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Abstract

The fish hardyhead silverside (Atherinomorus lacunosus) feeds on
vertically migrating zooplankton during the night. I studied its foraging
behaviour in relation to light intensities corresponding to day (three
intensities from midday to twilight: 45 – 1 µE) and night (six intensities
from full moon to moonless nights: 1.05x10-3 – 1x10-7 µE) under
laboratory conditions. In a flume experiment, using brine shrimps
(Artemia sp.) as prey, feeding rate, reactive distance and strike speed of
the fish increased significantly with higher light intensity. This increase
was particularly evident in the night light conditions and even higher
during day light; however, there was no difference between the different
day light intensities. Gut contents of field caught fish showed that they
predominantly eat demersal night migrating zooplankton. Evidently, A.
lacunosus uses the vertical migration of zooplankton at night and its
foraging success is improved at moonlight, as well as in day light
conditions.

Introduction

Organisms, at almost every level of a trophic system, have to eat and avoid being
eaten. Thus, predator and prey may concurrently evolve adaptations and counter-
adaptations. Whereas the predator may specialize in characters in order to forage
more successfully, such as behaviour, morphology or vision, the prey may show
adaptations to avoid predation by, for instance, vertical migration. Among coral reef
fishes, some species differ from the majority by specializing in foraging at night when
most other organisms on the reef are inactive. Moreover, the prey (zooplankton)
becomes more abundant at night when migrating towards the surface. An important
aspect of nocturnal foraging is the limited amount of light. Night foraging animals
may have developed adaptations to forage successfully when the light intensity is low.
For example, the eyes may be bigger to sense visual cues (Hobson, 1991), or other
factors than vision, such as mechanoreceptors or electro-receptors may be used to
detect prey (Holzman & Genin, 2003). The dynamic interaction between predator and
prey results in the evolution of behaviours to outwit the other (Endler, 1991). These
interactions often result in an arms race, where an increased predatory efficiency may
result in the evolution of improved defences in the prey, which in turn selects for an
even more efficient predator (Hart, 1997).

Prey capture consists of two parts. A forager must first perceive and recognize
potential prey, which requires certain sensory and information processing systems.
After moving close enough to capture the prey, the forager needs an appropriate tactic
to make a capture. The predation cycle (Fig. 1) consists of several steps. It starts when
the predator encounters a prey and continues with detection, recognition, attack,
pursue, handle and finally consumption (Hart, 1997). Steps in the cycle that are of
particular interest for this study are ‘detection’, ‘approach’ and ‘consumption’. At
which light intensities and at which distances is the fish able to detect the prey? At
which distances will the fish attack the prey? How many prey items are consumed,
and if there is a patch of prey items, how many are attacked? Interestingly, some of
the factors in the cycle regarding the prey are also valid for the predator when being in
the situation of a prey itself. Furthermore, adaptive behaviour of the predator when
maximizing its foraging success has to suit the predation tactic of the selected prey.
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Fig. 1. A summary of the predation cycle. The cycle starts with the predator-prey encounter. The boxes
inside the cycle list predatory characteristics influencing its foraging success, whereas the boxes
outside the cycle show prey characteristics to avoid capture (Hart, 1997).

The optimal foraging theory is an evolutionary explanation for observed
behavioural patterns and is based on the assumption that decisions made while
foraging will maximize the net rate of energy gain (Hughes, 1997). Behaviour can be
viewed as having costs and benefits and animals should be designed by natural
selection to maximize their net benefit, ultimately measured in terms of gene
contribution to future generations. The overall success of an individual at passing on
its genes may depend on various shorter-term goals such as foraging efficiency and
efficiency in avoiding predators. In solving any of these problems an animal makes
decisions, which can be analyzed in terms of an optimal trade-off between costs and
benefits (Krebs & Davies, 1993).

