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Abstract Environmental light conditions are of general importance in predator–prey

interactions. In aquatic systems, prey individuals experience different levels of predation

risk depending on the properties of the visual environment, such as structural complexity or

water transparency. To reduce the threat of predation, prey should move to habitats pro-

viding better protection against visual predators. We studied the role of UV wavelengths in

habitat choice behaviour under predation risk in a fish, the three-spined stickleback

(Gasterosteus aculeatus) that uses UV signals in different contexts of intraspecific com-

munication. In a laboratory experiment sticklebacks were exposed to a predatory threat and

given the choice between two escape habitats, one providing full-spectrum conditions

including UV light (UV?) and one without UV wavelengths (UV-). Fish from two rearing

treatments were tested, one group had been raised under natural lighting conditions

(UV?), the other group under UV-deficient lighting conditions (UV-). Sticklebacks from

the UV? group preferred the UV- habitat as a refuge which suggests that predator

avoidance behaviour is UV-related in this species with UV- conditions presumably being

advantageous for prey fish. However, individuals from the UV- treatment group were

equally attracted to both presented light habitats. It is possible that these fish could not

discriminate between the two light habitats due to physiological limitations caused by their

rearing conditions. Further control trials with neutral-density filters revealed that the UV-

habitat preference of UV? fish in the main experiment was rather not influenced by a

difference in achromatic brightness between the UV? and UV- habitat.
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Introduction

The use of vision in aquatic systems is greatly influenced by constraints of environmental

light. For instance, ambient light conditions are of crucial importance in behavioural

interactions such as predator–prey encounters (Emery 1973; Hobson 1979). In fishes, prey

individuals experience different levels of predation risk depending on their visual envi-

ronment, which is especially affected by water transparency or structural complexity

(Crowder and Cooper 1982; Miner and Stein 1996). Thus, one tactic to reduce predation

risk in prey fish is to choose habitats according to favourable visual conditions. For

example, Snickars et al. (2004) showed that juvenile perch (Perca fluviatilis L.) when

exposed to predation preferred structured instead of open water habitats and Skov et al.

(2007) found that an increase in turbidity leads to an increased use of vegetated habitats in

the same species. Numerous further studies described the relationship between structural

refuges, water transparency and anti-predator behaviour (Werner et al. 1983; Gregory and

Levings 1996; Mattila 1992; Macia et al. 2003), whereas direct evidence of habitat pref-

erences based on wavelength-dependent properties of the light environment is lacking in

fishes. However, spectral composition of light in aquatic habitats underlies strong variation

due to the combination of water depth and the relative abundance of dissolved and sus-

pended matter (Lythgoe 1972). For example, the penetration of short-wave light (UV-A:

300–400 nm), which many fishes can perceive, is attenuated with depth caused by a

stronger absorbance and scattering of downwelling light (Losey et al. 1999). In commu-

nication, higher scattering and an increased optical path of UV wavelengths compared to

longer wavelengths allow effective signalling of UV signals only at close range. Never-

theless, in many aquatic habitats the amount of UV at moderate depths lies above the visual

threshold of most UV-sensitive fishes (Losey et al. 1999) and UV wavelengths are of

particular recent interest in studies on visual signalling in fishes (i.e. Smith et al. 2002;

Cummings et al. 2003; Losey 2003; Siebeck 2004; Boulcott and Braithwaite 2005; Mo-

darressie et al. 2006; Rick et al. 2006).

We studied the influence of UV wavelengths on habitat preferences under predation risk

in the three-spined stickleback (Gasterosteus aculeatus), a species using UV wavelengths

in intraspecific signalling during female mate choice (Boulcott and Braithwaite 2005; Rick

et al. 2006; Rick and Bakker 2008a), male mate choice (Rick and Bakker 2008b), male–

male interactions (Rick and Bakker 2008c) as well as shoaling decisions (Modarressie et al.

