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Summary

There is growing evidence that ultraviolet (UV) spectral sensitivities of each of the zebra finch’'s single
wavelengths play an important role in avian mate choice. cone classes. This resulted in males that effectively had no
One of the first experiments to support this idea showed UV (UV-), no short-wave (SW), no medium-wave (MW-)
that female zebra finches Taeniopygia guttata prefer UV- or no long-wave (LW-) plumage reflection. Females
reflecting males to males whose ultraviolet reflection has preferred UV- and SW- males. LW- and MW- males
been removed. The effect was very strong despite little or were least preferred, suggesting that female zebra finches
no UV reflection from several plumage areas. However, it show the greatest response to the removal of longer
is not clear how the importance of the UV waveband wavelengths. Quantal catches of the single cone types
compares to other regions of the bird-visible spectrum. viewing body areas of the male zebra finch are presented
We tested whether the response of female zebra finches to for each treatment. Our study suggests it is important to
the removal of male UV reflection is greater than to the consider the role of the UV waveband in avian mate choice
removal of other wavebands. We presented females with a in conjunction with the rest of the avian visible spectrum.
choice of males whose appearance was manipulated using
coloured filters. The filters removed single blocks of Key words: ultraviolet, mate choice, zebra finch, colour vision,
the avian visible spectrum corresponding closely to the plumage colour.

Introduction

There has been considerable recent interest in both how adfl7-510 nm) and long-wave-sensitive visual pigment (LWS;
why birds have ultraviolet (UV) vision. It is now clear that Amax 543-571nm), giving them a total of four single cone
most, if not all, diurnal birds are able to detect wavelengthg/pes. Although birds also have numerous long-wave-sensitive
down to approximately 320 nm in the near-UV (e.g. Bowmakedouble cones, current evidence suggests that these are not
et al., 1997; Hart et al., 1998). Furthermore, a growing humbersed in colour vision (Campenhausen and Kirschfeld, 1998;
of experiments suggest that birds use UV cues in importattorobyev and Osorio, 1998; Vorobyev et al., 1998). The
visual tasks such as mate choice and foraging (Cuthill et alJVS/VS cone is thus one component in a potentially
2000a; Cuthill et al., 2000b, and references therein). tetrachromatic colour vision system based on the four single

Avian UV vision is mediated via a dedicated UV-sensitivecones (Burkhardt, 1989; Goldsmith, 1990; Jacobs, 1992;
(UVS) or violet-sensitive (VS) retinal cone. UVS conesThompson et al., 1992; Bennett et al., 1994; Cuthill et al.,
containing a visual pigment with maximum sensitivity below2000b). This raises the important question of how special UV
400 nm have been found in all passerines investigated to datees are in avian signalling systems compared to other
and the budgerigavelopsittacus undulatupvavelengths of wavebands such as medium (‘green’) or long (‘red’)
maximum sensitivity Xmay range from 355 to 380 nm; see wavelengths.

Table 1 in Cuthill et al., 2000b]. In contrast, non-passerines Much of the interest in avian UV vision has focused on its

such as the pigeon and chicken have a visual pigment with pep&ssible role in mate choice (Bennett et al., 1994; Cuthill et
sensitivity in the violet region of the spectrumméx  al., 2000a). Colour-based signalling is common among birds.
402—-426 nm). The reason for this dichotomy in the distributiofror example, plumage colour may be used as an indicator
of Amax Vvalues is unknown at present (Bowmaker et al., 1997f the sex, phenotypic condition or genotypic quality of