Predators can be specialized in several ways, for example by adapting the
morphology to fit the predation of a specific prey type, as demonstrated by the
specialized butterflyfishes (Chaetodontidae), using their long snouts to reach coral
polyps or prey in between corals. Specialized planktivores are found in almost all
families among the spiny-finned fishes (Acanthopterygians) (Hobson, 1991).
Furthermore, there are nocturnal planktivores, which emerge from the reef at night to
feed, among the fish families cardinalfishes (Apogonidae), squirrelfishes
(Holocentridae), sweepers (Pempheridae), bigeyes (Priacanthidae) and drums or
croakers (Sciaenidae). Their feeding behaviour differs from that of the diurnal fishes,
they tend to be more stealth, a behaviour observed in temperate nocturnal fishes.
Fishes that feed on zooplankton at night tend to be large-mouthed species with
specialized means to detect, and capture, the larger organisms that are in the nearshore
water column only after dark (Hobson & Chess, 1978). Visual detection and strikes at
prey likely depend more on maximizing sensitivity and on motion detection than on
high visual resolution (McFarland, 1991). In a recent study on the rate of
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zooplanktivory of the common nocturnal coral-reef fish Apogon annularis, the effects
of light, flow and prey density on fish predation were measured. Predation rates
increased linearly with prey density, with no apparent effects of current speed and
light intensity (Holzman & Genin, 2003). Planktivorous fishes can have profound
influences on the abundance and distribution, size structure, and species composition
of zooplankton assemblages (Koski & Johnson, 2002); therefore it is crucial to
understand the feeding behaviour of various planktivorous fishes.

Fishes specialized to feed on zooplankton are major components of coral reef
communities and hold many features that relate to the way they feed. Although most
fishes are planktivorous as larvae, generally only species with appropriate adaptations
remain obligate planktivores as adults. The major threats to planktivores feeding
above coral reefs, specifically during the day, come from visually oriented attacks of
larger piscivorous fishes. Since vision is such an important factor, the trophic relations
of coral reef planktivores, both as predator and prey, are profoundly influenced by
variations in levels of incident light (Hobson, 1991). A study on the foraging
strategies of myctophid fish larvae showed a clear relationship between feeding
pattern and light intensity due to differences in visual characteristics. Myctophum
punctatum increased its feeding activity during dawn and dusk whereas feeding of
Benthosema glaciale remained high throughout the day (Sabates et al., 2003).

Coral reef fishes in general utilize a variety of senses; still most species rely on
vision (McFarland, 1991). However, light performs differently in water than in air,
after it hits the sea surface it penetrates the water in a refractive angle (Lythgoe,
1979). This affects the visual circumstances of the marine organisms. Light does not
reach great depths, and different wavelengths reach varying depths. Intensity of light
at the water surface varies with the time of the day and season, while light level below
the surface is a function of surface illumination, wave action, water clarity and depth.
The result is that fish experience large variation in light environment on both temporal
and spatial scales (Stoner, 2004). In water the degree of light transmission along an
optical path is determined by scattering and absorption by the water molecules and by
dissolved and particulate matter. In tropical seas, light transmission is more the result
of interactions with water than with inclusions, because dissolved substances and
particulate matter are usually present at low concentration (McFarland, 1991).

Predatory specialization in nocturnal foraging may have evolved concurrently
with the behaviour of prey. Many planktonic organisms commonly undergo diurnal
vertical migrations, whereby they ascend to the water surface to forage at night and
descend during the day (Levinton, 2001). According to the ‘Predation hypothesis’,
these migration patterns have evolved due to the daily activity of fish predators along
with the reduced detection by predators that use vision to capture prey, such as fish
and diving birds. At night the zooplankton feed upon photosynthesizing
phytoplankton, present right below the sea surface both during day and night. A
variety of organisms have been observed to follow these migration patterns, including
copepods, euphausiids, jellyfish, ctenophores and arrow worms. Copepods are the
dominant group of migrating zooplankton (50-80%), while common demersal
zooplankton include forameniferans, ostracods, decapod larvae and other crustaceans
(Alldredge & King, 1977, Genin et al., 2005). Also, the zooplankton rising during the
night are larger than those active during the day (Hobson & Chess, 1978). The
phenomenon is widespread throughout the oceans, but is particularly common in
coastal shallow waters. Various theories have been developed to explain the migrating
behaviour of zooplankton. The ‘Predation hypothesis’ mentioned above is a well
supported theory even though zooplankton often migrate to much deeper waters than
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would be necessary to avoid detection by predators (Levinton, 2001). There is a
variety of possible explanations for the distinctive behaviour of nocturnal foraging.
Three main ideas are presented here. i) Interspecific competition: the majority of fish
species is active and forage during the day. Therefore, it is advantageous to feed
during the night to minimize the competition with other fish. ii) Higher prey
abundance: the emergence of demersal zooplankton doubles the zooplankton density
at night (Yahel et al., 2005). Hence, there is a higher encounter rate when searching
for prey. iii) Predator avoidance: the planktivorous fish also use predator avoidance
tactics, as do plankton. Piscivores are mostly active during the day, like fish in
general, therefore the threat from these predators is sharply reduced after dark
(Hobson & Chess, 1978). These possible explanations show that there are many
reasons why it may be more beneficial to feed during the night, for some species.
However, it may require adaptations in both the behaviour and physiology to foraging
under nocturnal conditions.