2006). In a dichotomous choice experiment, we investigated whether the presence of a

potential predator affects the choice of solitary sticklebacks when offered two escape

habitats, one providing full-spectrum light conditions including UV (UV?) and one with

UV wavelengths being blocked (UV-). Moreover, to test whether previous rearing con-

ditions had an effect on habitat selection in sticklebacks we compared the choice behaviour

of individuals that had been raised under natural lighting conditions (UV?) with those

raised under artificial lighting conditions without UV light (UV-).

Methods

Three-spined sticklebacks used in the experiment were laboratory-bred first generation

offspring of anadromous fish that had been caught during spring migration in April 2005 on

the island of Texel, The Netherlands. In March 2006, clutches from random mating pairs of

wild-caught fish were taken out from their nests after fertilisation. Subsequently, eggs from

the same nest were split into two equally-sized sub-groups of maximally 40 eggs. Eggs
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were placed in small one litre plastic aquaria with air ventilation. One sub-group was

maintained under full-spectrum light conditions (UV?) by covering the holding aquaria

with a UV- and visible light-transmitting Plexiglas partition (GS-2458, Röhm, Darmstadt,

Germany), whereas the other sub-group was kept under UV-deficient conditions (UV-) by

using an UV-opaque Plexiglas partition (GS-233, Röhm, Darmstadt, Germany, Fig. 1).

Thus, two light habitats were created differing in their spectral transmission of UV

wavelengths as well as overall brightness (Fig. 2a). Full-spectrum illumination including

UV wavelengths was provided by fluorescent tubes (True Light, Natural Daylight 5500,

36 W, 1,200 mm) that produce a proportion of UV similar to natural skylight and were

hanging 30 cm above the water surface. Fish were kept in these aquaria for up to 4 weeks

after hatching. Then they were moved into bigger group aquaria (40 9 20 9 25 cm, 40 l),

while light conditions were left unchanged. Visual contact between groups was prevented

by placing opaque partitions between holding aquaria. The fish were kept at standardized

summer conditions (daylength 16L:8D, temperature 17 ± 2�C) until the age of 6 months.

Thereafter light settings were switched to winter conditions (daylength 10L:14D). Juvenile

fish were fed with Artemia nauplii and subadult fish with frozen chironomids ad libitum.

All aquaria were aerated and cleaned regularly to allow sufficient light penetration.

The predators, four live perch (Perca fluviatilis) caught from the river Rhine, were

maintained in the laboratory for 2 years in two large holding aquaria (100 9 40 9 40 cm,

160 l) under standardized summer conditions (daylength 16L:8D, temperature 17 ± 2�C).

Illumination was provided by fluorescent tubes (True Light, Natural Daylight 5500, 36 W,

1,200 mm). The perches had a mean standard length of 16 cm. They were fed with frozen

chironomids ad libitum. Two days before being used in an experiment, feeding was

stopped to enhance motivation to attack prey during the experimental trials.

In November 2006, 26 subadult sticklebacks (13 per light treatment) from two different

families for the UV? treatment and three different families for the UV- treatment with a

standard length of 2.3 ± 0.2 cm were removed from their group aquaria and isolated into

single aquaria (30 9 20 9 20 cm, 12 l). Fish from only five families were chosen for the

experimental trials because these individuals fulfilled the criteria of similar body length,

age, and group size in their former holding tanks. Illumination of the single aquaria

conformed to the previous holding conditions. Opaque partitions between aquaria pre-

vented visual contact between individuals. Before being used in the choice experiment, fish

were held in their single aquaria for at least 2 days.

