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INTRODUCTION

To optimize foraging success, predators need to
decide which of alternative prey items to feed on
(Stephens & Krebs 1986). This decision is among
other things based on prey profitability and en -
counter rates (Dill 1983), and the optimal diet model
predicts when a predator should switch from random
feeding to being selective (Werner & Hall 1974,
Stephens & Krebs 1986). However, optimal foraging
requires that an animal has complete information on
the profitability of alternative prey and that it is able
to recognize the alternatives (Zhang & Hui 2014). In
most situations, vision provides fast and accurate
information about the surroundings and resources
and prey identification. Many fish species rely on

vision as their main sense when searching for food
(Guthrie & Muntz 1993). However, the underwater
environment often compromises visibility and hence
information quality. Water turbidity further de -
creases visibility by reducing light intensity (Utne-
Palm 2002). Turbidity can be caused by mass occur-
rences of planktonic algae, while sediment turbidity
can result from decaying organic material or dis-
solved sediments of aquatic or terrestrial origin.

Many aquatic ecosystems experience increased
eutrophication (Selman et al. 2008) with ensuing
increases in turbidity that affect water clarity. For
example, in the Baltic Sea, turbidity levels along the
coasts have increased during the last few decades,
causing a significant decrease in visibility (measured
as Secchi depth; Sanden & Håkansson 1996). It is
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ABSTRACT: Fishes largely depend on visual cues to collect information from their surroundings.
In many aquatic habitats, algal turbidity has become an imminent environmental concern. Algal
turbidity reduces visibility and may therefore interact with prey preference by altering prey
detection and foraging behaviour of predators. We investigated the effects of algal turbidity on
prey choice decisions of 3-spined sticklebacks Gasterosteus aculeatus in 2 experiments manipu-
lating turbidity levels (clear <1, 5, 10, 15 and 20 nephelometric turbidity units [NTU] in Expt 1;
clear <1 and 15 NTU in Expt 2) and the proportion of prey items—large (1.8−2.0 mm) and small
(0.8−1.0 mm) water fleas Daphnia magna. We found an overall negative effect of turbidity on prey
consumption by stickleback. Prey selectivity was most pronounced in clear and 5 NTU water,
whereas at higher turbidity levels, selectivity decreased. As the ratio of large to small prey
increased, the fish became less selective. In addition, we found an interaction effect between tur-
bidity and fish size on the total number of prey consumed. These results indicate that algal turbid-
ity affects the prey choice decisions of sticklebacks, probably because turbidity limits their visual
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widely believed that turbidity can alter predator–prey
interactions (Reguera & Gomendio 1999, Sweka &
Hartman 2001) and significantly change fish commu-
nity structure (Blaber & Blaber 1980, Bonner & Wilde
2002). An increase in turbidity can have a general
negative effect on fish stocks in coastal and estuarine
aquatic systems (Aksnes 2007). A potential reason
could be that visually foraging predatory fishes suffer
reduced foraging efficiency as turbidity increases
(Sweka & Hartman 2001, Utne-Palm 2002, Sweka &
Hartman 2003, Shoup & Drew Lane 2015). However,
some studies have shown that foraging success is
unaffected by turbidity (Rowe et al. 2003, Granqvist
& Mattila 2004) or may even moderately increase in
some species (Rowe & Dean 1998, De Robertis et al.
2003). In addition, the type of prey and turbidity can
affect how predators perform (Jönsson et al. 2012,
Jönsson et al. 2013). Turbidity could also lower the
risk of predation (Gregory & Northcote 1993, De
Robertis et al. 2003), thus allowing foragers to focus
more on feeding. Thus, it seems that under some con-
ditions, elevated turbidity levels could also be bene-
ficial. Whether algal or sediment turbidity have dif-
ferent effects on fish foraging is debatable. Recent
studies (e.g. the ones cited above) show variable
results, but in general, both types of turbidity seem to
have a negative effect on foraging success.