In this study the feeding behaviour of a night feeding fish is in focus, investigating
under what light circumstances the fish preferably feeds and how much it eats.
Observations of when the light intensity is optimal for foraging are made, under
stronger or weaker light conditions and during day or night. I measured the amount of
prey items attacked, the reactive distances and the speed at strike by the fish in nine
different light intensities. The experimental study on the foraging behaviour was
performed in a laboratory, to manipulate the light intensity while keeping speed of
water current and prey abundance constant.

The main purposes of this study were firstly to experimentally examine the effect
of low light intensity, simulating moonlight, on the foraging behaviour of the
hardyhead silverside (Atherinomorus lacunosus) and secondly to study the gut content
of field caught fish to see to what extent A. lacunosus exploits the vertically migrating
zooplankton species. In addition the foraging behaviour in daylight was also
investigated. A. lacunosus feeds during the night and possibly uses the moonlight to
find food, especially since it forages right below the surface. I suggest that light
intensity has a positive effect on the foraging success of A. lacunosus.

Material and methods

The study was carried out at the Interuniversity Institute for Marine Sciences (IUI), in
Eilat, Israel, during Sept – Oct 2004, in the waters of the Gulf of Aqaba, at the
northern tip of the Red Sea. The local coral reef is a flourishing reef dominated by
stony corals (Holzman & Genin, 2003).

Study species

I investigated the foraging behaviour of the common coral-reef fish hardyhead
silverside (Atherinomorus lacunosus Forster 1801; Atherinidae; Actinopterygii; Fig.
2). A. lacunosus is a common zooplanktivorous fish in the Gulf of Aqaba, and is
expected to have an important ecological role due to its high abundance and its
importance as food for larger species (FishBase, www.fishbase.org), but has to date
not been thoroughly studied.
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Fig. 2. The night feeding hardyhead silverside, Atherinomorus lacunosus. Mark its large eyes and
mouth. Scale bar = 1 cm.

Atherinomorphas are usually recognized by their generally surface-oriented body
shapes. Most species have large eyes, flattened heads, upturned mouths, and dorsal
fins placed far back on the body (Moyle & Cech, 2000). A. lacunosus can be found
along sandy shorelines and reef margins (FishBase, www.fishbase.org). It is silver
coloured, slender and has a large mouth and large eyes (presumably an adaptation to
nocturnal life). The average standard length of the adult A. lacunosus is 7 cm, total
length about 8 cm. It forages mainly at night, either individually or in small groups
(grouping possibly due to patchiness of zooplankton). A. lacunosus is planktivorous
and mostly feed on large demersal zooplankton, which are bottom living zooplankton
that ascend to the upper water column at night. An example is cumaceans that burrow
into sediments during the day, while they swim freely at night (Alldredge & King,
1977). Common predators of A. lacunosus are lion fish (Pterois volitans) cornet fish
(Fistularia commersonii), needle fish (Tylosorus choram, T. crocodiles, Platybelone
argalus) and barracuda (Sphyraena sp.) (Randall, 1983). Predators of A. lacunosus are
found hunting among the schools during the day or right below the surface at night.

Flume experiment and light settings

I caught individuals of A. lacunosus using a hand net while snorkelling by the reef
during nightfall. All experiments were carried out in a recirculating flow chamber
(Fig. 3), constructed and positioned at the IUI. The fish were either introduced straight
into this experimental flume (see description below) or to an outdoor holding tank
(1.19x1.01x0.59 m) before entering the flume. The maximum time a fish was kept in
the laboratory was 30 days, and in average about 14 days. The fish in the holding tank
were fed with Artemia. A timer was set to create artificial day and night (12h/12h
Light/Dark) in the laboratory. The temperature in the laboratory was kept constant at
27 ± 1°C. The average time for acclimatization of the fish in the flume was 6.5 ± 1.5
days. The mean standard length (± s.d.) of the three fish used in the experiment was
6.6 ± 1.6 cm and the total length 7.5 ± 1.7 cm.

