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Ultraviolet reflection enhances the risk of predation in a
vertebrate
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Abstract Many animals are sensitive to ultraviolet light and also possess UV-reflective regions on their body surface. Individu-
als reflecting UV have been shown to be preferred during social interactions such as mate choice or shoaling decisions. However,
whether those body UV-reflections enhance also the conspicuousness to UV-sensitive predators and therefore entail costs for its
bearer is less well documented. Two size-matched three-spined sticklebacks Gasterosteus aculeatus, one enclosed in a
UV-transmitting (UV+) and another in a UV-blocking (UV-) chamber, were simultaneously presented to individual brown trout
Salmo trutta. “yearlings”. Brown trout of this age are sensitive to the UV part of the electromagnetic spectrum and are natural
predators of three-spined sticklebacks. The stickleback that was attacked first as well as the subsequent number of attacks was
recorded. Sticklebacks enclosed in the UV-transmitting chamber were attacked first significantly more often compared to stickle-
backs enclosed in the UV-blocking chamber. Control experiments using neutral density filters revealed that this was more likely
due to UV having an influence on hue perception rather than brightness discrimination. The difference in attack probability cor-
responded to the difference in chromatic contrasts between sticklebacks and the experimental background calculated for both the
UV+ and UV- conditions in a physiological model of trout colour vision. UV reflections seem to be costly by enhancing the risk
of predation due to an increased conspicuousness of prey. This is the first study in a vertebrate, to our knowledge, demonstrating

direct predation risk due to UV wavelengths [Current Zoology 59 (2): 151-159, 2013].
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Sensitivity in the ultraviolet (UV) range of the elec-
tromagnetic light spectrum is widespread in the animal
kingdom and occurs in all major taxonomic groups (for
a review, see Tovée 1995). Furthermore, many animals
possess UV-reflective structures on their body surface,
which are used in animal communication and play a part
in mate attractiveness (Fleishman et al., 1993; Bennett
et al., 1996; Kodric-Brown and Johnson, 2002; Smith et
al., 2002; Cummings et al., 2003; Rick et al., 2006; Rick
and Bakker, 2008a, b; Lim et al., 2008), territorial or
aggressive behavior (Siebeck, 2004; Alonso-Alvarez et
al., 2004; Whiting et al., 2006; Rick and Bakker, 2008c;
Vedder et al., 2010), shoaling decisions (Modarressie et
al., 2006) and parent-offspring communication (Jourdie
et al.,, 2004; Tanner and Richner, 2008). It has been
suggested that UV signalling affords a private channel
for communication that is not accessible to long-lived
predators that are often not sensitive to UV wavelengths
(Cummings et al., 2003). There is some support for this
private communication hypothesis in swordtails Xipho-
phorus nigrensis and damselfish Pomacentrus amboin-
ensis (Cummings et al., 2003; Siebeck et al., 2010). UV
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vision also facilitates foraging in spiders (Li and Lim,
2005) and birds, where blue tits Parus caerelus detected
caterpillars under UV-present condition earlier than
when UV light was absent (Church et al., 1998). Fur-
thermore, preferences for UV-reflecting berries could be
detected in behavioural experiments on redwings Turdus
iliacus and black grouse Tetrao tetrix (Siitari et al., 1999;
Siitari and Viitala, 2002).

Studies on the foraging behavior in fish concerning
UV vision are ambiguous. Some fish, e.g. three-spined
sticklebacks Gasterosteus aculeatus and rainbow trout
Oncorhynchus mykiss, seemed to use UV vision during
foraging on zooplankton (Browman et al., 1994; Rocco
et al.,, 2002; Rick et al., 2012), while in some other
studies no significant effect of UV wavelengths on fora-
ging success could be detected, even in cases where the
same predator/prey system was used (Rocco et al., 2002;
White et al., 2005; Leech and Johnsen, 2006; Modar-
ressie and Bakker, 2007). Most studies examining the
function of UV vision during foraging, tested the feed-
ing behavior in presence and/or absence of UV wave-
lengths, e.g. of fish when preying zooplankters (Brow-
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man et al., 1994; Rocco et al., 2002; Leech and Johnsen,
2006; Modarressie and Bakker, 2007) which are genera-
lly assumed to absorb UV wavelengths (Johnsen and
Widder, 2001; but see Rick et al.,, 2012). However,
whether animals with UV-reflecting body surfaces
themselves face an enhanced predation risk is less well
studied.