The test aquarium designated to test light habitat preferences consisted of a 128-l

aquarium (80 9 40 9 40 cm) divided into two compartments, one holding the test indi-

vidual, the other the stimulus predator (Fig. 3). The uncovered predator compartment was

divided from the test-fish compartment by UV-transparent Plexiglas (GS-2458), so that the

test fish could see the predator in full-spectrum light. The waterproof divider between

compartments prevented olfactory influences on predator–prey interactions. Although

olfactory stimuli are important cues involved in predator avoidance behaviour in fish

(Wisenden 2000) we solely focused on visual cues and excluded further confounding

variables. One lateral half of the test-fish compartment was covered with UV-transparent

Plexiglas (GS-2458, Röhm, Darmstadt, Germany) provided with a layer of a UV-blocking

filter (Lee Filter No. 229), whereas the other half was only covered by UV-transparent

Plexiglas (GS-2458, Fig. 1). Thus, analogous to the rearing conditions two light habitats

were created that differed in their spectral UV content as well as in achromatic brightness

(Fig. 2b). On top of the test fish section between the two filters, a narrow opaque plastic

plate (5 9 40 cm) was placed in order to minimize the area of mixed light in the central

test-fish compartment. Up to a height of 18 cm the inner walls of the whole test-fish
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compartment were laminated with grey insulating tape (fix-o-moll Powerband), which is

highly reflective over the UV and visible wave range, and covered by an additional layer of

UV-transparent Plexiglas (GS2458). The whole set-up was illuminated by a fluorescent

tube (True Light, Natural Daylight 5500, 36 W, 1,200 mm) positioned 38 cm above the

water surface. The test aquarium was surrounded by opaque grey plastic partitions up to a

height of 30 cm. A black curtain encased the whole set-up. The aquarium was placed on a

polystyrene plate on which lines marked two zones in the test-fish compartment. One zone

was located close (27–45 cm) to the predator compartment and one at a greater distance

(45–63 cm). A small electric pump was installed in the predator compartment to create a

constant water flow that should stimulate swimming activity in the perch predator.

Prior to the start of each experimental trial, the perch was transferred to its compart-

ment. Then a test fish was enclosed in a small rectangular plastic box (7.5 9 5 9 18 cm)

with open top and bottom sides, which was located in the test-fish compartment 5 cm in

front of the predator compartment. The side of the box facing away from the predator

consisted of UV-transparent Plexiglas (GS2458), whereas the other three sides were made

of opaque grey plastic. During a 15 min acclimation phase, the test fish could observe the

two light environments without recognizing the presence of a predator. The subsequent test

phase was started by lifting the box by a string from behind the curtain, so that the fish

Fig. 1 Transmission spectra of the optical filters used for the two different rearing conditions and the
experimental setup: ultraviolet-transmitting filter (UV?, thin black), ultraviolet-blocking filter for the
rearing tanks (UV-, thick grey), ultraviolet-blocking filter for the main experiment (UV-, thin grey) and
fullspectrum neutral density filters for the control experiment (ND1, broken black; and ND2, broken grey).
Spectra were taken from Rick et al. (2006) except for the ultraviolet-blocking filter (UV-) used in the main
experiment. Measurements were taken with an Avantes AVS-USB2000 spectrophotometer and an Avantes
DH-2000 deuterium–halogen lightsource. Transmission was determined by measuring reflectance relative to
a 98% white standard with the reflection probe attached at a 90� angle to the filter located on the white
reference

Fig. 2 Irradiance measurements of the lighting conditions for the two different rearing treatments and the
experimental setup: (a) rearing conditions (UV?, black; UV-, grey), (b) main experiment (UV?, black;
UV-, grey) and (c) control experiment (ND1, black; ND2, grey). In a, b the irradiance between 400 and
700 nm is virtually identical for both filters (UV?, UV-) whereas the amount of UV between 300 and
400 nm considerably differs. In c the difference in achromatic brightness transmission between the ND1 and
ND2 filter is reflected in a consistent difference in achromatic brightness for the wavelength range between
300 and 700 nm. Irradiance was measured with an Avantes AVS-USB2000 spectrophotometer connected to
an Avantes CC-UV/VIS cosine corrector located in the tank and centered under the relevant optical filter.
Irradiance calibration was performed versus an Avantes NIST traceable irradiance application standard

c
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could now perceive the predator and freely move in the test-fish compartment. After

15 min, the experimental trial was stopped and both fish were returned to their holding

tanks. In the following trial, test fish and predator were replaced by new individuals and the

experimental procedure was repeated, but with exchanged optical filters over the test-fish

compartment. Test fish were only used once and each predator was only used once a day in
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order to minimize stress caused by excessive handling. We replaced tank water after each

trial. All trials were done in normal daylight hours.