The foraging behaviour of A. lacunosus was studied in a recirculating flume in the
laboratory. The volume of the flume was 320 litres (2x0.3x0.3 m) and connected to
the seawater outside the laboratory. The working section in the flume, where the fish
was kept, measured 0.3x0.3x0.3 m and was made of transparent glass. A propeller
with an electric frequency controller generated a flow and was set at varying current
speeds. A total number of four individual fish were observed in the flume, one fish at
the time.

Each fish went through a total of three day runs and three night runs (repeated
measures). Each experimental day consisted of either a daylight run or a night light
run, or in a few occasions, both. The light unit is in microeinstein (µEm-2s-1) but is
hereafter written ‘µE’. A day run consisted of three sets of runs with light intensities:
1, 10 and 45 µE (dark→ light) and a night time experiment consisted of six sets of
runs with light intensities: 1x10-7, 5x10-6, 1.75x10-5, 1.75x10-4, 3.5x10-4 and 1.05x10-3
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µE (dark→ light). The day light interval stretched from a bright day to twilight while
the night light intensities corresponded to the light ranging from full moon to no moon

Brine shrimps (Artemia sp.) collected from nearby salt ponds were used as prey.
Only small (~2.3 mm) Artemia were used in the experiments. These were retrieved
within two nets, 500 and 710 µm. Out of all Artemia used in one experiment, 10 of
the remaining ones were randomly selected and preserved in 4% buffered
formaldehyde in seawater for size measurements.

The experimental run

Prior to the experiment the flume water was cleaned using the 100µm sized plankton
net. Petri dishes with 15 Artemias in each were prepared as prey. The light intensity
was set randomly according to the experimental protocol and the focal fish was left to
acclimatize to the light, 10 min to daylight and 20 min to night light as it takes longer
time for the eye to adjust to night vision (presumably due to slower accommodation
when it is dark). The flow speed was set to 4 cm/s and increased for about 10 s prior
to the run as a signal for the fish to activate. One Petri dish with 15 prey items was
immersed into the flume just above the propeller. When the current moved with a
speed of 4 cm/s, it took 70 s for the Artemia to reach the experimental area (where the
focal fish was held) and further 80 s for all the Artemia to pass the fish (totally 2.5
min). Therefore 2.5 minutes were timed from the insertion of Artemia into the flume
until the insertion of a 100 µm plankton net in front of the experimental area to collect
the remaining prey items. The flow speed was increased to 18 cm/s for five minutes to
collect the remaining Artemia (to surely cover two complete prey cycles). The net was
removed and the collected Artemia were rinsed into a one litre jar and then sieved
through a 100 µm mesh and counted. After completing the experiment the fish was
photographed for size measurements and thereafter released back to the sea.

Video analysis

Each run was video recorded both from a side view and a top view, which was
attained by a mirror placed in 45 degrees angle to the working section (Fig. 3). Four
pieces of IR underwater illumination (880 nm) with 30 light-emitting diodes each
were inserted into the flume for use during the night runs. The video recordings of the
fish attacks were analyzed using the image analysis software “Image Pro”, Imaging
Technologies. The initiation of the attack was marked both in the side view and in the
top view. The engulfment of the prey was also marked in the side view and the top
view. The measured x, y and z pixels were exported to Microsoft Excel. Following
calibration of the measures in Image Pro the pixels were converted to distance (cm).
The behaviour of three of the four fish studied was analyzed.
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Fig. 3. Schematic presentation of the top and side views of the recirculating flow chamber (flume) used
in the study of foraging behaviour of A. lacunosus. EA = experimental area (0.3x0.3x0.3 m), WS
= working section (2.0x0.3x0.3 m), M = overhead mirror, VC = video camera, P = propeller, RC
= return circuit. The axis used in describing fish movements are defined next to each projection.
Modified from Kiflawi & Genin, 1997.

Variables measured and statistical analysis

1. Feeding rate: The number of prey eaten per minute.

Because each fish was tested for feeding rate at all nine levels of light intensities, a
repeated measures analysis of variance (ANOVA) was used to test the effect of light
on feeding rate, with light (8 levels) and replicate (3 levels) as repeated measure
factors, with fish as the subject. Trials made under light intensity of 3.5x10-4 µE
during the night were excluded from this analysis, since they were not run for one of
the fish. The same test was used to test feeding rate in day and night trials separately.