Cuthill et al., 2000b; Yokoyama et al., 2000). All speciespotential mates (Andersson, 1994). To measure plumage
studied so far also possess a short-wave-sensitive (SW®plour' objectively requires techniques such as reflectance
Amax 430-463nm), medium-wave-sensitive (MWSmax  spectroradiometry (Endler, 1990; Bennett et al., 1994; Cuthill
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et al., 1999). Reflectance spectra from bird plumages haweavelengths are more highly scattered in air than longer
revealed that UV reflectance can be associated with mogtavelengths (Lythgoe, 1979), so might be advantageous in
human-visible feather colours, including blues, greens, yellowshort-range communication such as mate choice, with less risk
and reds (Burkhardt, 1989; Burkhardt, 1996). Therefore, thef attracting more distant predators (Burkhardt, 1989; Bennett
extent to which feathers are UV-reflecting cannot necessarilgnd Cuthill, 1994). Secondly, as light is back-scattered by a
be predicted from their human-visible appearance. Nor is Ugurface, it is plane-polarized, an effect that increases towards
plumage reflectance alone sufficient evidence that the Uhorter wavelengths (Lythgoe, 1979); the resulting polarization
component of the coloration has a signalling role, sincgattern can reveal details of underlying structure which could
feathers might reflect UV merely as a by-product of theibe useful in a mate-choice context, perhaps revealing quality.
structure or pigmentation (Andersson, 1996). Purely UVHowever, whether birds have polarization vision remains
reflecting feathers, as in the Asian whistling thrushesontroversial (Kreithen and Eisner, 1978; Coemans et al.,
(Myiophonusspp; Andersson, 1996), and sexual dimorphisml990; Coemans et al., 1994; Phillips and Moore, 1992; Able
in UV coloration, such as that exhibited by bluet®arus and Able, 1993; Able and Able, 1995; Munro and Wiltschko,
caeruleus Andersson et al.,, 1998; Hunt et al., 1998) andl995; Vos Hzn et al., 1995). Lastly, it has been suggested that
starlings GSturnus vulgaris Cuthill et al.,, 1999), are more the UV waveband might provide a ‘private’ communication
suggestive of a signalling role. Nevertheless, convincinghannel for birds (e.g. Guilford and Harvey, 1998), perhaps
evidence that the UV is an adaptive part of signal desiganabling them to signal to conspecifics without being
requires experimental manipulation of the UV component otonspicuous to their predominantly UV-blind, mammalian
the plumage coloration and measurement of a behaviourpledators (Jacobs, 1981). As far as we are aware, there are no
response. explicit tests of these hypotheses.

To date, manipulative experiments have been published for In the present study, we experimentally investigate how
relatively few species: Pekin robinkefothrix luteg Maier,  important UV cues are in zebra finch mate choice, compared
1993), zebra fincheJ éeniopygia guttataBennett et al., 1996; to other regions of the bird-visible spectrum. Zebra finches are
Hunt et al., 1997), starlings (Bennett et al., 1997), bluethroas model species in studies of mate choice and sexual selection,
(Luscinia s. svecigaAndersson and Amundsen, 1997; Johnserand colour appears to be an important factor in choosing a mate
et al.,, 1998) and bluetits (Hunt et al., 1999; Sheldon et al(Zann, 1996). For example, female zebra finches may prefer
1999). Zebra finches and Pekin robins have predominantiyales with redder beaks (Burley and Coopersmith, 1987; De
long-wave-reflecting carotenoid- and melanin-pigmentedogel and Prijs, 1996), and will choose males wearing red leg
plumage, while bluetits, starlings and the throat patch of thbands over those with orange, light green or no leg rings
bluethroat are structurally coloured with much greater short{Burley et al., 1982; Hunt et al., 1997). Interestingly, although
wave (including UV) plumage reflection. Despite theseneither the beak, nor the red, orange or green leg bands reflect
differences, females of all species prefer males with a fullgreatly in the UV, both Bennett et al. (Bennett et al., 1996) and
spectrum appearance over males whose UV reflection has bdéuant et al. (Hunt et al., 1997) found a large effect of removing
removed. Furthermore, in the laboratory, rankings of malaltraviolet reflectance on female preference. This may be
starlings by females were altered by the presence or abserwecause this alters the UV-reflecting (e.g. white) portions of
of UV cues (Bennett et al., 1997). In the field, Johnsen et ahe plumage, and hence changes the overall appearance of the
(Johnsen et al., 1998) showed that UV cues can influence exttaird or the contrast between plumage areas. Here we test the
pair mating success as well as social mate choice iresponses of female zebra finches to the removal of other
bluethroats. And most recently, Sheldon et al. (Sheldon et alyavebands within the zebra finch’s spectral range. We use four
1999) found that female bluetits adjust the sex ratio of theitypes of filter designed to remove the regions of the spectrum
offspring according to the saturation (chroma) of the UV/bluecorresponding approximately to the sensitivities of the zebra
crest of their male partners. Females mated to males withfimch’'s four single cone classes. We predict that if the
high-chroma crest produced more sons; those mated to mal@graviolet is a ‘special’ waveband for mate choice compared
with low-chroma crests produced more daughters. The other wavebands, the removal of UV wavelengths will have
relationship between offspring sex ratio and crest colouthe greatest effect on female preferences. Conversely, if
reversed when UV reflection was removed, showing that it ianother waveband is more important, then males without
the UV component of the signal that provides females with theeflection in this waveband will be the least preferred. We also
relevant information on male quality. calculate the predicted effect of the filters on the signals