Stickleback behaviour was recorded from above with a webcam (Creative CT6840,

Creative Labs, Dublin, Ireland). Filmed trials were analysed without knowledge of filter

positions. The time a stickleback spent in the UV? and UV- environment during the

15 min test phase was measured as well as the time spent in the two zones at different

distances from the predator. Filming from above did not allow for recording an individual’s

position under the narrow opaque plastic plate between the two filter sections. Further-

more, observation of the zone close to the predator (0–27 cm) revealed that fish from both

treatment groups only spent short time in this zone with an average time of 30.0 s

(range = 0–54 s). Hence, movements into this zone were regarded as predator inspection

behaviour and were not included in the analyses. Filming did also not allow to record

predator behaviour. Nevertheless, it can be assumed that predators represented a consid-

erable threat during all trials which became evident by an increased swimming activity and

attack behaviour (I. P. Rick, personal observation).

As the two filters differed in quantal flux (UV? to UV-: mean 21% reduction; Fig. 1),

we performed an additional control experiment with neutral density filters ND1 (Lee 209,

Zilz, Germany) and ND2 (Cotech 298, Zilz, Germany) instead of the UV? and UV- filters

to determine whether sticklebacks’ habitat selection was rather based on the wavelength

composition of the two light environments instead of brightness differences. Neutral

density filters differed in quantal flux uniformly between 300 and 700 nm without altering

spectral composition. The difference in quantitative transmission between the two filters

(ND1 and ND2) was 34% for the waveband between 300 and 700 nm (Rick et al. 2006)

and the proportional quantitative transmission relative to the UV? filter was 44% for the

ND1 filter and 68% for the ND2 filter, respectively (Fig. 1). Hence, both ND conditions

were darker than the fullspectrum lighting conditions under which the predator stimulus

appeared (Fig. 2b, c).

The control trials were carried out immediately after the main experiment. Twenty new

fish (ten per light treatment) were chosen to ensure that individuals were not familiar with

the experimental conditions particularly with regard to the predator stimulus. Fish origi-

nated from two different families for the UV? treatment group and three different families

Fig. 3 Plan view of the experimental set-up which consisted of a divided rectangular aquarium: (A)
Stimulus compartment, which held the perch predator; (B) test fish compartment; (C) UV transparent
partition dividing both compartments; (shaded areas) UV transparent (bright) and UV blocking filters (dark)
covering the test fish compartment; (dashed lines) borders of the two zones differing in distance to the
predator; (black area) opaque plastic plate dividing light habitats
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for the UV- group so that, analogous to the main experiment, similarity in body size, age

and group size during former holding conditions between the test individuals was provided.

The control experiment was performed and analysed as described for the main experiment.

Due to the perceivable difference in brightness between the ND1 and ND2 filters, films

could not be analysed without knowledge of filter position.

Statistics

Before statistical analyses, we tested the relative amount of the time prey fish spent in

various parts of the test-fish compartment for normality using the Kolmogorov–Smirnov

test. Normally distributed data were tested with parametric statistical tests; otherwise

nonparametric statistics were used. We used a paired t test to analyse the relative amount of

time UV? and UV- fish spent in the UV? and UV- habitats as well as the relative

amount of time UV- fish spent in the ND1 and ND2 habitats during the control experi-

ment, respectively. The relative amount of time UV? fish spent in the ND1 and ND2

habitats was analysed using a Wilcoxon matched-pairs signed-ranks test. Treatment groups

were compared using an independent samples t test for the UV experiment, whereas a

