0.94, p =

0.35; brightness, Z=—0.52, p=0.60). However, note that
sample sizes are very small.

The uropygial gland opens to the exterior through a
papilla which can be either feathered or naked, depending
on the species (Jacob and Ziswiler 1982). From naked
papillae, a small drop (1-2 mm in diameter) of secretion
was gently expressed, picked up with a plastic spatula and
smeared onto the measuring surface (see below). From
feathered papillae, a few of the feathers, soaked in uropygial
secretion, were collected and pressed on the measuring
surface. In both cases the sampled secretion covered the
measuring surface completely, and roughly similar amounts
of secretion per unit of surface were applied in each case.
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The effect of applying uropygial secretion on reflectance
was measured using a Avaspec 2048 spectrometer con-
nected to a deuterium-halogen light source (Avalight-DHS,
Avantes, Eerbek, Netherlands) through a bifurcated fibre
optics cable fitted at the end with a plastic cylinder to
standardise measuring distance and shield out ambient
light. The probe was held perpendicular to the surface of
the feathers hence illumination and recording angles were
both 90°. Reflectance was computed relative to Teflon™
tape or relative to a WS-2 white standard using the program
Avasoft 6.2.1.

First, we tested the effect of the uropygial substance on
the reflectance spectrum of white Teflon™ tape. Applying
the uropygial secretion resulted in a small (3—4 mm
diameter) but visible ‘greasy’ spot on the tape. We let the
spot air dry before taking five reflectance measurements
between 300 and 700 nm. The small size of the spot meant

Fig. 1 Inter-specific variability

that the five reflectance readings were taken on the same
spot (lifting the probe between measurements) and these
five measurements were averaged to obtain one reflectance
spectrum per individual. Reflectance spectra of the stains
were computed relative to the reflectance of an adjacent
spot of clean tape, which can be used as a white standard to
calibrate reflectance measurements (Andersson and Prager
2006). From the average spectra we derived brightness,
computed as the average reflectance between 300 and
700 nm (R3p9_700), and UV chroma, which is the
percentage of reflectance in the near-UV range (R300_400/
R300-700 %100; Andersson et al. 1998; Montgomerie
2006a). We computed the effect of the secretion on the
reflectance of the Teflon™ tape as: change in brightness=
brightneSSTeﬂon tape+secretion_brightnessTeﬂon tapes Change in UV
chroma=UV chromarefion tape+secreti0n_UV chromarefion tape-
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chroma of the white standard (clean Teflon™ tape) are

100% and 25% respectively.

Second, we assessed the effect of uropygial secretions on
feather reflectance by comparing reflectance spectra before
and after the application of the secretion. We sampled
uropygial gland secretion and one feather type from one
non-passerine (mallard, Anas platyrhynchos, the white tip
of the feathers of the wing speculum, from five captive
individuals) and one passerine (blue tit, C. (formerly Parus)
caeruleus, UV/blue crown feathers, from four frozen
specimens). This covered the two main types of secretion
(see below). White feathers were chosen for their relatively
uniform reflectance curve while blue tit crown feathers
constitute a good example of a UV-rich sexually selected
plumage patch (Andersson et al. 1998). We applied both

Fig. 2 Effects of uropygial
gland secretion on feather re-

flectance. Depicted are the 60 -
effects of mallard and blue tit
secretion on white mallard 50 1
feathers and on UV/blue crown
feathers of blue tits. Thick lines g 401
represent intact feathers, thin S
lines represent feathers with se- E] 301
cretion applied and dashed lines ° 2
are the difference in reflectance
between intact feathers and
. . . 10 4
feathers with secretion. Vertical
bars represent =1 SE
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types of secretion on different spots of both types of
feathers. Reflectance of the same feather patch was measured
five times before and five times after the application of
uropygial secretion, using the same procedure as described
above, but using a conventional white standard (WS-2,
Avantes, Eerbek, Netherlands). We also quantified whether
spectral differences would be visible to birds using a colour
discrimination model (Vorobyev and Osorio 1998; Vorobyev
et al. 1998). We used cone capture functions and visual
parameters of UV-sensitive and violet-sensitive birds (from
Endler and Mielke (2005)) to compute the chromatic
distance (AS) in avian visual space between the average
reflectance spectra of the feather before and after the
application of the uropygial secretion. The unit for AS is
the jnd (just noticeable difference) and values of AS> 1 can
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be discriminated by birds, whereas those below this
threshold cannot. Note that AS only refers to chromatic
contrast, and disregards differences in brightness or
luminance (achromatic contrast). For more details on visual
modelling see the Appendix.