A number of control runs (n=20) with prey but without fish were completed
before the experimental runs started, as a technical control to verify prey retrieving
efficiency. These runs were made in total darkness and with differently sized Artemia.
The retrieval efficiency of 0.96 was averaged from 14 control runs with 2.3 mm
Artemia, and in the analysis reduced from the final feeding rate values.

2. Reactive distance: The distance between the fish and the prey at the time of strike
initiation.

The reactive distance is defined as the distance between the fish and the prey at the
time of strike initiation (Kiflawi & Genin, 1997). It is the distance from when the fish
first sees the prey to the engulfment of the prey (the absolute sighting distance), in
relation to the floor, and is compensated for the movement of the prey (Holzman,
personal com.). In short, it is the strike distance with a correction for the drift of the
prey (4 cm/s), as it is moving at the flow speed. The fish is assumed not to drift with
the current.

The effect of light intensity on reactive distance was tested using one-level
repeated measures ANOVA with 6 light intensities (45, 10, 1, 1.05x10-3, 1.75x10-4

and 1.75x10-5 µE) as the repeated measure factor. This analysis was made using the
mean reactive distance for each fish under each light intensity as the dependent
variable. Trials made under light intensity of 3.5x10-4 µE were excluded from the
analysis, as well as trials in 5x10-6 and 1x10-7 µE (the lowest light intensities), due to
the low number of strikes (2 and 0 strikes, respectively).
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3. Strike speed: The speed of the fish attacking, a measure relative to the ground and
the flow.

The strike speed was defined by Kiflawi & Genin (1997) as the speed of the fish when
attacking its prey. It is measured as the strike distance (from the moment the fish
initiates the attack to the engulfment of prey) divided by the strike duration, and was
calculated from the video analysis of the strikes. T-tests (with separate variance
estimate) were used to test the effect of illumination conditions (day/night). All the
strikes observed during the study were used for these analyses.

4. Strike distance: The distance from the initiation of an attack to the engulfment of
prey.

The strike distance is the distance travelled by the fish in relation to the floor. The
strike distance combined with the drift of prey make up the reactive distance
(Holzman, personal com.). The strike distance is measured from the same measuring
points as the strike speed (see above), also from the video analysis. The means of the
night and day strike distances are descriptive values to show the direction of the fish
movement. Trials made in light intensity of 5x10-6 and 1x10-7 µE were not included in
this analysis, since the number of strikes observed were very low (2 and 0 strikes,
respectively).

Stomach content

Four A. lacunosus were caught snorkelling at nightfall by the reef outside the IUI
during two nights for stomach content analysis. These analyses were made to see
whether A. lacunosus preys upon zooplankton that migrate vertically. Three fish were
caught and dissected on the 9 Sept and one fish on the 27 Sept. Gut content was
preserved in 4% buffered formaldehyde in seawater for species identification of the
prey eaten.

Results

Flume experiment

1. Feeding rate

The light intensity affected the feeding rate significantly and positively (ANOVA,
F7,14=19.86, P<0.001; Fig. 4) as the fish increased its feeding rate, i.e. prey intake,
with increasing light. Replicated measure per fish showed no significant difference on
the feeding rate (ANOVA, F2,4=0.55, P>0.5). Light intensity range from zero light,
where the prey consumption was close to zero, to daylight intensity, where the food
intake was at its peak, at about 7 prey items eaten/min.

Furthermore, a significant difference in feeding rate was observed only during the
night (ANOVA, F4,8=12.12, P<0.01), showing a positive effect of light intensity on
the feeding rate. However, feeding rate did not differ during the day (ANOVA,
F2,4=4.08, P>0.05).
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Fig. 4. The average number of prey (Artemia sp.) eaten by A. lacunosus at different light intensities
during the day and night experiments in the flume. Each data point indicates the average
consumption for all four fish. Error bars represent the standard deviation. In the figure day and
night were separated at 3.5x10-1 µE, which corresponds to daylight 30 minutes before sunrise.

