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Introduction

Predator-prey interactions are a primary structuring force in aquatic systems [1,2]. 
A change in the predator-prey interactions may cause a change in the strength 
of trophic cascades and even resulting in ecosystem shifts [3] and weakening of 
ecosystem resilience [4]. However, individual properties of predators and prey, 
as well as environmental conditions, may affect the relative strength of predator-
prey interactions [5,6,7]. Most fish have a well-developed visual system and use 
it as their primary source of information [8], including detection of prey. Their 
foraging may be impaired by environmental changes affecting the efficiency of 
the visual system, such as reductions of water transparency [9,10,11] and ambient 
light intensity [12,13]. Reduced visual range have been shown to have a negative 
effect on several steps of the foraging cycle [14,15] as well as on prey behaviour 
and escape responses [16]. Piscivores and prey may differ in their response to 
degraded visibility conditions and, thus, the advantages/disadvantages may differ 
between piscivores and prey.  This may, in turn, affect structural patterns in the 
fish community, for instance a change from a high abundance of piscivorous fish 
in clear-water lakes, to a dominance of cyprinids in more turbid and productive 
systems [17,18].

There are many different factors that could potentially affect the optical conditions 
in water, both man-induced and natural factors. Eutrophic lakes are characterised 
by a high biomass of phytoplankton, causing high turbidity and degraded visual 
conditions by scattering light and absorbing photosynthetically active wavelengths 
[19]. Many systems are also affected by high concentrations of suspended 
inorganic particles. The inorganic particles are either re-suspended from the 
bottom sediments during the windy season or enter the lake via run-off from 
terrestrial systems which are affected by precipitation but also changes in land 
use [20,21]. In addition, long-term monitoring data from aquatic systems show 
a dramatic increase in brown coloration over the last decades [22,23,24]. Several 
mechanisms have been proposed to explain the ongoing brownification, such as 
global warming, increased or changed patterns of precipitation [25,26] as well as 
decreased sulphur deposition [22,23].

All these factors that affect the optical conditions of the water are also affecting 
the lake ecosystem and its populations and individuals. To understand how lake 
ecosystems are affected by a change in the optical properties, we need to know 
more about both the effects on piscivorous fish and their prey on an individual 
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level, but also how the interactions are affected between the different players. 
It is individual fish that face different situations, like changes in the optical 
environment, and make decision based on the information they obtain from 
the environment. Effects on the individual level will have secondary effects on 
the population dynamics and ecosystem functions, as all the parts within a lake 
ecosystem are linked. 

This thesis deals with the interactions between prey and predators under visual 
constraints. Different predators with different foraging strategies combined with 
different prey species are tested against each other when the optical properties of 
the water are changing. If we can increase our understanding of how predator-prey 
interaction changes in response to degraded optical conditions this will in the end 
help us explain changes in different patterns and processes in lake ecosystems, for 
example growth patterns of fish and changes in fish community structure. 
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Aims of the thesis

The overall theme of this thesis is to investigate the effects of changes in the optical 
environment on piscivore-prey fish interactions in lake ecosystems. Changes 
in the environment may have either positive or negative effects on the foraging 
behaviour of the predator as well as on avoidance behaviours in the prey. By 
studying parts of the foraging cycle of the predator as well as prey behaviour, as the 
visual environment changes, we will gain more knowledge of what to expect as our 
aquatic systems change as an effect of eutrophication and brownification. Specific 
questions are:

- How will prey fish that judge predator threats based on visual cues compensate 
for the reduction in information in a detoriated optical environment? Will 
different visual inhibitors cause different effects on the predator response? 

- How will different visual constraints affect predator-prey interactions between 
piscivorous fish and prey fish?

- What are the underlying mechanisms affecting prey selection in a piscivorus fish 
in clear and brown water? Can field patterns be explained by behavioural studies in 
the laboratory? 

- Will the growth rate of prey and predatory fish change along a gradient of optical 
conditions (clear to heavily brown) in lakes?
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Methods

Study organisms

In the first study (paper I) I concentrated on the importance of visual versus 
chemical cues to determine predation threat, Crucian carp, Carassius carassius, 
was used as a model organism. Crucian carp are known to change both their 
morphology as well as their behaviour in response to chemical cues from predators 
[27,28].