Turbidity could have a negative effect on the
 ability of foragers to make optimal prey choices,
although this has been relatively unexplored so far. If
turbidity does hamper the ability of predators to exert
active prey choice, this could have substantial conse-
quences for the impact of predation on the commu-
nity structure of prey. Prey selection is often based on
the profitability of prey, where the greatest energetic
profitability is defined as the prey that gives the max-
imum energy gain per unit handling time (Stephens
& Krebs 1986). In a situation of encountering prey
sequentially, a forager’s choice between more and
less profitable prey is predicted to depend on the
encounter rate with the more profitable prey (Werner
& Hall 1974). Assessing the profitability of 2 different
prey types is presumably difficult and takes up a
large part of the time budget of a feeding fish
(Ohguchi 1981), and may become even more difficult
in deteriorating environments.

The 3-spined stickleback Gasterosteus aculeatus is
a good model species with which to study effects of
turbidity on foraging behaviour because sticklebacks
are visual feeders (Gill & Hart 1994). Stickleback
populations are geographically widespread in mar-
ine and freshwater environments (Bell & Foster
1994), and many parts of these areas are affected by

periodic algal turbidity (Sanden & Håkansson 1996,
Valiela et al. 1997). Sticklebacks frequently feed on
small crustaceans and zooplankton, such as Daphnia
spp. (Wootton 1976). In this study, we used Daphnia
magna as prey because these are easy to collect in
large quantities, easy to sort into different size
classes and are relatively slow at escaping once they
have been detected by feeding sticklebacks. Like
many other zooplankton, they are inconspicuous by
being small and relatively transparent (Johnsen &
Widder 1998). Evidence from natural populations
and laboratory experiments shows that numerous
internal and external factors (e.g. habitat structure,
parasitic load, predator presence, sexual state, prey
size, prey abundance, stomach fullness and memory)
influence prey selection by sticklebacks (Hart &
Gill 1994). In nature, stickleback populations in -
creasingly face turbid conditions. A number of recent
studies have addressed the effects of turbidity on
prey detection and foraging success of sticklebacks
and other fishes (Utne 1997, Utne-Palm 1999, Vogel
& Beauchamp 1999, Quesenberry et al. 2007, Salo-
nen et al. 2009, Carter et al. 2010, Salonen &
Engström-Öst 2010). Studies have also examined
prey selection in relation to turbidity, but most of
these studies have involved prey of different species
with different biology that may require very different
behaviour to catch and devour by the predator (Stu-
art-Smith et al. 2007, Shoup & Wahl 2009, Helenius et
al. 2013, Figueiredo et al. 2015). Gardner (1981a)
examined prey selectivity in bluegill sunfish Lepomis
macrochirus feeding on equal availability of 2 differ-
ent size classes of Daphnia. By providing stickle-
backs a range of different proportions of small and
large prey of a single species, we highlight the
importance of prey size (energy content) for foraging
decisions, while minimising the effects of other fac-
tors. This allows us to focus on how turbidity affects
the choice of low and high-energy prey items.

Here, we tested experimentally how different tur-
bidity levels (created by planktonic algae), prey den-
sities and prey size distribution (number of large to
small prey, hereafter called ‘prey size ratio’) affect
prey selectivity in the 3-spined stickleback. We used
water fleas D. magna of 2 different size classes. Prey
profitability in our study is therefore only affected by
size and not confounded by many other factors, such
as behaviour and morphology that may affect the
qualities of food objects as prey.

We hypothesised that the foraging success (prey
consumption) of sticklebacks will decrease with
increasing turbidity as turbidity limits the field of
view. We further hypothesised that this limitation of
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the search area will limit the stickleback’s ability to
feed selectively, and instead the distribution of prey
types in their diet will follow the availability of these
prey in the environment (see also Gardner 1981b).
This means that sticklebacks feeding in turbid water
will no longer express prey selectivity but will feed
randomly.