Mann–Whitney U test was used for the control experiment. We used parametric t tests and,

if required, Wilcoxon matched-pairs signed-ranks tests to analyse the relative amount of

time spent in the two zones at different distance from the predator. Because multiple

individuals per family were tested during the experimental trials and in order to minimize

the risk of pseudoreplication, we introduced family identity as a random factor and per-

formed linear mixed models (LME) implemented in R 2.6.1 statistical package (R

Development Core Team 2007) on the difference in the relative amount of time the test fish

spent in each light habitat. Tests of significance were based on likelihood-ratio tests

(‘‘LRT’’) that follow a v2-distribution. To approximate normality, we had to transform data

for the control experiment using an exponential transformation. The test-probabilities are

two-tailed throughout. Family identity had no significant influence on habitat choice

behaviour of both treatment groups in the UV experiment as well as in the control

experiment (LRT, all v2 \ 1.196, all P [ 0.274).

Results

When exposed to a predatory threat, UV? fish significantly preferred the UV- habitat

(mean ± SD = 63.9 ± 16.9%) over the UV? habitat as a refuge (mean ± SD =

36.1 ± 16.9%; paired t test: t11 = -2.853, P = 0.016; Fig. 4). The relative time UV- fish

spent in the UV? (mean ± SD = 49.5 ± 15.7%) or the UV- habitat (mean ± SD =

50.5 ± 15.7%) did not differ significantly (paired t test: t12 = - 0.123, P = 0.904; Fig. 4)

with the UV? filter being located seven times on the left side and six times on the right side of

the experimental setup. When comparing both treatment groups, habitat preference of

UV? fish was significantly different from that of UV- fish (independent samples t test:

t = -2.091, df = 23, P = 0.048; Fig. 4).

In the UV? habitat fish from the UV? as well as the UV- treatment group spent a

significantly larger proportion of time in the zone more distant from the predator (UV?

group: mean ± SD = 77.9 ± 15.0%; UV- group: mean ± SD = 76.4 ± 15.6%) than in

the zone closer to it (UV? group: mean ± SD = 22.1 ± 15.0%; paired t test: t11 =

-6.437, P \ 0.001; UV- group: mean ± SD = 23.6 ± 15.6%; paired t test: t12 =

-6.104, P \ 0.001). In addition, under the UV- filter fish from both treatment groups
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spent a significantly longer time more distant from the predator (UV? group:

mean ± SD = 66.7 ± 20.5%; UV- group: mean ± SD = 70.1 ± 18.9%) than closer to

it (UV? group: mean ± SD = 33.3 ± 20.5%; paired t test: t11 = -2.807, P = 0.017;

UV- group: mean ± SD = 29.9 ± 18.9%; paired t test: t12 = -3.842, P = 0.002).

Treatment groups did not significantly differ in this respect for the UV? side (independent

samples t test: t = -0.220, df = 23, P = 0.828) and the UV- side (independent samples

t test: t = 0.437, df = 23, P = 0.666).

In the control experiment, fish from the UV? treatment group did not spent relatively

more time in the darker (ND1) (median = 50.8%; inter-quartile range = 45.9–52.0%) than

in the brighter habitat (ND2) (median = 49.2%; inter-quartile range = 48.0–54.1%;

Wilcoxon matched-pairs signed-ranks test: z = -0.153, N = 10, P = 0.878). UV- fish

spent relatively more time, although not significantly so, in the brighter habitat

(mean ± SD = 68.8 ± 33.1%) than in the darker one (mean ± SD = 31.2 ± 33.1%;

paired t test: t9 = 1.801, P = 0.105). Treatment groups did not significantly differ in their

habitat preference in the control experiment (Mann–Whitney U test: N1 = 10, N2 = 10,

z = -1.817, P = 0.106).