Enhanced predation risk linked to UV-reflective re-
gions on the body surface was directly demonstrated in
butterflies. Lyytinen et al. (2004) manipulated wings of
butterflies either to reflect or to absorb UV light and
recorded the predation rate in the natural environment.
Butterflies without UV-reflections survived better than
those with natural UV-reflections. There is also indirect
evidence for predation risk in voles due to their
UV-reflective scent marks, which attract kestrels Falco
tinnunculus as well as rough-legged buzzards Buteo
lagopus (Viitala et al., 1995; Koivula and Viitala, 1999)
and also great grey shrikes Lanius excubitor (Probst et
al., 2002). Guppies Poecilia reticulata from a popula-
tion in which a UV-sensitive prawn is present reflected
less in the UV waveband than guppies from a popula-
tion without UV-sensitive predators (Kemp et al., 2008).
A more recent study on visual foraging in three-spined
sticklebacks suggests that the UV spectral part is of
relative importance compared to other spectral parts
when fish prey on live cladoceran Daphnia magna
(Rick et al., 2012).

In this study we used the predator/prey system of
brown trout and three-spined sticklebacks. “Yearling”
brown trout and three-spined sticklebacks possess UV
vision (Bowmaker and Kunz, 1987; Rowe et al., 2004)
and three-spined sticklebacks bear UV-reflecting re-
gions on their body surface (Rick et al., 2004). The
conspicuousness of visual signals largely depends on
how they contrast with their visual background (Lyth-
goe, 1968). Hence, the efficiency of visual foraging
strongly depends on the prey-to-background-contrast,
which could be enhanced by the addition of UV wave-
lengths in UV-sensitive predatory species. By modelling
trout visual perception we thus investigated further if
the chromatic contrast generated by stickleback prey
against the experimental background is different be-
tween the UV+ and UV- conditions and whether this
may explain prey preferences of trout used in the choice
experiment.

1 Material and Methods

In choice experiments sticklebacks preferred UV-re-
flecting conspecifics over non-reflecting ones in social

interactions such as female mate choice, male mate
choice and shoal choice of non-reproductive fish (Mo-
darressie et al., 2006; Rick et al., 2006; Rick and Bakker,
2008a, b). To assess whether UV-reflections of a verte-
brate body surface also enhance the risk of predation,
two size-matched sticklebacks were simultaneously
presented in two Perspex chambers to trout. One stick-
leback was enclosed in a UV-transmitting (UV+)
chamber and therefore reflected UV light, and the sec-
ond one in a UV-blocking (UV-) chamber and hence
lacked UV-reflections. We then determined whether the
difference in spectral content between the two light en-
vironments influences the foraging choice of trout.

1.1 Experimental subjects

Sticklebacks (mean SL£SD, 2.65 cm £0.160) used in
the present study were laboratory-bred descendants
from a pond population (Euskirchen, Germany 50°38’N/
6°47E’), and held in 10 L aquaria with air ventilation
under an 8:16 h light-dark regime. All fish were fed
with defrosted chironomid larvae ad libitum after the
trials. All sticklebacks were used only once.

Brown trout (mean SL+SD, 12.96 cm +1.14) stem-
med from a commercial aquaculture company (Rameil,
Lindlar, Germany), and were held in 700 L outdoor
tanks provided with continuously fresh water flow-
through and air ventilation. Trout were fed daily with
commercial fish pellets (BioMar AquaLife) and addi-
tionally with defrosted chironomid larvae ad Ilibitum.
Furthermore, trout were fed with dead sticklebacks and
they were starved for one day before the start of the
experiment. All trout were used only once.