MATERIALS AND METHODS

We conducted 2 separate experiments following
similar experimental procedures but with different
experimental designs. The first experiment (Expt 1)
was conducted at Husö Biological Station (60° 17’ N,
19° 50’ E) on the Åland Islands, the northern Baltic
Sea, from May to July 2007. In this experiment, we
tested total prey consumption and prey selectivity of
sticklebacks using a wide range of turbidity levels.
The aim was to test if increasing turbidity levels have
an effect on total prey consumption and prey se -
lectivity when the density of the more profitable
(large) prey is increased. By increasing the density of
the large prey, we simultaneously changed the ratio
of profitable to less-profitable (small) prey and in -
creased the total (large + small) density of prey. The
second experiment (Expt 2) was conducted at
 Tvärminne Zoological Station (59° 50’ N, 23° 15’ E) on
the south coast of Finland, from June to July 2009.
Here, we explicitly tested foraging performance at
3 different ratios of small and large prey while keep-
ing total density constant. We did this at 2 turbidity
levels.

We caught 3-spined sticklebacks Gasterosteus
aculeatus with a small beach seine close to the sta-
tions and took them to the laboratory within 1 h of the
catch. In the laboratory, only non-breeding, adult
females (length range 5.0 to 7.0 cm; weight range
1.80 to 3.00 g) were selected. The selected fishes
were housed in several stock tanks (water tempera-
ture 12 to 18°C; salinity 5.20 to 5.45; 75 fish per tank
of size 80 × 40 × 40 cm) with continuous flow-through
of seawater for 2 to 3 wk to acclimatize them to labo-
ratory conditions.

At Husö Biological Station, the stock tanks were
placed inside a wet lab where the day-night regime
was maintained manually at 16 h light:8 h dark to
mimic the natural photoperiod. At Tvärminne Zoo-
logical Station, the tanks were placed in an outdoor
laboratory with transparent roof and walls, and the
fish were acclimatised under natural light and tem-
perature. During the acclimation period, fish were
fed ad libitum with live Mysis spp., Daphnia spp. and

frozen Chironomidae spp. larvae. The fish were fed
once a day at 18:00 h.

For the experiments, we collected water fleas
Daphnia magna from nearby rock pools and sorted
them into 2 size groups using a sieve. We defined
these 2 group sizes as ‘large’ (1.8 to 2 mm) and ‘small’
(0.8 to 1 mm) (Milinski 1982, Ranta & Lindström
1990). We chose Daphnia having similar colour
(grey) and discarded any that were carrying ephip-
pia in order to avoid using prey of varying conspicu-
ousness.

Turbid water was generated by culturing the harm-
less green flagellate Brachiomonas submarina, which
has been used in many studies. The initial strain of
B. submarina was obtained from the culture collec-
tion at Tvärminne Zoological Station (strain TV15);
for culturing, we followed the methodology de -
scribed by Järvenpää & Lindström (2004). The tur-
bidity level (nephelometric turbidity unit [NTU]) was
measured with a turbidity meter (Hach 2100P). We
set the desired level of turbidity manually before the
trial, and it remained at a satisfactory level (within
±1 NTU) during the trials.

Experimental trials were conducted during day-
time between 11:00 and 16:00 h. In Expt 1 at Husö,
the trials were conducted inside the wet lab, under
fluorescent light. In Expt 2 at Tvärminne, the trials
were conducted under ambient natural light condi-
tions. In both cases, water temperature varied be -
tween 14 and 18°C. The experimental tanks had a
bottom area of 35 cm × 40 cm, and the water level
was maintained at 20 cm. A black curtain surrounded
the entire experimental areas to minimise outside
disturbance. The turbidity levels (<1 to 20 NTU) dur-
ing the experiments were selected according to pre-
vious studies (Shaw et al. 2006, Carter et al. 2010,
Salonen & Engström-Öst 2010). Close to our study
area, Salonen et al. (2009) measured maximum tur-
bidity levels of 14.6 NTU, and we observed turbidity
levels of 5 to 18 NTU in the seining areas of the pres-
ent study. This information was used to set the tur-
bidity intervals used in the experiments.