Results

In general the application of uropygial secretion had little
effect on the reflectance at medium and longer wavelengths
but considerably reduced reflectance of shorter wavelengths
(Fig. 1, Table 1, S1). Although intermediates exist, we
identified two main types of secretions based on how they
affected reflectance at shorter wavelengths. Secretions that
caused a decrease in reflectance in the UV (Fig. la—c), and
secretions that, besides the decrease in reflectance in the
UV range, also caused a discrete dip in reflectance at
around 400-410 nm (Fig. 1d—f). This second type was only
found among passerines.

Application of uropygial secretion reduced the bright-
ness of the white surface (Fig. 1). This reduction was more
marked among non-passerines (—22%, SE=1.34, n=19
species) than among passerines (—17%, SE=0.99, n=32
species; f49=—3.09, p=0.003). Similarly, uropygial secre-
tion reduced UV chroma of the Teflon™ tape more strongly
in non-passerines (—1.41, SE=0.3) than in passerines
(—0.60, SE=0.1; th74=-2.37, p=0.027). The effect on UV
chroma also seemed more variable among non-passerines
than among passerines (95% confidence interval, non-
passerines, —2.1 to —0.81, passerines, —0.97 to —0.33; values
from Table 1; also compare the reflectance spectra in S1 of
the electronic supplementary material).

Application of the two main secretion types (mallard and
blue tit) significantly reduced brightness of white mallard
feathers, but not of blue tit feathers (Fig. 2; Table 2). UV
chroma of'the feathers was reduced by both types of secretion,
but the effect was statistically significant only for mallard
secretion applied on white mallard feathers (Table 2). Al-
though some of the differences in UV chroma were
statistically significant differences in spectral shape were
rather subtle (Fig. 2). Analyses based on models of avian
colour vision revealed that most of the differences in
colouration caused by the secretion were below or at the
detection limit (Table 2). As expected, AS values were
higher for highly UV-sensitive eyes (U-type eyes as found in
rheas, gulls, parrots and Passerida; Endler and Mielke
(2005)). However, even in these species, only the effects of
the secretion on white feathers would be detectable (AS>1;
Table 2). The more noticeable effect of applying the secretion
on white mallard feathers is possibly due to the latter’s higher
absolute brightness. This implies that the magnitude of the
effect depends on the type of secretion and feather. Note,
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Table 2 Effects of mallard and blue tit uropygial gland secretion on
white mallard and UV/blue blue tit feathers

Changes due to

Mallard secretion Blue tit secretion

Mallard feathers (N=5)

Brightness —12.8 (2.2)*** —13.6 (3.4)***
UV chroma —1.5 (0.3)** —0.7 (0.3)*
AS (UV-type eyes) 1.09 1.17
AS (V-type eyes) 0.44 1.09

Blue tit feathers (N=4)
Brightness 1.1 (1.1) 1.7 (0.9)
UV chroma —0.8 (0.3)* —-0.5 (0.4)
AS (UV-type eyes) 0.41 0.50
AS (V-type eyes) 0.31 0.45

Shown are mean changes (+SE) in brightness and UV chroma after
application of the secretion and the chromatic distance in avian visual
space or discriminability (AS) between reflectance spectra before and
after application (see text for details). p values indicate significance
after paired #-tests

*p<0.1

**p<0.05

*4kp<0.01

however, that our sample sizes are small, reducing the power
to detect small differences in reflectance.

Discussion

Our survey of the optical properties of the uropygial gland
secretion from 51 species suggests that the variability in
uropygial secretion reflectance is largely restricted to UV
and violet wavelengths (300—420 nm, Fig. 1). Interestingly,
based on their optical properties, there seem to exist two
types of secretion among the sampled birds. Secretion from
non-passerine birds was characterised on average by
moderate (but variable between species) reduction of
overall reflectance and in particular UV reflectance.
Passerine secretion on the other hand, showed less extreme
effects but was characterised in most species by a discrete
dip in reflectance around 400—410 nm (Fig. 1). Similar dips
in this wavelength range have been found in reflectance
spectra of structurally coloured bird integuments (Prum and
Torres 2003), the ocular medium of bird eyes (Hart 2002)
and urine of Australian marsupials (Kellie et al. 2004), but
what causes these dips remains unclear.