Under the brighter ND condition fish from the UV- treatment group spent a signifi-

cantly larger proportion of time in the zone more distant from the predator

(median = 98.3%; inter-quartile range = 92.7–100%) than closer to it (median = 1.7%;

inter-quartile range = 0–7.2%; Wilcoxon matched-pairs signed-ranks test: z = -2.821,

N = 10; P = 0.005) whereas fish from the UV? treatment did not stay significantly longer

in the more distant zone (median = 70.2%; inter-quartile range = 62.4–80.4%) than closer

to the predator (median = 29.8%; inter-quartile range = 19.6–37.6%; Wilcoxon matched-

pairs signed-ranks test: z = -0.773, N = 9; P = 0.440). In the darker ND habitat fish

from both treatment groups did not stay significantly longer in either the more distant zone

(UV? group: mean ± SD = 58.3 ± 27.9%; UV- group: mean ± SD = 62.3 ± 33.8%)

or the zone closer to the predator (UV? group: 41.7 ± 27.9%; paired t test: t8 = -0.939,

P = 0.372; UV- group: mean ± SD = 37.7 ± 33.8%; paired t test: t5 = 0.966,

P = 0.371). When comparing both treatment groups for the brighter ND condition

UV- fish spent a significantly greater proportion of time in the zone more distant from the

predator than UV? fish (Mann–Whitney U test: N1 = 9, N2 = 10, z = -2.308,

P = 0.021). None of the treatment groups did significantly differ in this respect for the

darker ND condition (independent samples t test: t = 0.272, df = 15, P = 0.789).
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Fig. 4 Mean relative time ± SD spent by 12 individuals from the UV? treatment group (grey bars) and 13
individuals from the UV- treatment group (white bars) within the light habitat under each filter during the
test phase of the main experiment. The filters blocked (UV-) or transmitted (UV?) UV radiation between
300 and 400 nm. *P \ 0.05
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Discussion

The results of the UV experiment showed that individual sticklebacks raised under full-

spectrum light had a preference for UV- over UV? lighting conditions in the presence of

a predatory threat. Thus, we can conclude that habitat selection in the three-spined

stickleback is affected by the amount of available UV radiation. Other studies on the

impact of UV wavelengths on stickleback habitat preferences yielded different results

although the experimental light conditions were rather similar to the ones in the present

study. For instance, Modarressie et al. (2006) did not find a significant preference for light

conditions either including or lacking UV wavelengths in non-reproductive adult stickle-

backs from a local freshwater population. In addition, reproductively active stickleback

males from the same population chose nest sites independent of the portion of environ-

mental UV light (Modarressie and Bakker 2006). The discrepancy between these and the

present study may be due to differences between populations with regard to the use of UV

wavelengths in visual tasks. Moreover, stickleback lighting preferences may be context

dependent. Fish in the present study experienced habitat differences and the simultaneous

presence of a predator, whereas in the former studies only a general habitat preference was

tested. However, in order to better rule out that sticklebacks in the present study chose light

habitats independent of the presence of a predator further control experiments without a

predator stimulus would be helpful.

Sticklebacks prefer conspecifics viewed in UV? instead of UV- conditions (Modar-

ressie et al. 2006; Rick et al. 2006; Rick and Bakker 2008b, c). Accordingly, when

choosing mates, some birds also prefer UV-containing light environments, which was

demonstrated for European starlings (Sturnus vulgaris) and blue tits (Parus caeruleus)

(Hunt et al. 1999; Maddocks et al. 2002). Without a social context, Maddocks et al. (2002)

found no preference of individuals of both species for environments either with or without

UV wavelengths. Thus, a preference for certain UV lighting conditions might also be

context-specific in such a way that individuals or groups involved in intraspecific inter-

actions exhibit preferences that are different or absent in solitary individuals.

The test fish used in our experiment were raised under predator-free conditions in the

laboratory and thus were confronted with a live predator for the first time during the

experimental trials. Nevertheless, sticklebacks preferred to stay at a greater distance from

the predator suggesting an unlearned response to recognize that the visual appearance of

the predator poses a substantial threat.