General experimental procedure

We separated experimental fish from the holding
tanks to a pre-experimental tank 36 h before a trial
started. All selected fishes were starved 24 h before
trials to equalise their hunger level. The experimen-
tal tank was filled to the desired level with turbid or
clear water, and a transparent plastic tube (8 cm
diameter) was placed in the middle of the tank. A
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predetermined ratio of Daphnia (see ‘Expt 1’ and
‘Expt 2’, respectively) was added to the tank. We ran-
domly selected 1 female stickleback from the pre-
experimental tank and transferred it to the transpar-
ent tube for 20 min. The actual experiment started
when the tube was gently pulled up and the fish was
released. The fish was allowed to feed for 5 min,
which was the duration of each trial. Sticklebacks
started feeding within a few seconds after being
released. Fish that did not react within 1 min were
discarded. After the foraging period, the fish was
immediately removed, its total length was measured
to the nearest 0.1 cm on a measuring board, and its
wet mass weighed using an electronic balance (±0.01
g). The water of the experimental tank was then fil-
tered through a 0.5 mm sieve, and all remaining
Daphnia in the sieve were counted. A fish was used
only once, and all fishes were released at their
respective collection site after the experiment.

Expt 1

In Expt 1, we offered hungry sticklebacks Daphnia
of 2 different sizes (large and small) at 3 different
ratios. The number of small Daphnia (50) was held
constant across the treatments as we changed the
number of large Daphnia (10, 20 or 50). This resulted
in a change in both prey size ratios and prey density.
Thus the ratios were 10:50, 20:50 and 50:50
large:small Daphnia, while the corresponding densi-
ties were 60, 70 and 100 Daphnia. These ratios were
tested at 5 turbidity levels (clear, 5, 10, 15 and 20
NTU). The design corresponded to a factorial design
with 3 prey size ratios by 5 turbidity treatments. All
treatment combinations were repeated 15 times,
resulting in a total sample size of 225.

Expt 2

In Expt 2, prey density was kept constant at 80
Daphnia, while we manipulated the ratio of large to
small Daphnia as 20:60, 40:40, and 60:20, respec-
tively. Here, we used the 2 turbidity levels—clear
and turbid (15 ± 1 NTU)—that had provided clearly
different foraging performances in the previous
experiment. Hence, our experiment corresponded to
a factorial design with a water quality treatment
with 2 treatment levels, clear and turbid, and a prey
ratio treatment consisting of the 3 prey ratios. Each
combination was repeated 30 times, producing 180
trials.

Statistical analyses

Our main aim was to test if algal turbidity affects
feeding success and prey selectivity, i.e. at what
point suboptimal prey are excluded from the diet. To
analyse feeding success, we used the total number of
Daphnia eaten, and to measure diet choice, we used
the proportion of small Daphnia eaten. Neither of
these variables followed a normal distribution but
were best modelled by a gamma error distribution.
Therefore, we used generalised linear models with a
gamma error distribution and log link function to
analyse those data. Turbidity and prey size ratios
were fixed factors, and fish size (total length, mm)
was used as a covariate. We first included all interac-
tion terms in the models. In the case that interactions
with the covariate were not significant (meaning that
the slopes were homogenous), we excluded the inter-
actions from the final model.

To highlight the active selection of prey (called
‘prey selectivity’), we analysed the deviation from the
expected proportion of small prey included in the
diet as a ratio of the observed proportion of small
prey to the expected proportion of small prey. In the
replicates for Expt 2, there were 2 cases in which the
sticklebacks consumed only large Daphnia. In these
2 cases, the deviation could not be calculated and
was therefore replaced by the overall mean. All
 statistical analyses were done using SPSS 23.0.

RESULTS

Expt 1

Large sticklebacks Gasterosteus aculeatus con-
sumed more Daphnia than the small ones across all
turbidity levels (GLZ, gamma with log link, size
effect, p = 0.002; Table 1). Because the effect of body
size on the number of prey eaten was similar for all
treatments, we tested the main effects: turbidity and
prey ratio. We found an overall negative effect of tur-
bidity on food intake. With increasing turbidity, the
total number of prey eaten decreased (p < 0.001;
Fig. 1), while there was no effect of prey ratio (Table 1)
nor an effect of the interaction (Table 1).