Video analysis

The total number of registered successful attacks was counted, showing increased
activity, i.e. higher number of attacks, in stronger light (Fig. 5). No attacks were
recorded for the lowest light intensity, 1x10-7 µE. The light intensity of 3.5x10-4 µE
was introduced only after one fish trial was completed, which explains the lower
number of attacks in that light intensity. Behavioural observations from video
recordings were made. A difference in behaviour was noticed between day and night
light intensities; the fish attacked the prey more actively in higher light intensities,
whereas it was virtually still under lower light conditions.
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Fig. 5. Total number of successful attacks (n=258) of the three A. lacunosus studied at different light
intensities (n=8). No attacks were recorded in light intensity 1x10-7 µE (complete darkness). Light
intensity 3.5x10-4 was run for two of the fish only.
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2. Reactive distance

The average reactive distance varied significantly with different light intensities
(ANOVA, F5,10 =7.64, p<0.005; Fig. 6a). The variation of the reactive distance also
differed significantly with increasing light. The maximum reactive distance was
longer at higher light intensities (Regression, R2=0.59, p<0.05; Fig. 6b). The light,
however, did not have any significant effect on the shortest reactive distances
(Regression, R2=0.17, p>0.05; Fig. 6b). 

(a)

(b) 

0
2
4
6
8

10
12
14
16
18

0,000001 0,0001 0,01 1 100

Light intensity (log µE)

A
ve

ra
ge

 r
ea

ct
iv

e 
di

st
an

ce
 (

cm
)

0

5

10

15

20

25

30

0,000001 0,0001 0,01 1 100

Light intensity (log µE)

R
ea

ct
iv

e 
di

st
an

ce
 (

cm
)

Fig. 6. The reactive distance (cm) relative to light intensity (µE) for three fish in the study of foraging
behaviour of A. lacunosus, calculated from video analysis. Reactive distance includes strike
distance and drift of prey (4 cm/s). (a) The average ± s.d. reactive distance. Notice the increased
reactive distance as the light gets stronger. (b) Maximum (empty circles) and minimum (filled
circles) reactive distances (cm). The maximum reactive distance increased with more light
whereas light had no significant effect on the shortest reactive distances.
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3. Strike speed

Under daylight conditions, strike speed was almost twice as fast as that observed in
night illumination (mean ± s.d. = 17.9 ± 6.4 and 10.4 ± 4.3 cm/s respectively).
Illumination conditions (day/night) had a significant effect on strike speed (t-test, T-
value=8.96, df=244, P<0.001).

4. Strike distance

The strike distance differed significantly between day and night illumination (t-test,
T-value=3.49, df=244, P<0.001, Fig. 7). A negative mean value (± s.d.) of strike
distance in night conditions illustrates backward movement of the fish and a
difference in the foraging behaviour during night (-2.6 ± 8.6 cm) and day (2.7 ± 11.3
cm). As shown in Fig. 7, the strike distances changed from negative during the night
to mostly positive during the day.
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Fig. 7. The average ± s.d. strike distance (cm) at different light intensities for the three A. lacunosus
studied. The lowest light intensities (5x10-6 and 1x10-7 µE) were excluded from the analysis.

Stomach content

Four A. lacunosus were caught and dissected for stomach content. The plankton
species found showed a high occurrence of demersal, night migrating zooplankton. A
large stomatopod was found in one of the fish. Plankton from Foraminifera,
Trematoda (Digenea), Gastropoda (Pteropod, Creseis) and Crustacea (Cumacea) were
also found.

Discussion

This study has shown that light positively affects the foraging success of A.
lacunosus. The feeding rate (Fig. 4) increased with increasing light during the night
light intensities, and was significantly higher during daylight conditions. However,
feeding rate during the different daylight conditions did not differ. Hence, A.
lacunosus presumably uses the moonlight to forage at night, in contrast to, for
instance, the nocturnal fish Apogon annularis where no differences in foraging
success were noticed between light intensities (Holzman & Genin, 2003).
Furthermore, light positively affected the reactive distance (Fig. 6a) and the strike
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speed during the night light intensities, which were higher during daylight intensities.
However, the positive effect of daylight did not differ between daylight intensities.
Presumably the fish could see the prey item more clearly in stronger light and
therefore react and attack faster.

The increasing maximum reactive distance (Fig. 6b) shows that the fish attacked
prey at greater distances in higher light intensities, assuming it used vision to track
prey further away and then moved towards it. The minimum reactive distance did,
however, not differ with light intensity, indicating that the fish attacks nearby prey
under any light intensity.