2—6 days before the start of the experiment, brown
trout were transferred into holding aquaria (100 x 40 x
40 cm; 1 x w x h) in the laboratory, with a permanent
water flow-through system, internal filter and ventila-
tion via airstones. Sand covered the bottom of the tanks
and java moss Vesicularia dubyana provided shelter.
Aquaria were filled with tap-water of 13°C up to a
height of 24.5 cm. The top of the aquarium was covered
by a net to stop trout escaping.

Illumination was provided by fluorescent tubes
(Viva-Lite, 36 W, 1200 mm, Light-Office, Germany)
hanging 15 cm above the water surface both for trout
and stickleback. These lights contain a proportion of
UV-A similar to natural skylight.

The experiment was carried out between 16 January
2007 and 5 April 2007 and between 26 January 2008
and 21 February 2008.
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1.2 Experimental set-up and procedure

The walls of the test aquarium (100 x 45 x 33 cm; 1 x
w x h) were inside fitted out with grey, opaque plastic
plates (Fig. 1). The aquarium was filled with tap-water
to a height of 8.3 cm. To exclude confounding effects
between trials, water was totally replaced after each trial.
The aquarium was divided into two halves by a black
line drawn on the bottom with a permanent waterproof
marker. On one side a bisected opaque grey plastic tube
(14.9 x 14.7 x 7.8 cm; | x w x h) was placed at the bot-
tom midway against the side wall with its opening
facing the middle line. It provided shelter for the trout.
On both sides of the shelter one airstone was mounted.
Opposite to the shelter-tube, sticklebacks were present-
ed in two Perspex chambers (4 X 4.7 x 26 cm; | x w x h,
each). Both chambers were made of UV-transmitting
Perspex (UV+: GS-2458, Rohm, Darmstadt, Germany),
but one was fitted out with a UV-blocking polythene
sheet filter (UV-: GS-2548 plus Lee filters # 226, Fig.
2a). The walls of the two chambers (UV+ and UV-) that
faced each other were covered with grey opaque plastic
slices (30 x 4 cm; 1 X w). Thus, the two sticklebacks
were visually isolated from each other. Both chambers
stuck together 16.8 cm apart by a piece of wood. In total,
37 trials were conducted with UV+ /UV- filter and 37
trials with neutral-density filter. Sticklebacks as well as
trout were only used once.

The behavior of the trout was filmed with a web-cam
mounted 125 cm above the tank and connected to a lap-
top. The whole set-up was surrounded by black curtain.
Before each trial, the position of the chambers, as well
as the position of the sticklebacks, was chosen randomly
by tossing a coin. Out of 37 trials in the UV treatment

)

Fig. 1 Experimental aquarium containing one shel-
ter-tube for the trout predator on the left side and two
chambers for the stickleback prey on the opposite side
Black lines indicate UV-transmitting partitions, the small dotted black
line indicates the position of the UV-blocking filter in front of one
prey chamber and grey lines indicate grey, opaque plastic slices.

the UV+ filter was placed 20 times on the right and 17
times on the left side. A test for side bias revealed that
trout did not show a significant preference for one side
with respect to the first attack (Chi-square test: % =
0.027, n =37, P=0.869). The simultanecously presented
sticklebacks were matched for standard length and body
mass to the nearest mm and mg, respectively.

Before the test, a trout was gently taken out of the
holding tank and introduced into the test aquarium.
Then the recording was started. After the trout showed
normal swimming behavior (trout does not show fleeing
or hiding behavior and swam at an even pace in its tank),
or at least after one hour of acclimatisation, and when it
was located in the back half of the aquarium, two pre-
viously matched sticklebacks were gently introduced
into the chambers. Brown trout were measured for
standard length and body mass after each trial. The con-
dition factor for both trout and sticklebacks was calcu-
lated following (Bolger and Connolly, 1989): 100 x
mass (g) / length® (cm).

As a measure of predation risk, we analysed which of
the two sticklebacks (UV+ or UV-) was attacked first by
trout and subsequently how often each stickleback was
attacked during 20 min.