In the analysis on the proportion of small prey
included in the diet, there were no significant inter-
actions between the covariate, fish size, and any of
the main factors. Therefore, we excluded these inter-
actions from the further analyses. Fish size did not
affect the proportion of small prey included in the
diet (Table 1). The proportion of small prey in the diet
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decreased with an increase in the ratio of large prey
available (p < 0.001). Increasing turbidity, however,
increased the proportion of small Daphnia in the diet
(p = 0.021). There was no interaction between prey
ratio and turbidity (Table 1). The fish did not exclude
the small prey type completely.

If the fish fed randomly, we would expect that the
proportion of prey available is reflected in the diet.
We therefore analysed prey selectivity as the devia-
tion from the expected proportion of small prey
included as a ratio of the observed to the expected.
Doing so, the effect of prey ratio disappeared
(Table 1), but the effect of turbidity remained (p =
0.027). All means were well below the random

expectation of unity, indicating a discrimination
against small prey, except at the highest turbidities
(Fig. 2), where prey were included according to
availability. There was no interaction between prey
ratio and turbidity (Table 1).

Expt 2

We found a general positive relationship between
fish size and the number of Daphnia eaten (p = 0.035;
Table 2), but there was no effect of turbidity (Table 2)
or prey ratio (Table 2). There were no interactions
between turbidity and ratio and fish size on the total
number of prey eaten.

Fish size did not affect the proportion of small prey
included in the diet (Table 2), nor were there any sig-
nificant interactions between the covariate and the
main factors, turbidity and prey ratio. However, the
proportion of small prey consumed was affected both
by turbidity (p = 0.035) and especially prey size ratio
(p < 0.001; Table 2). Non-selective feeding would
mean that large and small prey were included in the
diet in the same proportion as they occurred in the
habitat. Prey selectivity, however, varied and
depended on both turbidity (p = 0.006) and prey size
ratio (p = 0.016; Fig. 3). We observed that when the
ratio of large to small prey was lowest (20:60), the
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Explaining variable Wald χ2 df p

Total number of prey eaten
Body size 9.877 1 0.002
Turbidity 209.060 4 <0.001
Prey ratio 0.942 2 0.624
Interaction 2.787 8 0.947

Proportion of small prey included in the diet
Body size 2.316 1 0.128
Prey ratio 313.319 2 <0.001
Turbidity 11.557 4 0.021
Interaction 7.038 8 0.533

Prey selectivity
Prey ratio 1.035 2 0.596
Turbidity 10.936 4 0.027
Interaction 10.226 8 0.250

Table 1. Results of the statistical test of Expt 1. The results
for 3 response variables are given. The interaction term
refers to the interaction between the main factors prey ratio
and turbidity. Response variables are indicated as headings
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Fig. 1. Total number of Daphnia eaten at different turbidity
levels and ratios of large to small prey (10:50, 20:50, 50:50) in
Expt 1 done at Husö. NTU: nephelometric turbidity units
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Fig. 2. Prey selectivity in the experiment done at Husö,
where the prey availability was allowed to vary with the
proportion of large and small prey (10:50, 20:50, 50:50).
Selectivity is the deviation from the proportion of small
Daphnia included in the diet if the fish had been feeding
randomly. A selectivity of unity (dotted line) means that fish
are including small and large prey in the proportion they are
available. Most bars are below the line of unity, indicating
that fish are discriminating against small prey. Only at the
highest turbidities are small prey included at nearly random 
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small prey were excluded disproportionately from
the diet (Fig. 3). In turbid water, small prey were
included at a higher rate and even at a 50:50 prey
ratio, while in clear water, small prey were excluded
until the ratio of large to small prey was 60:20
(Table 2).

DISCUSSION

Our results show that algal turbidity affects not
only prey consumption but also prey selection of a
planktivorous fish. When we experimentally con-

trolled for the density of prey items, we found that
turbidity affected prey choice, and sticklebacks Gas-
terosteus aculeatus showed a decreased discrimina-
tion against small prey under turbid conditions. This
suggests that turbidity may cause suboptimal prey
consumption in sticklebacks, at least from an ener-
getic viewpoint. In Expt 1 where we exposed stickle-
backs to a wide range of turbidities, higher turbidity
levels had a clear negative impact on prey consump-
tion. This suggests that turbidity negatively affects
searching for or handling of prey items.