Which benefit may a prey individual have from preferring a refuge providing UV-

deficient light conditions instead of full-spectrum light? On the one hand, the test fish may

have been attracted to shelter in the UV- condition, because it chose the light environment

that was different from that of the predator compartment. Alternatively, the UV- light

habitat could simulate increased water depth which may be preferred by the test fish to

escape predation. However, although this may represent a strategy to escape terrestrial

predators (Power 1984) it seems rather unlikely with regard to fish predators which often

inhabit less shallow waters (Crowder and Cooper 1982) so that predation risk should be

enhanced in deeper water.

In general, the visibility of visual signals depends on the ambient light conditions and

the contrast they generate against their natural background (Endler 1993; Vorobyev and

Osorio 1998). According to Lythgoe (1979) colour and brightness contrast against a visual

background are reduced with distance in the UV due to stronger absorption and veiling

effects compared to longer wavelengths. Consequently, prey fish should prefer UV-rich

environments as a refuge which contradicts the preference for UV-deficient lighting
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conditions found in the present study. But, when considering the rather short signalling

distance in our experiment, the UV? lighting conditions combined with the artificial

background of intense broadband reflectance may have produced an increased overall

background contrast for the prey fish (Losey et al. 1999). Thus, sticklebacks may have

preferred the UV- habitat as it may provide better background matching and thereby

reduced discriminability for potential receivers. However, to make more safe assumptions

about how visual signalling occurs in a predator–prey interaction such as the one presented

here a further step should be to measure reflectance properties of the involved visual

signals and the background as well as the predator’s perceptual capacities (Endler 1992) in

order to calculate the conspicuousness of prey individuals against the visual background

under different lighting conditions (see Hastad et al. 2005).

It is important to note that the fish predator used in our experiment is not capable of UV

vision since only juvenile perch possess UV cones during the planktivorous foraging mode

which disappear when they become benthivorous (reviewed in Bowmaker 1990). Hence,

both experimental lighting conditions as well as prey fish appearances in the main

experiment may have looked identical from the predator’s perspective which on the other

hand largely rules out that predator behaviour had a direct effect on habitat choice deci-

sions of the test fish. The perch predator should rather exclusively represent a threat

stimulus in order to induce avoidance behaviour in the experimental prey fish.

In contrast to fish from the UV? treatment group, UV- fish did not significantly prefer

either light habitat in the choice experiment. Nevertheless, UV- fish also showed predator

avoidance behaviour in that they preferably stayed at a greater distance from the predator.

Hence, our results demonstrate that rearing conditions with respect to the spectral com-

position of environmental light affected habitat preferences under predation risk. In

contrast to this, Greenwood et al. (2002) found in starlings that UV-deficient lighting

conditions during ontogenesis did not affect light habitat preferences compared to indi-

viduals raised in full-spectrum light suggesting that the preferences existed regardless of

whether birds were familiar with the provided light conditions or not. Sticklebacks in our

experiment also did not choose their habitat according to familiarity.

Physiological constraints may rather be responsible for the difference in behaviour

between the two rearing groups. For instance, it cannot be ruled out that, compared to

UV? fish, UV- fish were not able to sufficiently discriminate between the two presented

light habitats due to a lack in UV sensitivity caused by the UV-deficient rearing conditions.

McDonald and Hawryshyn (1995) observed visual perception in three-spined sticklebacks

using compound action potentials from ganglion cells and found spectral sensitivity to vary

between populations from habitats with differing spectral light compositions. Additionally,

when comparing bluefin killifish populations from different habitats, Fuller et al. (2004)

found cone opsin expression to be related to variation in the frequency of cone classes.

More recently, Shand et al. (2008) showed that the rearing environment of fish may affect

adult vision as well. They compared individuals of black bream (Acanthopagrus butcheri)
reared under fullspectrum aquarium conditions with individuals reared under short

wavelength-reduced conditions and found an increased proportion of long wavelength-

sensitive double cones in the latter one which indicates a response to changes in envi-

ronmental light by altering opsin expression. In contrast, in a cichlid species, the blue acara

(Aequidens pulcher), a reduction in the frequency of the blue-sensitive single cone class

was found as an effect of rearing under monochromatic blue light (Kröger et al. 1999).