In study II and IV I investigated the foraging behaviour and growth of pike, Esox 
lucius, a common piscivore in north temperate lakes. Pike is a visual predator 
with a sit-and-wait foraging strategy (Raat, 1988). Pike commonly feeds on 
roach, Rutilus rutilus, which was used as a prey species in study II and III and 
was also examined for growth pattern in study IV. Roach is a zooplanktivorous 
and benthivorous species that detect its prey on short distances and it has also 
been shown to be a superior forager in habitats with low complexity [29]. Other 
studies suggest that roach is successful in brown stained water [30]. Another 
commonly found species in brown water is pikeperch, Sander lucioperca, which is 
the piscivorous species studied in study III. In study III, I studied the selectivity 
of pikeperch when feeding on roach and perch, Perca fluviatilis, in the laboratory 
as well as in the field. Pikeperch is an active forager and are known to efficiently 
forage at low light intensities and in turbid/brown water [31],opposite from perch 
who depends on good light conditions. 

Laboratory experiments

In study I, the focus was on how water colour (humic substances) and turbidity 
(clay and algae) affect fright responses (elicited by chemical cues from pike) in a 
freshwater fish, the crucian carp. The experiment was performed in a cylindrical 
arena (diameter 60cm) with a water depth of 5.5 cm; kept shallow to be able to 
track the fish. The visual range in the water was set to 0.4 meter. Crucian carp 
swimming activity were recorded, before and after pike chemical cue was added. 

In two experiments (paper II and III) I focused on predator-prey interactions 
in different optical conditions. The visual range in the pike trials (paper II) were 
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manipulated by adding turbid (clay and algae) or brown water to achieve the visual 
ranges of 0.25, 0.5, 1 and 2 meters. In the pikeperch experiment only brown 
water was used to reduce the optical properties to visual ranges of 0.25, 0.5 and 2 
meters. The experimental set-up is shown in Figure 1. 

In study II the experiment was divided into two parts: the first when only visual 
cues were available to the predator as roach was placed in a glass cylinder, and the 
second part where the roach was frees-swimming and pike and roach could freely 
interact and pike were allowed to use all senses. Behavioural parameters observed 
were reaction distance, attack distance of the predator and escape distance of the 
roach. 

In the study with pikeperch (paper III), behavioural and prey selection 
experiments were conducted in a rectangular arena (2*.05*0.5m) with a water 
depth of 0.35 m. The water was manipulated with humic water to reduce the 
visibility in the water. For the prey selectivity experiments I used visual ranges of 
0.25, 0.5 and 2m, but only 0.5 and 2m were used in the behavioural studies as 
behaviours could not be recorded at the lowest visual range. Prey selectivity was 
also studied for day and night conditions. 

Monitor
DVD

5 

0.1

0.5

(m) Camera

Fig. 1. Experimental set-up in laboratory experiment II and III. 

Field

Two field studies were conducted. In study III, the focus was on prey selectivity in 
pikeperch in one clear and one brown water lake, during day and night. Pikeperch 
stomach content was analysed and compared to prey fish available in the lakes. 
In the multilake survey (paper IV) I investigated the somatic growth pattern of 
pike and roach in 12 lakes along a gradient from clear to heavily brown water. 
The survey was conducted in Southern Sweden (Skåne and Småland). The growth 
patterns were related to both biotic and abiotic factors, including fish abundance 
and absorbance of light. 
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Results and discussion

The visual environment

The optical conditions are constantly changing in the aquatic environment. Several 
factors are influencing the optical properties of water, including light availability 
and also inorganic and organic particles. Light intensity changes diurnally as well 
as seasonally, but can be considered to be constant over decades. Particles, on the 
other hand, are highly variable in nature due to both natural and human driven 
changes over the whole range of time scales. Over the last decades changes in both 
eutrophication [32,33] as well as brownification [22,24,25] has been observed. 
Turbidity varies seasonally driven by algal blooms and wind-driven suspension of 
lake sediment [34], but there could also be spatial variation in turbidity within a 
lake ecosystem [35]. Both turbidity and brown colouration are affecting the optical 
properties of lakes [36] resulting in reduced secchi depth [19,37] as well as changes 
in the light climate [38]. Turbidity is changing the optical properties by particles 
scattering and absorbing light [19], where light absorption is mainly caused by 
algae containing photopigments [39](Fig. 2). Humic matter is brown staining the 
water and absorbing light, especially in the UV-blue region [40], and gives optical 
conditions that are different from non-humic waters (Fig. 2). 