Previous studies show that predators become more
selective towards energetically more beneficial prey
when the encounter rate with these increases
(Stephens & Krebs 1986). In our experiments, we ob -
served that prey selection in sticklebacks also alters
with changes in the proportion of prey sizes and tur-
bidity levels. Sticklebacks showed a discrimination
against small prey and hence a preference for large
prey at lower turbidity levels (clear and 5 NTU). At
higher turbidity levels and when the proportion of
large to small prey increased, they became increas-
ingly random in their prey selection. In the experi-
ment where we kept prey density constant, we found
that when the ratio of large to small prey was lowest
(20:60), the fish discriminated most against small
prey. In turbid water, the fish switched to random
feeding even at a 50:50 prey ratio, while in clear
water, this did not happen until the ratio of large to
small prey was 60:20. Again, this could have been
due to the shorter reactive distances in turbid water,
which in effect would mimic lower encounter rates
and therefore favour random feeding (Werner & Hall
1974). In a recent study, Kimbell & Morrell (2016)
found similar results to ours. They offered groups of
9-spined sticklebacks Pungitius pungitius a choice of
small and large Daphnia and found that when large
Daphnia were in a minority or equal in availability,
the sticklebacks targeted large prey proportionately
more. However, in turbid water, this preference dis-
appeared, and fish fed randomly (Kimbell & Morrell
2016).

According to the optimal diet theory, sticklebacks
should have a threshold density of the most prof-
itable prey at which they would stop consuming less
profitable prey (Stephens & Krebs 1986). In our
study, we never observed such a threshold. The lack
of threshold switching has also been observed in
 previous empirical studies (see e.g. Křivan 2010).
However, the model assumes that prey arrive se -
quentially, whereas in our experiment, prey were
simultaneously available. This means that the preda-
tors could target their attacks exclusively on the more
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Explaining variable Wald χ2 df p

Total number of prey eaten
Body size 4.457 1 0.035
Turbidity 2.626 1 0.105
Prey ratio 0.226 2 0.896
Interaction 0.507 2 0.776

Proportion of small prey included in the diet
Body size 0.853 1 0.356
Turbidity 4.464 1 0.035
Prey ratio 122.047 2 <0.001
Interaction 2.875 2 0.237

Prey selectivity
Turbidity 7.429 1 0.006
Prey ratio 8.306 2 0.016
Interaction 2.893 2 0.235

Table 2. Results of the statistical tests of Expt 2, for 3
response variables. The interaction term refers to the inter-
action between the main factors prey ratio and turbidity. 

Response variables are indicated as headings
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Fig. 3. Prey selectivity in the experiment done at Tvärminne,
where prey availability was held constant while the propor-
tion of large and small prey (20:60, 40:40, 60:20) was manip-
ulated. Most bars are below unity, indicating that fish are
discriminating against small prey. Only in turbid water at
the highest large:small prey ratios are prey included at 

nearly random proportions. See Fig. 2 for more details
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profitable (large) prey that were within their field of
view (Werner & Hall 1974). Another reason for show-
ing a preference for large prey could be that a larger
apparent size stimulates a larger area of the retina
(Lazzaro 1987), and fish are able to locate the prey
from a greater distance. Reaction distance is known
to increase with increasing prey size (Vinyard &
O’Brien 1976, Utne 1997), supporting the idea that
large prey are detected earlier.

A hypothetical explanation for our findings is that
increasing turbidity increasingly limits the stickle-
backs’ field of view. Within the field of view, the fish
preferentially attacks large prey, and if the field of
view is large enough, the fish can prey solely on
large Daphnia. As the field of view decreases with
increasing turbidity, the number of large prey visible
is reduced, and the fish will increasingly include
small prey in their diet, in such a way that their diet
approaches the ratio of large to small prey available.
In effect, this would mean that at higher turbidity lev-
els, sticklebacks no longer feed selectively but
include prey in their diet in a random manner, which
is in line with our results from this study.