The same experimental procedure was conducted
with neutral-density chambers to test whether brightness
differences influence attack behavior instead of differ-
ences in wavelength composition. This control experi-
ment was necessary as the UV-transmitting and UV-
blocking filters not only differed in wavelength trans-
mission but also in overall quantal flux in the 300-700
nm range, which potentially could have affected the
predator’s choice. Neutral-density filters were produced
through printing various shades of grey with a laser
printer on overhead transparencies (Xerox Type A P/N
003R96019) (see Fig. 2a and Siebeck, 2004). Both neu-
tral-density filters transmitted UV wavelengths and the
visible spectrum, but differed in the amount of achro-
matic transmission. The two UV-transmitting chambers
were fitted out with the neutral-density filters such that
the brightness difference (24%) between them came
close to but exceeded the brightness difference between
the UV filters (18% difference: Rick et al., 2006). The
spectral transmission of all treatment filters was quanti-
fied with a spectrophotometer (Avantes AvaSpec 2048,
Eerbeek, The Netherlands).

We also checked for differences in behavior of
sticklebacks enclosed in the UV-transmitting or UV-
blocking chamber. The same experimental set-up as
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Fig. 2 (A) Transmission (%) spectra of the used optical
filters (UV+: blue, UV-: red, ND bright: bright grey, ND
dark: dark grey). (b) Mean reflection spectra (%) of the
operculum (violet) and abdominal region (green) of ten
subadult three-spined sticklebacks as well as reflection of
the grey experimental background (grey) and of natural
background substrates found in a common freshwater
habitat (orange)

before was used. Now stickleback behavior was filmed
from the front side of the aquarium. As a measure of
activity, the time spent in the upper half of the chamber
and number of crossings between the upper and lower
halves was recorded for the sticklebacks in each cham-
ber. We run 11 trials with new sticklebacks and trout for
this control experiment.
1.3 Spectral reflection of prey and the experimental
background

Subadult sticklebacks (mean SL£SD, 2.56 cm+0.217)
from the same population and were similar age and size
as the fish used in the choice tests were collected in
February 2011. Reflection measurements were taken
from ten individuals using a bifurcated 200-pm fi-
bre-optic probe connected to a spectrophotometer
(Avantes AvaSpec 2048) in combination with a deute-
rium-halogen light source (Avantes AvalLight D/H-S)
for illumination. Scans were collected from two con-
spicuous silvery-coloured patches on the ventro-lateral
surface of the left side, one located in the opercular area
and one in the abdominal region. Both regions showed
reflection in the UV spectral range, which is mainly
based on structural coloration and characteristic for the

partitions, was measured analogous to the stickleback
skin. The spectrum reveals lower reflection intensities at
UV wavelengths followed by an increase in reflection
between 350 and 400 nm and an extended plateau re-
gion between 400 and 600 nm as well as a slight de-
crease in reflection intensity towards 700 nm (Fig. 2b).
This was found to resemble the spectral composition of
natural background substrates consisting of mud with
overlaying organic matter found in common German
freshwater habitats of our study species (Fig. 2b).
1.4 Experimental irradiance levels

Downwelling irradiance produced by the fluorescent
tubes under the experimental conditions was measured
with an Avantes CC-UV/VIS cosine corrector. Therefore,
the probe end was placed in the prey fish position at
about 10 cm above the bottom of each, the UV+ and
UV- as well as the ND bright and ND dark chamber, and
was pointing upwards. Spectral irradiance was meas-
ured between 300 and 700 nm and was calibrated
against an Avantes NIST traceable application standard.
1.5 Visual modelling

Since visual systems encode colour signals in terms
of a contrast relative to its visual background we used a
photoreceptor noise-limited colour discrimination model
(Vorobyev and Osorio, 1998) to determine how trout
predators perceive background contrast of stickleback
prey presented behind a UV transmitting compared to a
UV blocking filter. Therefore, we included reflection
data of stickleback prey and the experimental back-
ground, data on filter transmission and the illumination
spectrum as well as data on trout spectral sensitivity in
our calculations. The model establishes a chromatic
distance AS which describes the colour contrast between
prey and the experimental background with small AS
values corresponding to different colour signals that
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appear similar to a receiver whereas large AS values
account for highly contrasting signals. The chromatic

distance was calculated within the perceptual space of
the trout predator as:

{(61@2)2(% —Af) +(eey) (A, — AN +(ee,) (O, —A) +
AS? = (e,,)" (Afs — )’ +(e,6,)" (Af; M)’ +(ese, )’ (Af, —Af)

[(eee,) +(ee,e,) +(eee,) +(eee,) ]

where Af;is the natural log ratio of the quantum catches
for cone receptor i, for each of the two stickleback color
patches A and the experimental background B and ¢; is
the signalling noise for each cone type i.

AJ(; = ln [_’1j — ln 37()(;)0
Loo B (ﬂ’)l (ﬂ)Si (/q«)d/l

iB

where R4()) is the reflection of the colour patch A, Rpz(A)
is the reflection of the background B, I(X) is the irradi-
ance spectrum of the illuminant for either the UV+ or
UV- conditions and S;(A) is the spectral sensitivity of the
cone type 7, summed across wavelengths between 300
and 700 nm.

Irradiance curves for both conditions as well as spec-
tral sensitivity curves were normalised to one. Absorp-
tion curves were obtained from published cone absorb-
ance maxima for “yearling” trout with sensitivity peaks
at 355 nm, 441 nm, 535 nm and 600 nm (Bowmaker
and Kunz, 1987) by using pigment template parameters
provided in Govardovskii et al. (2000). The spectral
sensitivity S; of each cone type was calculated as

Si=P:(MC; (ML (MT: (A)

where P,(A) denotes the normalised absorbance of cone
type i, C{(A) the transmission of the cornea, L{A) the
transmission of the lens, and 7;(A) the transmission of
the vertically mounted optical filters, either UV+ or UV-,
located in the light path between the trout predator and
the stimulus fish. Data on the transmission of cornea
and lens in “yearling” brown trout were taken from
Douglas (1989). Since prey perception of trout in our
experimental setup took place over short distances and
at low water depths, absorption and scatter of water was
not considered in our computations. For the noise cal-
culations we used a cone ratio of 1:1:2 for the brown
trout (for UV-sensitive, short-wavelength sensitive,
long- and middle-wavelength sensitive, respectively)
(Bowmaker and Kunz, 1989), and assumed that the sig-
nalling noise for each cone receptor was dependent on
the light intensity

e :\/a)z/l’li+2/(QiA+ fB)

where w is the Weber fraction (taken as 0.05), n; is the

relative density of the cone type i on the retina, Q4 is

the quantum catch for cone type i and the color patch A
and Q;p is the quantum catch for cone type i and the
background colour B (Osorio et al., 2004).
1.6 Statistical analysis

All analyses were performed using SPSS v.11.0 for
Windows. When data were not normally distributed
according to the Kolmogorov-Smirnov test with Lillie-
fors correction, and could not be transformed, non-para-
metric statistics were used. Given P-values are two-
tailed throughout.

2 Results

2.1 Prey choice experiment

When given the choice between two simultaneously
presented sticklebacks, brown trout attacked first stick-
lebacks seen behind a UV-transmitting filter (n = 25)
significantly more often than sticklebacks seen behind a
UV-blocking filter (n = 12) (Chi-square test: x*; = 4.568,
n = 37, P = 0.033; Fig. 3). No such preference was
found in the neutral-density filter treatment. Stickle-
backs presented in the brighter cylinder were attacked
first at the same rate as sticklebacks presented in the
darker cylinder (Chi-square test: y*; = 0.027, n,= 18, n,
=19, P=0.869; Fig. 3).