It is now clear, given the evidence cited above, that UV cueslicited in each of the four cone types by the plumage and beak
play an important part in the colour communication systems ajf the male zebra finch.
birds. What is less clear, is whether the UV waveband is in any
way a ‘special’ channel for avian signalling (Andersson, 1999; ,

Bennett and Cuthill, 1994). Given the wavelength-dependent Materials and methods

properties of light, there are plausible reasons for and against Mate choice

the UV playing some ‘special’ role in avian mate choice We used eight adult female and eight adult male, captive-
(Bennett and Cuthill, 1994; Bennett et al., 1996). Firstly, UVbred, wild-type zebra finche$aeniopygia guttatahoused in
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in the colour that the filters appear to the 300 400 500 600 700 300 400 500 600 700
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single-sex groups of four birds (cagesX@.3x1.0m). Males below), one resting horizontally above each stimulus cage. In
and females were visually, but not acoustically, isolated anthis way, filters produced a different illumination (light
therefore had not seen each other prior to the mate choice triagghwvironment) for each male and hence allowed us to
Birds were maintained under a constant temperature (I9+2 manipulate the appearance of the males to the choosing female.
humidity and photoperiod (16 h:8h L:D) and had accesglto =~ The transmission spectra of the four filter treatments are
libitum seed and water. Both males and females wer#lustrated in Fig. 1. The filters were chosen such that they each
individually identified using a single numbered orange plasticemoved a different waveband of the bird-visible spectrum.
leg band (A. C. Hughes, Middlesex UK), which closelyThey are classified according to the main region of the
matches the spectral reflection of the leg (Hunt et al., 1997%pectrum that they removed and are hence termed UV-blocking
Lighting in the holding room consisted of standard fluorescentUV-), short-wave-blocking (SW), medium-wave-blocking
tubes, enhanced by the addition of six TruelMteubes (MW-) and long-wave-blocking (LW) (Lee Filter no. 229,
powered by high frequency ballasts. These provide great®osco Superg&¥ filters 14, 339 and 73, respectively). The
emission of UV wavelengths than standard lighting, and arexact wavebands removed match as closely as possible the
designed to approximate natural daylight (see Bennett et akpectral sensitivity of the four zebra finch single cone types
1996; Hunt et al., 1999). (see below). By removing a particular waveband, the filters
We carried out mate-choice trials in a wooden apparatugach minimize the contribution of one of the four avian cones.
cross-shaped in plan view, already used in a number dfherefore, if the reflection from a given region of plumage
previous studies on mate choice in this species (e.g. Swaddlsually stimulates all four cone types, then the same region of
and Cuthill, 1994; Bennett et al., 1996; Hunt et al., 1997). Welumage below one of the filters should yield a similar relative
placed one choosing female in the centre of the apparatugtjmulation in three of the four cone-types, but negligible
where she had access to a perchahlibitumfood and water.  signal in the fourth cone. The attenuation of the filters was
Males were placed in individual stimulus cages located at thedjusted by using multiple layers of filter material, such that