Furthermore, illumination conditions affected the strike distance (Fig. 7). Negative
strike distances during night light intensities related to backward movements, i.e.
moving with the current, whereas mostly positive strike distances during the day light
intensities indicated forward movements, i.e. swimming against the current. Overall,
the observed behaviour of A. lacunosus differed clearly between diurnal and nocturnal
foraging modes. During the day, the fish moved around freely in the experimental
area, seeing the prey before an attack. In contrast, at lower light intensities it stayed by
the front net most of the time and moved backwards when attacking prey. This may
indicate a difference in foraging tactics, also indicated by the minimum reactive
distance being independent of light (Fig. 6b). The predator may not be able to rely
only on vision to capture prey in the dark, more likely it uses other methods such as
sensory mechanisms to feel the vibrations of nearby prey.

Optimality models can be used to predict which particular trade-off between costs
and benefits gives the maximum net benefit to an individual (Krebs & Davies, 1993).
How to optimize costs and benefits of the decisions made by the fish have not been
measured in this experiment. However, it might not always be worth to spend the
energy needed to attack a prey item very far away, for instance, if the light is not
enough to make a successful attack, which may also have been the case for the fish
studied. According to observations from my video analyses, the fish chose to attack
closer prey and sometimes not to attack at all. Also, it did not always hit every prey
item within a patch, but chose, for example, three out of four prey items.

A positive effect of light on feeding rate has also been found in a study on the
kokanee salmon (Oncorhynchus nerka), another zooplanktivorous fish, where
consumption rate decreased at very low light levels. Light level (three levels) and prey
density (Daphnia spp.) were the only environmental factors significantly affecting the
kokanee feeding rate and functional response. Changes in light level were associated
with a change in foraging mode, which resulted in a shift when the light level was
increased. It changed from eating a constant proportion independent of the absolute
prey density (type I functional response), to a functional response where the predation
rate decreased with increased prey density until saturation (type II functional
response) (Koski & Johnson, 2002).

There is little doubt that light level has a direct effect on locomotion in fishes,
independent of diel rhythms (Scherer & Harrison, 1988). In fact, light intensity is used
routinely to influence activity and feeding of fishes held for aquaculture (Trippel &
Neil, 2003). General activity in lake whitefish (Coregonus clupeaformis) was strongly
affected by light level (four levels), with highest activity in full sunlight conditions.
Light level had an effect on time to locate and attack prey items (squid baits)
demonstrated by a significant increase in darkness. Almost all prey items (70-100%)
were consumed at higher light levels, as compared to only 17% in darkness (Stoner,
2004).
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In the wild, A. lacunosus schools during the day, feeding or not, and disperse and
feed during the night (Genin, personal com.). However, under laboratory conditions it
foraged mostly during daylight and to some extent during night light intensities. One
possible explanation for this may be the lack of predators in the laboratory, which
allows the fish to forage more freely. Perhaps A. lacunosus would eat during daylight
in the wild if there was plenty of food and low risk of predation. Most likely it is not
as well adapted to the nocturnal feeding conditions as a completely nocturnal fish.
Since A. lacunosus is not an obligatory nocturnal fish, but rather a night-feeding fish,
active both during day and night, light is important for its foraging success. The
intensity of light should always be sufficient for a nocturnal fish to find food, if it is
well adapted for foraging in dark conditions. For instance, A. annularis, a nocturnal
fish that normally sleeps during the day, does not eat when fed in the laboratory
during daylight, only under night illumination (Holzman, personal com.).

The stomach content analyses of A. lacunosus have shown a high occurrence of
large specimens of demersal, night migrating zooplankton. The plankton species
found in gut contents of field caught A. lacunosus, along with behavioural
observations of A. lacunosus in the wild, where it forages actively under the surface at
night, supports the use of vertical migration patterns of zooplankton. Comparisons can
be made with the common nocturnal zooplanktivorous fish A. annularis, residing in
the same area, which also benefits from the planktonic diurnal migration by
consuming large night-migrating zooplankton. Gut contents completed by Hobson
and Chess (1978) showed a significant increase in, for example, forameniferans and
molluscs during the night, whereas stomatopods and cumaceans were found
exclusively in the night samples.

In conclusion, the variables of feeding rate, reactive distance, strike speed and
strike distance were all positively affected by an increase in light intensity. At night,
the light corresponds to the moonlight used for foraging on the vertically migrating
zooplankton. Light had a positive effect both on the foraging success and the
behaviour of A. lacunosus. Along with the fact that it does not look like a typical
nocturnal fish, it is concluded that A. lacunosus is not a true nocturnal fish but a night-
feeding fish.
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