In nature, the limitation of the field of view caused
by turbidity would lead to a situation where the effect
of predators on the plankton community would be
increasingly local. Aquatic planktivores are known to
reduce or even eliminate large prey (Zaret 1980), and
thus, they have a strong structuring effect on zoo-
plankton communities. Anthropogenic eutrophica-
tion and hence turbidity is today a widespread prob-
lem in aquatic environments (Larsson et al. 1985,
Cederwall & Elmgren 1990, Selman et al. 2008). Our
results suggest that turbidity, through its effect on
predator diet choice, could potentially have drastic
effects on the dynamics of zooplankton populations
and the structure of zooplankton communities. Con-
sequently, in turbid conditions, predation by plankti-
vores would have a weaker effect on the size struc-
ture on zooplankton and instead mostly affect overall
population density.

Food consumption decreased with increased tur-
bidity. Prey detection depends on ambient light con-
ditions, and turbidity decreases visibility by decreas-
ing light penetration and reducing apparent contrast
(Utne-Palm 2002). In our experiment, the foraging
performance of the sticklebacks declined at higher
turbidities, probably because the fish failed to detect
the relatively transparent Daphnia due to poor visi-
bility.

Many previous studies have shown that increasing
turbidity reduces the reactive distance of fish, i.e. the
distance at which they detect prey (O’Brien et al.

1976, Gregory & Northcote 1993, Sweka & Hartman
2001, 2003). A decrease in reactive distance will
result in a reduction in prey encounter rate (Sweka &
Hartman 2001), and as a result, foraging success is
also reduced (Gardner 1981a, Zamor & Grossman
2007, Carter et al. 2010, Wellington et al. 2010). An
increase in the density of prey could potentially com-
pensate for the decreased reaction distance (Sweka
& Hartman 2001). When we provided Daphnia at 3
different densities, we found no evidence for a com-
pensating effect on total prey consumed. Instead,
total prey consumption remained similar at all prey
densities. We did not measure encounter rates
directly, and it is possible that we did not increase
prey density enough to offset the decrease in
encounter rate caused by turbidity. However, the
results may also suggest that the decreased prey con-
sumption at higher turbidity levels may not merely
be a function of encounter rate, but other mecha-
nisms may also be involved. We note that in our
experiment, the increase in prey density was
achieved by adding large Daphnia only. Vinyard &
O’Brien (1976) showed that increased turbidity
causes substantial reduction in the reactive distance
particularly for large prey. This could be an addi-
tional reason why we did not observe a compensat-
ing effect of density on consumption.

It is possible that fish eventually lost their ability to
attack or search for prey that were far away in con -
ditions of higher turbidity. Our results would thus
support the idea that ‘turbidity act[s] like a cover’
(Gregory 1993, p. 245) for Daphnia and help them to
avoid potential predators. The fact that consumption
was negatively related to turbidity level further
strengthens this interpretation, as the increasing
number of alternative prey not only diluted the rela-
tive predation pressure on individual prey but also
the total predation pressure was decreased with
increasing turbidity. From a prey population per-
spective, this decrease in predation pressure may
have a destabilising effect on population dynamics
(Begon et al. 2006), especially if at the same time
the recruitment of additional predators is impeded
(S. Sohel, S. Merilaita, K. Lindström pers. comm.).

The sticklebacks showed a general increase in
prey consumption with body size. It is not surprising
that larger individuals would generally require more
food, and bigger sticklebacks have been shown to
maintain higher feeding rates (Ranta & Lindström
1990). However, in fish, visual acuity also correlates
positively with body size (Walton et al. 1992, 1994). It
is possible that large fish detected prey from a
greater distance as they have larger eyes (Hairston et
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al. 1982) and better visual capacity than the smaller
ones (Breck & Gitter 1983). However, we did not
observe an interaction between body size and turbid-
ity, suggesting that large and small individuals were
equally compromised by the turbidity.

In conclusion, the novel finding of our study is that
algal turbidity reduced prey selectivity in fish, lead-
ing to random foraging. This could reduce the impor-
tance of fish predators as structurers of zooplankton
populations.
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