The distribution of first attacks of brown trout in the
UV treatment tended to differ from the distribution in
the ND treatment with regard to brightness differences,
although this was statistically not significant (Chi-
square test: % =2.72, P = 0.099).
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Fig. 3 Number (#) of first attacks by brown trout toward
the stickleback in the UV-transmitting (UV+) and
UV-blocking (UV-) chamber

Trout attacked first the UV+ stickleback significantly more often. No
significant preference was found in the ND treatment. ND1 = brighter
chamber; ND2 = darker chamber. * P < 0.05; n.s. P> 0.05.
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In 23 out of 30 analysed UV as well as ND treatment
experiments brown trout showed subsequent attacks
after their first attack. Brown trout attacked sticklebacks
in the UV- transmitting chamber more often than stick-
lebacks in the UV-blocking chamber, although this re-
sult was not statistically significant [median (interquar-
tile range), UV+: 4 (1- 8.5), UV-: 3 (0-5), Wilcoxon
matched-pairs signed-ranks test: z =-1.791, n =23, P =
0.073]. In the neutral-density experiment there was no
significant difference between the brighter and in the
darker chamber in attack frequency [median (interquar-
tile range), brighter: 3 (0-6.5), darker: 4.5 (0-8.5),
Wilcoxon matched-pairs signed-ranks test: z=-1.318, n
=23, P=0.188].

In the UV treatment, the simultaneously presented
sticklebacks did not differ significantly with respect to
standard length (mean SL+SD: 2.67+ 0.16 and 2.65 +
0.17, paired ¢ test, t37= 0.728, P = 0.471), body mass
[median mass (interquartile range): 0.21 (0.187-0.236)
and 0.21 (0.178-0.242), Wilcoxon-matched-pairs signed-
ranks test, n = 37, z = -0.181, P = 0.857], or condition

factor [median CF (interquartile range): 1.08 (1.01-1.97)

and 1.13 (1.05-1.23), Wilcoxon-matched-pairs signed-
ranks test, n = 37, z = -0.038, P = 0.97]. Furthermore,
there were also no significant differences regarding any
body measurement between sticklebacks that were pre-
sented in the UV-transmitting chamber and those that
were presented in the UV-blocking chamber [mean
SL+SD, UV+: 2.72 + 0.18], UV-: 2.71+£0.2), median
mass (interquartile range): UV+: 0.226 (0.189-0.292),
UV-: 0.225 (0.193-0.279), median CF (interquartile
range), UV+: 1.163 (1.064-1.280), UV-: 1.164
(1.082—-1.292), all P > 0.5]. The same was true for the
simultaneously presented sticklebacks in the ND treat-
ment [mean SL+SD: 2.840.21 and 2.81£0.17, median
mass (interquartile range): 0.27 (0.21-0.3) and 0.25
(0.21-0.31), median CF (interquartile range): 1.19
(1.1-1.27) and 1.19 (1.03—1.3), all P> 0.28].

However, despite matching sticklebacks for standard
length and body mass to the nearest mm and mg, in
some trials the simultaneously presented individuals
differed although not significantly so with respect to
absolute length and mass in the range of 1-2 mm and
0.1-0.2 mg. Therefore, we tested whether those differ-
ences had any effect on brown trout behavior. In the
neutral-density treatment, trout attacked first the stick-
leback with the higher condition factor significantly
more often (Chi-square test: le =7.811, n=27, n, =10,
P = 0.005; Fig. 4a) and the heavier one was attacked

more often too, although this result was statistically not
significant (Chi-square test: le =327, n,=24, n, =13,
P = 0.071, Fig. 4a). In 34 trials of the UV treatment,
sticklebacks differed although not significantly so with
respect to body mass, in 31 trials with respect to stan-
dard length and in 36 trials with respect to condition
factor. No significant preference of trout for heavier or
better-conditioned sticklebacks was found in the UV
treatment (Chi-square test: mass: le =0471,n,=19, n,
=15, P = 0.493; condition factor: lez 1, =15, n, =
21, P=0.317; Fig. 4b).
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Fig. 4 Number (#) of first attacks by brown trout toward
simultaneously presented sticklebacks differing in body
mass and condition factor (CF) in the (a) ND treatment
and (b) UV treatment

In the ND treatment brown trout attacked first the heavier and the one
with a higher CF significantly more often. No significant differences
were found in the UV treatment. * P <0.05; (*) P<0.1; n.s. P> 0.1.