end of each of four arms, again with access to a perchdnd they were approximately balanced for total quantal flux (the
libitum food and water. Females were separated from males lbgtal amount of light transmitted between 300-700nm).
vertically mounted filters that transmitted all wavelengthsThe exact ratios of quantal flux for the four treatments
across the bird-visible spectrum (UV+ filters; see Bennett JV—-:SW-"MW-:LW-) were 1.23:1.09:1.12:1.00.
al., 1996). The placement of wooden baffles ensured that a The eight female zebra finches were divided into two groups
female could see only one male at a time. of four birds. Each group of four females was randomly
A bank of 12 equi-spaced True-Lite tubes, suspended 1mailocated a group of four males. All females within each group
above the apparatus, provided even full-spectrum illuminatiowere presented with the same four males during their mate-
of the apparatus. In all central areas (in which the femalehoice trials. However, males were allocated to the four filter
moved), the apparatus was covered with 1 cm wire mesh onlireatments according to a Latin square design such that each
Females therefore had a normal (i.e. full-spectrum) appearano®le, viewed by four different females, was seen behind a
to each male. However, the stimulus cages were covered witlifferent filter in each trial. In other words, all females saw a
coloured filters. In each trial we used four filter types (seelifferent male-filter combination.
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As before (Bennett et al., 1996), mate-choice trials were 6 assumption about colour constancy and the adapted state of the
long and divided into three consecutive 2 h phases: (1) contrelye when viewing an object (Vorobyev and Osorio, 1998). We
1, the first 2h of the trial, during which a female was placedssumed that the birds’ cones were adapted to the stimulus
in the apparatus but no males were present in stimulus cageage background (see Fig. 3A) illuminated by an unfiltered
to test for general preferences for the four light environmentSrue-Lite tube, as experienced at the centre of the choice
created by the filter treatments, independent of mate choicehamber. As this adapting background was aluminium covered
(2) mate assessment, the second 2 h of the trial, during whidah frosted UV-transmitting Perspex (as used in Bennett et al.,
females viewed males placed into the stimulus cages; and (8996), this is equivalent to assuming that ‘bird grey’ is located
control 2, the second control phase, during which males wewd the centre of the colour space (equal stimulation of all cones;
again removed. All trials began 2 h after dawn. Vorobyev and Osorio, 1998; Vorobyev et al., 1998). We

We recorded female preferences using electronicallacknowledge that the actual perceived colours may not
monitored perches located in each arm of the apparatus. drrespond directly to the relative quantal catches we have
computer attached to the perches recorded the number of hayadculated, but these provide a first approximation in the
females made in front of each male. We analysed these dathsence of psychophysical data (Thompson et al., 1992).
using a repeated-measures analysis of variance (ANOVA) in
Minitab. The data were first log-transformed so that residuals

were normally distributed. Results
Mate choice
Plumage colour The effect of filter treatment on female preference varied