The previous results suggest that uropygial secretion can
only reduce, and not increase, feather UV reflectance and
that it could possibly act as a UV cosmetic as proposed by
Piersma et al. (1999). However, the application of both
main types of secretion on feathers of mallards and blue tits
revealed only subtle effects on feather reflectance that were
barely discriminable by birds (Table 2, Fig. 2). Moreover,
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given that the amount of applied secretion probably exceeds
the amount that birds normally preen onto their feathers, the
changes in reflectance due to uropygial secretion reported
here may be larger than those observed in nature.

We conclude that, at least among the sampled species, it
is unlikely that secretions from the uropygial gland act as a
UV cosmetic. However, note that seasonal and possibly
also sexual variation in the optical properties of the
uropygial secretion (e.g. Reneerkens et al. 2007) have not
been specifically explored here and may need more
attention before completely dismissing the UV-cosmetics
hypothesis. Meanwhile, the lack of UV-cosmetic effects
may simply reflect the fact that the optical properties of the
uropygial secretions have been selected to interfere as little
as possible with visual signalling through plumage colours.
In favour of this hypothesis, most of the passerines included
in this study have presumably highly UV-sensitive U-type
eyes (except for the Jackdaw, Corvus monedula; Odeen and
Hastad 2003), whereas most of the non-passerines have
violet-sensitive V-type eyes (except for the Lovebird,
Agapornis sp.; Odeen and Hastad 2003). It is therefore
tempting to speculate that there is a link between UV
sensitivity and uropygial secretion type. If UV signalling is
more prevalent among birds with highly UV-sensitive eyes
(Mullen and Pohland 2008), selection may favour uropygial
secretions with increased UV transparency, as seen among
passerines. However, this hypothesis must await rigorous
testing through further sampling and phylogenetically
controlled comparative analyses.
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Appendix: visual modelling methods

Diurnal birds seem to use four types of cones for colour
vision (sensitive to very short (VS), short (S), medium (M),
and long (L) wavelengths, Hart 2001). To compute the
chromatic distance or discriminability in the avian visual
space (AS) for both U- and V-type eyes we used the model
developed by Vorobyev and Osorio (1998) with data on eye
type from appendix A in Endler and Mielke (2005). The
model assumes that colour discriminability depends only on
receptor noise and that differences in intensity (i.e.

brightness) are disregarded (Vorobyev et al. 1998). This
model accurately predicted colour discrimination ability in
birds, bees and humans (Vorobyev and Osorio 1998) and
has been successfully used to estimate detectability of birds
to predators (Hastad et al. 2005) and sexual dichromatism
(Eaton 2005).

Discriminability between two spectra was computed
using the equation:

AS*=(0102)"( Aa= M) +(@r3)" (A= Af)°
@104 (A= AF,) +(0205)* ( Afa— M)
+H(@204)* (A= A ) +(@304)°
(AfH— Afl)z/((a)la)za)g)2+(w1wza)4)2+(w1w3w4)2+(a}2w3a)4)2)

(equation 8 in Vorobyev et al. (1998) where
Af; = n[[LR(A)S.(AI(A)dA )] R(2)Sp(A)()dA))]

(see equations 1, 2, 3 in Vorobyev et al. (1998)

and A indicates wavelength, R;(A) the sensitivity of cone
type 1, Sy(A) the reflectance spectrum of the feather, Sy(A)
the reflectance spectrum of the background and /(A) the
spectrum of irradiant light. Integration is done over the
visible spectrum which for most birds encompasses 300 to
700 nm (Hart 2001). If both spectra to be compared are
viewed against the same background, AS is not affected by
background reflectance which was thus set to unity. As
irradiance source we used the spectrum of standard daylight
D65 (Vorobyev et al. 1998). w; represents receptor noise
which should be constant under good lighting conditions
(Vorobyev et al. 1998). To compute w; we used a Weber
fraction of 0.05 and cone proportions of 1:1:2:2 for U-type
eyes and 1:2:2:4 for V-type eyes (VS, S, M, L; (Endler and
Mielke 2005)).
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