Sticklebacks’ standard length was not significantly
associated with the first attack rate neither in the UV nor
in the ND treatment (Chi-square test: le =0.29,n,=17,
n, =14, P=0.178 and ¥*;= 0.59, n;= 10, n, = 12, P =
0.67, respectively).

Trout which attacked the UV+ stickleback first did
not differ significantly from trout which attacked the
UV- stickleback first with respect to standard length,
body mass or condition factor (Mann-Whitney U test: n,
=25,m=12,U=146.5, P=0.908 and n, =25, n, = 12,
U=135P=0.626 and n,=25,n, =12, U= 116, P =
0.27, respectively).

To test whether sticklebacks’ behavior itself was af-
fected by being either in a UV+ or UV- chamber, the
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mean time sticklebacks spent in the upper half of the
chamber and the number of changes between the upper
and lower halves were recorded. The mean time stick-
lebacks spent in the upper half of the chamber did not
differ significantly between fish enclosed in the
UV-transmitting or UV-blocking chamber (mean+SD,
UV+: 971.63£204.55 s; UV-: 992.91+179.53 s; paired ¢
test: £ = -0.275, n = 11, P = 0.789). Similarly, no sig-
nificant difference was found in the number of changes
between chamber halves of fish presented in the
UV-transmitting or UV-blocking chamber (Wilcoxon
matched-pairs signed-ranks test: n = 11, z = - 0.356, P =
0.722).
2.2 Chromatic background contrast

The UV+ preference of trout predators found in the
UV treatment was also mirrored in the magnitude of the
chromatic contrast values calculated in the visual model.
Chromatic background contrast AS of stickleback prey
as perceived by the brown trout visual system is sig-
nificantly higher when being viewed through the UV+
filter compared to the UV- filter for both, the opercular
region (paired t test: £ = 3.65, df =9, P < 0.01, Fig. 5a)
as well as the abdominal region (paired t test: # = 3.46,
df=9, P<0.01, Fig. 5b).
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Fig. 5 Mean chromatic contrast AS of two body areas
(opercular region, abdominal region) from ten subadult
sticklebacks when viewed by a yearling brown trout
predator against the visual background under experimen-
tal conditions for both the UV+ (white bar) and UV-
chamber (grey bar)

The error bars show the standard deviation of the mean. Chromatic
contrast values of both skin regions were significantly higher for
UV+sticklebacks compared to UV- sticklebacks. **P < 0.01.

3 Discussion

The presence of UV wavelengths did affect the prey
choice behavior of brown trout, sticklebacks inside the
UV-transmitting chamber were significantly more often
attacked first than those enclosed in the UV-blocking

chamber. This result shows that, beside the benefits of
UV-reflections e¢.g. through mate attraction (e.g.
Fleishman et al., 1993; Bennett et al., 1996; Rick et al.,
2006), UV-reflections are costly by enhancing an indi-
vidual’s visual conspicuousness and thus the risk of
predation. However, in the present study only non-
reproductive sticklebacks were used. In order to directly
compare the context-dependent benefits and costs of
UV-reflections further experiments using sexually ma-
ture individuals are required. Modarressie et al. (2006)
showed that non-reproductive sticklebacks prefer to
shoal with UV-reflecting conspecifics compared to
non-reflecting ones. These findings, together with the
present results, give support for the oddity theory in that
way, that UV-reflecting sticklebacks benefit from
shoaling with groups that possess UV-reflections due to
a lower risk of being eaten by UV-sensitive predators.