In this thesis I have focused on different factors that affect the optical properties 
of water, including light intensity (day and night conditions), algae, clay and 
humic matter, and studied their affect on foraging in piscivorous fish as well as 
behavioural adaptations to recue predation risk in their prey. To be able to predict 
how ongoing climate changes as well as eutrophication and brownification will 
affect lake ecosystems and individual fish, it is of importance to test foraging 
mechanisms and prey behaviour under different optical properties.

Figure 2. Spectral distribution of down 
welling light in clear water and water 
with algae, clay and humic matter 
measured at 5.5 cm depth.
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Foraging cycle

The foraging of piscivorous fish can be described as a cycle with several 
outcomes: (1) the forager or (2) the prey interrupt the cycle, or (3) the forager 
will successfully catch the target prey. The cycle can be separated into different 
stages, including search, encounter, attack, capture and ingestion [41,42]. In 
this thesis I will focus on encounter, attack and capture stages. I will also bring 
in the perspectives of the prey into the foraging cycle since it is highly likely that 
interactions between the prey and the predator affect the probability of success in 
the different stages of the foraging cycle [43] (Fig. 3). 

Search
Much of the time in a piscivorous fish life is designated to foraging. The foraging 
strategy could be either an active search strategy or a passive sit-and-wait strategy 
[44,45], where the decision of whether to be active or passive can be related to 
energy benefits and costs [45,46]. Pike is a typical sit-and-wait forager, waiting 
to detect a prey and attack from a hide-out [47]. When the optical properties in 
the environment are degraded, pike can no longer rely on visual foraging [48] 
and may then shift to active foraging [49]. Other species, such as pikeperch, are 
described to be active foragers searching for their prey in the pelagic zone [50], 
being less dependent on visual cues [51] and maintaining their activity in clear and 
turbid/brown water [52,Ranåker et al. unpublished data]. The activity pattern is 
also driven by diurnal changes, where some fish species are more night active [53] 
and others are day active [52]. In one experimental studies I looked at the activity 
pattern of pikeperch and found it to be more active (time spent moving) during 

Search

Predator 
detects prey

Attack

Capture

No encounter Prey detects 
predator

Prey escape

Prey escapeNo attack

Figure 3. Flow chart of an interaction between a predator and a prey. The arrows represent 
the pathways in a foraging situation. 
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night compared to during the day and twilight. However, the level of activity was 
not linked with the distance moved, which was highest in twilight conditions. The 
distance moved together with the optical properties of the water will affect the 
search efficiency (the area or volume that a predator can overview per unit of time) 
of the predator [54], and many fish species are known to optimize its foraging in 
dusk and dawn [51].

Encounter & reaction distance
The definition of an encounter is when the predator detects a prey, regardless if the 
prey is aware of the predator or not [55]. The encounter rate of a predator depends 
on prey density and search efficiency [41], where search efficiency in turn depends 
on the reaction distance of the predator (the distance between the predator and 
prey when the prey is detected) and swimming speed [9]. The reaction distance 
will be a more important determinant of search efficiency than swimming speed 
in stationary, sit-and-wait predators. Several studies have shown that stationary 
predators are negatively affected by changes in light intensity [15,56] and turbidity 
[9]. In the second study (paper II) I looked at foraging of pike at different 
visual ranges (0.25-2 meters) created by three different substances (algae, clay 
and brown water). We found the reaction distance of pike to correlate with the 
visual condition in the water (Fig. 4), and we also found the reaction distance to 
be context dependent. Reaction distance was longer in brown water compared 
to algae water. The changes in reaction distance are probably due to changes 
in the scattering of light, affecting contrast of the prey against the background 
[57]. Effects of scattering are more pronounced in the turbid waters resulting in 
stronger effects from algae on reaction distance than brown water. The effect of 
brown water on reaction distance was also tested in another piscivore, pikeperch, 
and here the effect of the decreasing optical properties showed to cause less of an 
effect on foraging [Ranåker et al. unpublished data] compared to pike (Fig. 4). 
The differences between pike and pikeperch may be due to their different foraging 
strategies and will be discussed more in the section Differences among predator 
species. 