To relate any effects on mate choice to the likely influencsignificantly with phase (filtesphase interactionFg 4=4.39,
of filters on colour perception, we calculated the quantal catch=0.009). We therefore carried out a separate ANOVA on the
of each cone class when viewing zebra finch plumage, unddata from each phase of the trial. In control 1, there was no
each filter type. A ‘colour space’ is a geometric representatiosignificant difference in the number of hops females made in
of the pattern of stimulation of the photoreceptors involved ireach armK3 2:=2.23,P=0.115). In the mate assessment phase,
colour vision (Burkhardt, 1989; Goldsmith, 1990; Neumeyerfemales showed significant discrimination between the four
1992). Birds, whose colour vision seems to depend on tHdter treatments K3 21=6.77,P=0.002; Fig. 2). We examined
neural comparison of the four single cones (Osorio et althe treatment differences with a series of orthogonal contrasts
1999a; Osorio et al., 1999b), have a (potentially) four{Rosenthal et al., 2000), and found three simple linear models
dimensional colour space. This can be decomposed intothat gave a similar fit to the data and left no significant
brightness component, related to the sum of cone outputs, ahdtween-treatment variation. The best-fitting model was a
three hue dimensions (Thompson et al., 1992). Hue relates linearly declining order of preference YV>SW- >MW-
the relative output of the cones, so the hues seen by>aW- (F12:=18.43, P<0.001, residual treatment effects
tetrachromat are usually modelled as the positions in a
tetrahedron whose four axes represent the proportion
stimulation of the UVS, SWS, MWS and LWS cones 257 [] Control 1
(Burkhardt, 1989; Goldsmith, 1990; Neumeyer, 1992;
Thompson et al., 1992; Vorobyev et al., 1998). In our analysi
we concentrated on hue differences, related to relative cor
output, and disregarded any luminance signals (see Voroby:
and Osorio, 1998; Vorobyev et al., 1998; Fleishman an
Endler, 2000). We return to this issue in the Discussion.

To calculate the position in zebra finch colour space of th
principal areas of plumage coloration and the cage backgroun
we first calculated the quantal catches of the four recept
types, by multiplying the irradiance spectrum of the True-Lite
tubes (Fig. 3C) by the reflectance spectrum of each object (s
Fig. 3A) and the effective spectral sensitivity of the cones (fo 0 I
specific formulae and further explanation, see Maddocks et a Uv- SwW- MW- LW-
2001). We calculated cone spectral sensitivities from data c Filter treatment

visual pigments and oil droplets reported eIsewhenT:ig_ 2. Mean (+s£m.) number of hops performed by femalbisg)

(Bowmaker et al, 1997)_’ aSS.urr.llng that zebra finch Op.tIC.Ein front of males under the ultraviolet-blocking (W) short-wave-
media have a transmission similar to that of other estrlldublocking (SWH), medium-wave-blocking (MW) and long-wave-
finches measured by our group (wavelengths of O.pocking (LW-) filter treatments, during the three phases of the
transmission, 316-318nm; Hart et al., 2000). The resultinexperiment. In control 1, females viewed empty stimulus cages;
quantal catches define the position of each object in zebra finduring mate assessment, a male was present in each cage; in control
colour space. In these calculations, we have to make &, males were once more removed.

Il Mate assessment

L Control 2

Log;g (number of hops)
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F2,21=0.94,P=0.406), but the preference ranking Y¥SW-  also similar for both beak and brown cheek. The-Siler
>MW-=LW- was also a good fit to the datg;16=17.57, has high transmission across a broader range of long
P<0.001, residual treatment effedts »=1.35,P=0.281). A  wavelengths than the other filter types (Fig. 1), therefore this
preference ranking UY>SW- >LW- >MW- also fitted the treatment has the least effect on the quantal catch in the LWS
data well, but the between-treatment variation left unexplainedones (Fig. 3Biii,iv). By definition, blocking long wavelengths
was close to significantF{2:=13.39, P=0.001, residual (LW-) has the greatest effect on the signal in the LWS cone,
treatment effect§,,21=3.46,P=0.050). Note that because the and therefore on the overall ratio of quantal catches in the four
data were log-transformed, a linear pattern of contrasts implieones, which in turn is likely to determine perceived hue. In
a constant ratio of differences between treatments, not the case of the red beak, for example, the-Lirtatment
constant absolute difference. Other statistical models, whickeduces almost exclusive stimulation of long-wave-sensitive
might be considered relevant in the light of the analysis ofones (under ‘natural’ illumination) to virtually no cone
plumage reflectance spectra, are presented in the Discussiostimulation.