Rearing under differing lighting conditions also had a considerable impact on regulatory

mechanisms at higher levels of visual processing (Kröger et al. 2001a) combined with

behaviour (Kröger et al. 2003). In a further study on Astatotilapia burtoni, another cichlid
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species, spectral rearing conditions had an effect on the properties of the lens optics as well

(Kröger et al. 2001b). Whether similar mechanisms of plasticity can be assumed for the

visual system of sticklebacks raised under conditions varying in UV content requires

further investigation.

The results of the control experiment showed that sticklebacks from the UV? rearing

group did not significantly prefer either the darker (ND2) or brighter (ND1) full-spectrum

conditions. Thus, in the UV experiment, these fish may rather have discriminated between

the two light habitats based on the differences in wavelength composition instead of

achromatic brightness differences. This is in accordance to data on UV and female as well

as male visual preferences (Rick et al. 2006; Rick and Bakker 2008b). However, both ND

lighting conditions chosen in the present study were considerably darker than the predator

environment illuminated by fullspectrum light so that they could have provided equal

visual protection for the test fish. Consequently, the results from our control experiment

cannot completely rule out that the UV? fish preferred the UV- environment in the main

experiment due to a preference for darker fullspectrum conditions.

The treatment groups in the control experiment differed, even though not significantly

so, in their habitat preference with UV- fish tending to show a stronger association to the

brighter light habitat. Additionally, UV- fish spent significantly more time at a greater

distance from the predator than UV? fish. UV? fish did not stay significantly longer more

distant from the predator than closer to it, which raises the question to what extent

predator-avoidance behaviour occurred in the experimental trials with UV? fish. In

summary, the results from the control experiment cannot be interpreted sufficiently which

is also based on a lack of information on stickleback achromatic processing and due to the

rather low sample size.

In a previous study on the effects of predation on habitat selection in sticklebacks, fish

moved from the open water into the littoral zone when exposed to increased predation

(Jakobsen et al. 1988). Accordingly, Ibrahim and Huntingford (1989) showed that non-

breeding males prefer to forage in weed beds when suffering predation risk. Furthermore,

Candolin and Voigt (1998) demonstrated that the presence of predators forced reproduc-

tively active stickleback males to choose vegetated nest sites over open ones. The use of

vegetated and more complex habitats may enhance an individual’s survival and future

reproduction, since structured environments reduce foraging success in piscivorous pre-

dators (Persson and Eklöv 1995). Whether the presence or absence of UV radiation in the

habitat affects predator avoidance behaviour in sticklebacks in other contexts, such as

foraging, awaits further study.

In conclusion, fish raised in full-spectrum conditions preferred the UV-deficient lighting

conditions instead of full-spectrum light including UV wavelengths in the presence of a

predator. However, it is important to note that the experimental lighting conditions used

here were rather artificial which may especially be the case for the UV-deficient condi-

tions. For example, spatial variation of spectral transmission in aquatic environments is not

restricted to the UV waveband alone. In fact, in clear water both the short and long

wavelength end of the spectrum are attenuated with depth (Jerlov 1976), whereas in

nutrient-rich freshwater habitats light transmission is shifted to longer wavelengths (560–

750 nm) due to a high absorption of short wavelengths by dissolved organic matter (Jerlov

1968). Nevertheless, our results provide first evidence for a potential UV-dependent habitat

preference in a fish under predation risk. Surprisingly, individuals from the UV- treatment

group were equally attracted to both presented light habitats. Whether these fish could not

discriminate between the two lighting conditions as a result of developmental constraints

caused by their rearing conditions requires further investigation.
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Kröger RHH, Campbell MCW, Fernald RD (2001b) The development of the crystalline lens is sensitive to
visual input in the African cichlid fish, Haplochromis burtoni. Vision Res 41:549–559. doi:10.1016/
S0042-6989(00)00283-2
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