Attack/Strike
The third step of the foraging cycle is the attack/strike of the piscivorous fish. The 
strike can be categorized into different mechanical types based on the movement 
pattern of the accelerating predator and the acceleration [58]. During the strike the 
fish can either change their direction in the attack sequence, where the piscivore 
re-orient towards the prey or make no directional changes and manoeuvre head-
on towards the prey [59,60]. Which attack strategy the predator select can be of 
importance as the attacks can account for up to 80 % of the total energy spent by 
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the predator [61]. In two studies (paper II and III) I have investigated the number 
of strikes as well as strike distance of both pike and pikeperch towards the prey. 
Since pike and pikeperch have different foraging strategies (pike: sit-and wait; 
pikeperch: pursuit strikes) and different strike sequences it is of interest to see how 
they will be affected by the reduced visual range, especially since their reaction 
distance were affected in different ways by the optical condition (see encounter 
& reaction distance). We found that pike strike distance was unaffected by visual 
range, which is probably a result of the sit-and-wait foraging strategy in pike where 
attack is initiated at short prey distances [58,59]. In our experiment the shortest 
visual range was 25cm and hence greater than the approximate strike distance 
range, why we suggest this as a mechanism behind that strike distances were never 
affected by visibility. We also found that pikeperch strike distance was longer in 
0.5 than in 2 meters visual range. Pikeperch is active during the attack phase and 
chase its prey [62]. In limited visual condition, the prey can easily escape out from 
the reaction distance [5,63] of the pikeperch, which may result in enhanced attack 
distance.

Capture
The foraging cycle ends when the piscivorous fish captures the prey. The capture 
success of the piscivorous fish is affected by several biotic and abiotic components, 
such as defence [64], size of the prey [65] as well as the optical environment [66]. 
Prey defence strategies will be described in the section Predator avoidance. 

In pikeperch, we found that capture success when attacking perch was significantly 
lower when the visual range in the water was reduced (paper III). This is in line 
with a study by Zamor and Gossman [66], also showing negative relationship 
between the optical environment and capture success. The increase in number of 
strikes as visual environments was degraded may be due to a change in foraging 
strategy increasing the number of interactions [67]. However, the capture success 
on roach increased with reduced optical conditions, which may be due to prey 
behavioural changes (see Predator avoidance).

Figure 4. Reaction distance of pike and 
pikeperch to roach in brown water with three 
visual ranges.
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Selectivity

Selectivity is defined as any difference in prey type composition in the predator 
diet compared to composition of available prey types in the environment [68,69]. 
Several studies indicate that piscivorous fish are selective foragers as their diet 
do not reflect prey availability [68,70, Paper III]. In paper III we compare prey 
selection in the field and in an experiment. In our field study we evaluate if 
pikeperch show selectivity for perch and/or roach in one clear and one brown 
water lake. Perch were the selected prey item in both lakes during day, whereas 
roach was selected during night, the same pattern was found in the experimental 
selectivity study. The behavioural studies showed no significant difference among 
prey in pikeperch number of interest, or number of attacks, i.e. active choice 
is not a major contributor to pikeperch selectivity. Instead, prey selectivity in 
pikeperch seems to be a result of processes at later stages in the foraging cycle, i.e. 
at the capture stage. We found that capture success was affected by both which 
prey species was attacked and the visual range in the water. In the laboratory 
experiment we found a 100% capture success for pikeperch foraging on perch in 
clear water and a 0% capture success when foraging on roach, which thus explain 
why pikeperch show selectivity for perch during day. Pikeperch attack distances 
were always shorter than the measured escape distances of roach in clear water, i.e. 
roach avoid predation by initiating an early escape response at distances that are 
outside the distance where pikeperch initiate their attacks. However, as the visual 
range or light intensity decreased, roach change their behaviour (see Predator 
avoidance) resulting in that pikeperch are able to catch roach. 