A slightly weaker but still significant effect was seen in
control 2 §3,21=6.04, P=0.004). Four simple linear models
fitted the data equally well and left no significant between- Discussion
treatment variation. The best-fitting model was 38W- Earlier work showed that removal of UV cues from male
>SMW-=LW- (F1,2:=17.83, P<0.001, residual treatment zebra finches leads to a reduced preference for those males
effectsF2,21=1.79,P=0.192), with almost as good a fit being among choosing females, compared to normal full-spectrum
provided by UV- >SW->MW-=LW- (F1,2:=14.52,P=0.001, (UV+) males (Bennett et al., 1996). Although this was a very
residual treatment effectb2,2:=0.14, P=0.870). However, strong effect, the experiment reported here, which involves
neither were significantly better than SWUV- >MW-  simultaneously presenting males underJ8W-, MW-and
>LW-(F1,2:=15.84,P=0.001, residual treatment effe€iso;=  LW- conditions, shows that removing other wavebands can
2.67,P=0.093) and U¥ >SW- >MW- >LW- (F1,2:=13.37, have a similar or even greater influence. Female zebra finches
P=0.001, residual treatment effedts 2:=1.46,P=0.225), the showed the lowest preference for males under a filter removing
best-fitting model from the mate-assessment phase. Overathe ‘red’ waveband; removal of UV wavelengths had the least
the consistent pattern is that removal of long- and mediuneffect. Under the experimental conditions used here, there is
wavelength reflectance had the most detrimental effect atmerefore no evidence that UV is a special waveband for sexual
a male’s attractiveness, and removal of UV and shortsignalling in the zebra finch.
wavelength the least, with a carry-over effect on preferences While the filters used in this experiment each produce a large

for those stimulus cages in the second control phase. change in the illumination in each stimulus cage, females
showed no significant discrimination between the empty cages
Plumage colour presented during control 1. It therefore seems likely that the

Fig. 3A shows reflectance spectra from the white cheefreferences they exhibited during the mate-assessment phase
patch, red beak and brown cheek patch of the male zebra finate indeed related to the appearance of the males. These
(see also Fig. 4). Fig. 3B gives the calculated quantal catch@seferences can still be discerned in control 2. A probable
by each of the four single cones elicited by these areas ekplanation is that this is a carry-over effect from the mate-
plumage, both under unfiltered True-Lite illumination andassessment phase, with females associating these stimulus
beneath the four filter types. A similar plot is shown for thecages with the males they have recently observed in them.
frosted aluminium cage background against which the malBifferences in the light environments produced by the filters
birds are viewed. Note that, in the case of the cage backgroundight potentially have led to changes in the behaviour of the
cone catch values are fixed such that cones are fully amdales. Unfortunately, the absorbency of the filters was too high
equally stimulated under unfiltered (natural) illumination, dueto allow videotaping of male activity, and this will therefore
to the assumption that the bird is adapted to this backgroumdquire further investigation. However, the advantage of
under these conditions (see Materials and Methods). Photdwrizontal orientation of filters (cf. previous mate-choice
catches for the plumage regions are therefore relative to thosgperiments) is that the female appears very similar to each
for the cage background. male; only reflectance of (filtered) light from the aluminium

The data for the cage background and the white cheek (bottalls of the stimulus cages into the central area of the
reflective across the entire bird-visible spectrum, Fig. 3Ai,ii)apparatus, could change the appearance of the female. And this
illustrate nicely the general effect of the filters: under ‘naturalwould be largely swamped by the bright, unfiltered overhead
True-Lite illumination, all four cones are stimulated in equalillumination of the central part of the apparatus occupied by
or roughly equal proportions respectively, while under thehe female. This uniformity in female appearance should
filtered irradiances one cone signal is knocked out in each casduce any differences between male behaviour that might in
(Fig. 3Bi,ii). The red beak and brown cheek both show greatestirn influence the female’s choice.
reflection at long wavelengths and hence, under ‘natural’ In the current experiment, we manipulated male colour by
illumination, the greatest quantal catch is in the LWS conehanging the illumination or light environment inside each of
(Fig. 3iii,iv). The relative effect of the four filter treatments is the stimulus cages. The fact that removal of the red waveband
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300 400 500 600 700 O-N aturd UV SWe MW= LW-— intervals. Quantal flux in the UV