An increase in conspicuousness of stickleback prey
presented under UV-rich conditions is also predicted by
the results of the visual model of trout perception.
Prominent skin areas of prey fish generated a higher
chromatic contrast against the background when being
observed under UV+ conditions compared to UV- con-
ditions. A substantial increase in chromatic contrast
based on UV cues and its functional importance has
been shown for visual interactions between thomisid
spiders and their hymenopteran prey (Heiling et al.,
2003, 2005) as well as bird-fruit interactions (Schaefer
et al., 2007). Furthermore, our results are in accordance
to a study on fish foraging behavior in which stickle-
backs as predatory fish preferred zooplankton prey un-
der UV-rich lighting conditions that provided a larger
prey-to-background contrast compared to UV-deficient
conditions (Rick et al., 2012).

In the present study, the UV-reflecting sticklebacks
were attacked first significantly more often. Subsequent
attacks of trout only tended to be more frequently tar-
geted at the UV reflecting one. Assuming a similar suc-
cess of hunting by trout for both the UV-reflecting and
non-reflecting stickleback once attacked, the UV-reflec-
ting one will suffer a higher risk of being detected and
preyed upon. The matter of fact that trout were fed with
dead sticklebacks under UV+ holding conditions prior
to the experimental trials might have accounted for the
preference for UV+ prey because it looked similar to the
food previously experienced. Nevertheless, trout were fed
with dead stickleback only on very few occasions so that
some sort of learning effect can be virtually excluded.

Cummings et al. (2003) demonstrated that UV-re-
flecting swordtails were not more conspicuous com-
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pared to non-reflecting ones to their major, UV blind,
predator, the Mexican tetra Astyanax mexicanus. The
evolution of signalling in the UV waveband, which is
invisible for specific predators but attracts potential
mates, is discussed as part of a private communication
channel (Cummings et al., 2003). A study on colour
vision in passerines and their predators (corvids and
raptors) also showed the option of private communica-
tion in the UV range (Héstad et al., 2005). Although the
brown trout used as predators in the present study are
capable of UV vision, it is conceivable that signalling in
the ultraviolet could be beneficial and functions as a
private communication channel in three-spined stickle-
backs as well since there are other predators like eel
Anguilla anguilla and herring Clupea harengus that are
less sensitive to UV. In order to test the hypothesis
whether natural selection drives the use of the UV part
of the electromagnetic spectrum during communication,
sticklebacks from habitats with different predators and
predation risks should be compared for their UV-reflect-
ing properties. Among juvenile sticklebacks, there exists
considerable variation in the intensity of UV reflection
(RM pers. observ.). Whether individuals with stronger
UV reflection are more exposed to predation needs to be
tested, too.

In the neutral density experiment, the appearance of
the presented sticklebacks only differed in brightness,
while both were reflecting UV wavelengths. Trout
showed no significant preference for the simultaneously
presented brighter or darker one. Instead, brown trout
showed a significant preference for the stickleback with
the higher condition factor and tended to prefer the
heavier one. This result is in concordance with optimal
foraging theory, which predicts predators to consume
the most energy-efficient prey item first (MacArthur and
Pianka, 1966; Charnov, 1976; Pyke et al., 1977). This
result further suggests UV wavelengths to be more im-
portant in the context of predation risk than small dif-
ferences in body measurements, which had no signifi-
cant influence on predation risk in the UV treatment.

The relative frequency of first attacks of brown trout
with respect to brightness tended to be different between
the UV and ND treatment suggesting that the preference
for UV-reflecting prey was based on differences in
wavelength composition instead of achromatic bright-
ness differences between simultaneously presented prey.
However, a direct comparison between both experi-
ments should be treated with caution since brightness
cues in the ND treatment were tested in isolation of the
UV treatment. Moreover, the physiological mechanism
for brightness discrimination in brown trout is unknown.

Nonetheless, our findings indicate that prey preferences
of trout were more likely influenced by UV-based hue
discrimination and not simply by brightness differences.

In conclusion, our study provides experimental evi-
dence that UV body-reflections enhance the risk of pre-
dation in a vertebrate, which suggests that in addition to
their beneficial functions during social, and especially
intraspecific interactions, they can also impose signifi-
cant costs on their bearer. Finally, future investigations
incorporating visual predator-prey interactions also need
to especially consider the effects of spectral variation of
ambient light and diverse visual backgrounds under
natural conditions.
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