Predator avoidance

Fish living under predation pressure have evolved both behavioural and 
morphological defences to reduce the risk of predation. Two common 
morphological adaptations found in prey fishes are (1) Spiny fin rays (perch) and 
(2) deep- and shallow-bodied fish (Crucian carp). Prey fish having spiny fin rays 
are less selected by predators than prey fish with soft ray fins [64,71] as the spiny 
fins makes the prey more difficult to catch and swallow [71] and, further, spines 
can injure the predator [64]. 

Another adaptation commonly found in prey fish is behavioural changes, such 
as changes in activity levels [72,73] and shoal formation [74]. A prey in motion 
is easier to detect by a predator than an inactive prey and it has been shown that 
prey in fear of predation commonly reduce their activity or freeze [28,75]. In our 
study (paper I) where we exposed a crucian carp to chemical cues from pike we 
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found that the reduction in activity in response to predator cues was dependent on 
visual range and the substance reducing the optical properties in the water (Paper 
I). The reduced activity can lead to reduced predation on the crucian carp as the 
level of activity has shown to affect the reaction distance of visually foraging fish 
[76,77]. In paper III we also observed that perch were less active in the presence 
of the predator. A passive strategy (lowered activity) can be considered a cost 
efficient strategy as there is an cost of escaping [73,78] and therefore, animals do 
not necessarily escape as they detect a predator [5]. However, there seem to be 
an escape distance threshold where a delayed escape results in increased foraging 
success of the predator and mortality for perch (paper III).

Roach, on the other hand, formed tight schools and actively avoided to enter 
the attack distance zone of the pikeperch. Experimental works on escape and 
reaction distance of prey show conflicting results, where for example Abrahams 
[79] found longer reaction distance for solitary than shoaling fish, Godin and 
Morgan [80] found no effect of group size and Semeniuk and Dill [81] found 
longer reaction distance for prey fish in shoals than solitary fish. Other studies 
show a shoal confusion effect [82], where some species suffer confusion effect with 
increasing shoal size, whereas other species do not seem to be affected by shoal 
size [62]. In paper III I showed that roach was successful in clear water. In this 
treatment the roach were shoaling and actively avoided the pikeperch. However, 
shoaling depends on good optical condition as vision is a key component 
in shoal formation [83]. When the optical condition was reduced either by 
brown colouration of the water or light, the roach shoal split up [Ranåker et 
al. unpublished data] (Fig. 5) and this probably resulted in a less efficient anti-
predator defence as roach became the main prey item at low visual ranges and in 
dark environments (paper III).

Figure 5. Shoal. Mean distance between two roach individuals at different visual range in a) 
day light conditions and b) night conditions.
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Predator-prey interactions

Most studies dealing with foraging cycle components have focused on either 
predator or prey behaviour [84]. But we should not forget that the predation event 
can be disrupted at any step of the foraging cycle, due to the predator, the prey 
or both players. When observations only are made on one of the two players, you 
might not get the whole picture. In my studies I have focused on both the prey 
and the predator, and thereby gained information why and where interactions 
between the two players take place. 

In the studies I have found that the predator-prey interactions change with 
changes in the optical environment and depend on both the predator and the 
prey. This is important knowledge enabling us to make further predictions of 
the ongoing brownification as well as eutrophication. For example, we observed 
changes in the strike distance of the pike and escape distance of the roach as the 
water colour increased. At high and intermediate visual range the roach’s escape 
distance were longer than the strike distance of the pike, but as visual range in 
the water decreased the escape distance of the roach was dramatically reduced 
and ended up within the strike distance of the predator. An overlap like this 
should increase interactions between the prey and the predator and increase the 
probability of successful attack. Further, there are differences among prey species. 
Roach that manage to stay outside the strike zone of the pikeperch is never 
captured, whereas perch, which is passive and have short escape distances will be 
captured in 100% of the trials in good optical condition. At intermediate visual 
range the escape distance of the perch and roach are similar and this results in that 
pikeperch capture success becomes equal for the two species. 