(300-400nm) was 7.1% of total quantal
Wavelength(nm) Treament flux (300-700 nm).

had the greatest effect is consistent with the effect of the filteesian luminance channel, yields a similar pattern to the
on the calculated quantal catches of the cones elicited k@analysis for single cones. The predicted spectral sensitivity of
regions of the male’s plumage. The beak (see Fig. 4), ithe double cones is broad-band, but highest in the medium and
particular, which is probably important in mate choice (Burleylong wavelengths (Bowmaker et al., 1997; Hart et al., 2000).
and Coopersmith, 1987; De Kogel and Prijs, 1996), has I other words, the medium- and long-wave-blocking filters
predominantly long-wavelength reflection and very littlehave the greatest predicted effect on the brightness of the
reflection at short (including UV) or medium wavelengths (Fig plumage as well as its hue. This is also partly due to the fact
3Aiii). The greatest change in its coloration will therefore bethat the long wavelength treatments had slightly lower total
produced by the removal of these long wavelengths, aguantal flux (see Materials and methods), but is principally
illustrated in Fig. 3Biii. because much of the plumage is long wavelength reflecting.
In this analysis, we focus on the question of colour signalsor example, the bright red beak under the-Lfiler is likely

mediated via the avian single cones, but the filters will alsto appear black. Having said this, we feel it unlikely that the
influence achromatic luminance cues. Although not presentezhange in preferences can be explained by something as simple
here, modelling the responses of the avian double cones whids the effect of the filters on the brightness or ‘redness’ of the
according to some theories at least (e.g. Campenhausen dwehk alone. Indeed, the quantal catch of the LWS cone viewing
Kirschfeld, 1998), are probably the primary contributors to thehe red beak (Fig. 3Biii) would predict a preference ranking
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perception and visually based decision-making in birds. We
now know that manipulation of UV cues can produce changes
in foraging behaviour (Viitala et al., 1995; Church et al., 1998;
Koivula and Viitala, 1999; Siitari et al., 1999), social mate
choice (Maier, 1993; Bennett et al., 1996; Bennett et al., 1997,
Andersson and Amundsen, 1997; Hunt et al., 1999), extra-pair
mate selection (Johnsen et al., 1998) and even offspring sex-
ratios (Sheldon et al., 1999). Here we provide the first
experimental test of whether the UV is, in some way, a
‘special’ waveband for avian mate choice, and find no evidence
for this. This is perhaps not surprising. While the benefits of
sexual signalling in the UV are clear where a species has
predominantly mammalian predators (but see Jacobs et al.,
A 1991), many small passerines are also preyed on by birds of
Fig. 4. A typical male wild-type zebra finch, showing the threeP"®Y- Behaviqural studie§ on kestrel§ (Viitala et _aI., 1995) and
regions for which reflectance was measured in Fig. 3A: the red bedkizzards (Koivula and Viitala, 1999) imply that diurnal raptors
(approximately 8 mm from base to tip), brown cheek patch and whitare as likely to have UV vision as their smaller avian prey.
region of the cheek. More importantly perhaps, the avian UV-sensitive cone is
merely one cone type among four single cone classes, and birds
SW- >MW- >UV- >LW-, which leaves significant residual are sensitive across a range of wavelengths from approximately
treatment variation unexplained (model»:=6.88,P=0.016, 320nm in the UV up to 700nm or so at long wavelengths
residual treatment effeck® 21=6.72,P=0.006). The effects of (Bowmaker et al., 1997). Evidence to date suggests that all
the filters are therefore more likely to lie in the combinedcones are likely to contribute to a tetrachromatic colour vision
effects on all plumage areas, and the contrasts between aresystem. Reducing the input of any of these cones is therefore
Given the dual effect of the filters on brightness and coloulikely to have a pronounced effect on the colour signals
cues, an important aim of future experiments will be to separafgerceived by the bird; the full range of bird-visible
chromatic from achromatic effects. wavelengths, including the UV, is therefore likely to be
In the natural world, light environments vary continuouslyessential for normal colour perception and normal visually
across space and time, causing changes in the appearance lsebd behaviours. For these reasons, it is necessary to consider
conspicuousness of colour patterns. Animals may exploit thegke full spectrum to which birds (and other animals) are
changes, for example, to balance the conflicting needs gEnsitive when testing colour-based predictions, as previously
advertising to conspecifics while avoiding predators. Endlesuggested (Endler, 1990; Bennett et al., 1994; Bennett et al.,
and Théry (Endler and Théry, 1996) found that, in thred996; Bennett et al., 1997; Cuthill et al., 2000b).
species of tropical lekking birdR@picola rupicolaCorapipo Having said this, the relative importance of particular
gutturalisandLepidothrix sereng males chose particular light wavelengths is likely to vary from species to species and with
environments such as sun flecks in which to display to femalethe specific visual task required. We have addressed the
These microhabitats exhibited a spectral irradiance thajuestion of waveband preferences in the context of zebra finch
maximized both the within-body contrast between plumagenate choice. Our experiment suggests that short-distance mate
patches and the contrast between the male and the backgrowhaice in zebra finches is a long-wavelength-dominated task.
against which it was viewed during display. When notln other species, we may find the opposite result. For example,
displaying, males avoided those light environments, even iV wavelengths may be more important in mate choice in
they remained on the lek. Similarly, Endler (Endler, 1991%pecies with short-wavelength-rich plumage such as bluetits,
calculated the conspicuousness of guppgtegilia reticulatg ~ with predominantly UV/blue coloration. The relative
in the light environments associated with courtship. In thesenportance of different wavebands might also change with the
locations, at the times of highest courtship activity, guppieambient light environment, for example, at dawn or dusk, when
were relatively conspicuous. However, they were relativelfthe proportion of UV light is higher. Particularly interesting is
less conspicuous in locations and at times of day during whidihat even what appear to be relatively small changes in the
they experience maximum predation risk. The variability of thevisual task, can produce large shifts in the relative effect of
natural light environment of the zebra finch (mainly opendifferent wavebands. For example, for zebra finches presented
grassland and arid areas of Australia; Zann, 1996) has not bewith mixtures of red and white millet seeds in foraging tasks,
investigated. One implication of the results we present here isng wavelengths had the greatest effect on simple preferences
that zebra finches might prefer certain light environments ovgMaddocks et al., 2001), but UV wavelengths had the greatest
others in which to perform courtship and mate choice. influence on the direction of frequency-dependent selection
The recent focus on the effects of UV wavelengths on avia(Church et al., 2001). UV vision may still have an as-yet-
mate choice has highlighted the need to consider the previousindiscovered ‘special’ function, as discussed earlier, for
neglected contribution of these wavelengths to colouexample in the detection of polarization patterns. Clearly one
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should consider all wavelengths to which birds are sensitivesoemans, M. A. J. M., Vos Hzn, J. J. and Nuboer, J. F. W1994). The
and use detailed measurements of the reflectance of stimuli, thé&rientation of the e-vector of linearly polarized light does not affect the

behaviour of the pigeo@olumba livia J. Exp. Biol.191, 107-123.

"ght environments in which behaviours take place and th@uthill, I. C., Bennett, A. T. D., Partridge, J. C. and Maier, E. H.(1999).
likely retinal and neural responses to assess the role of colouPlumage reflectance and the objective assessment of avian sexual

in avian signalling systems.

dichromatismAm. Nat.160, 183-200.
Cuthill, I. C., Partridge, J. C. and Bennett, A. T. D.(2000a). Ultraviolet
vision and sexual selection in birds.Animal Signalged. Y. Espmark, T.
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