Visual cues and alternative senses

Most fish are considered to use their vision to gain reliant information for 
decision making [85], but when the optical environment is limited the fish may 
alter their use of vision and instead increase their use of other senses [86]. Thus, 
a limited visual field may cause a sensory compensation towards use of chemical 
or mechanical information [86, Paper I, Paper II]. Chemical information are 
known to influence both the morphology [27] as well as behaviour [87] of prey 
fish. The sensory compensation model suggests that vision is the primary source 
of information, and that other cues are used only when the optical conditions in 
water reduces the reliability of visual information [86]. We observed behavioural 
changes in crucian carp as it was exposed for predation threat in form of cues 
from a predator. The response was however context-dependent (paper I), with 
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significantly decreased activity in waters with deteriorated visibility, whereas there 
was no response in activity to predator cues in clear water. Visual information 
seem to be the primary information source for the crucian carp, but as the visual 
information is limited then alternative senses are used. 

Also a visual predator use alternative senses in decision making, when alternative 
cue is available [88]. We observed that pike foraging on roach (paper II) in an 
environment with degraded visual environment enhance their reaction distance 
(at visual range: 0.25 cm), as well as strike distance (for all visual ranges), when 
they were able to use all senses compared to when they only could use visual 
information (Fig. 6a). Strike of the pike is always within a short distance, and 
here the multisensory use seems to increase the strike distance, independent 
on the visual condition in the water (fig. 6b). The pike seem to benefit from 
multisensory cues at close distance foraging, but at longer distances (≥0.5m) it 
seems as vision is the primary source of information. The decreased strike distances 
when pike was limited to only visual information are probably due to a reduction 
in assessment capacity in pike when to make the final decision to strike. When 
prey is free swimming, pike are able to use multiple senses, including the sideline 
and chemosensory systems, additively when foraging [89]. The enhanced ability 
to determine the position of a prey by using multiple senses may allow for a 
longer strike distance, which should render a relative benefit to pike in extremely 
deteriorated visibility conditions where visibility is shorter than prey escape 
distances.

Differences among predator species

To reflect on ongoing situations in natural systems, recent studies have highlighted 
the importance of evaluating multiple predators simultaneously [90,91,92]. 
However, the outcome of such studies may also depend on ecosystem-specific 

Figure 6. Reaction distance (a) at 0.25cm visual range, and attack distance (b) at 0.25, 0.5, 1 
and 2m of pike when they only can use visual information (vision only) and when they can 
use all their senses (multisensory).
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conditions, such as the optical environment [91]. For example, as the optical 
environment changes, predators may alter their foraging strategy [67]. In our 
field and experimental studies we have evaluated predators foraging under visual 
constraints. Earlier studies show that ambush predator capture more prey than 
cruising predators in clear water and the opposite pattern is found in turbid 
waters [91,93]. We found a similar pattern with our ambush predator pike and 
cruising predator pikeperch, further, we found the foraging mechanisms and prey 
behaviour to interfere with the foraging success. The foraging strategy of pike is 
not adapted for a limited visual field as they are passive, sit-and-wait predators, 
and rely on activity of the prey species. Reduced visual properties showed to have 
minor negative effects on the reaction distance of pikeperch, although we also 
observe that pikeperch only were able to catch perch in good optical condition 
whereas they caught both perch and roach as the optical condition was reduced. 
Thus, limited optical condition seem to be beneficial for pikeperch [94] as it 
increases the diversity and biomass of prey species available. This may explain why 
pikeperch are superior in brown and turbid lakes [95,96], where the pike seem to 
suffer both in growth [97](paper IV) and biomass [17].

Growth pattern

All the other sections describe how the optical properties will affect foraging in 
piscivores as well as predator avoidance in their prey fish. The results provided 
from these studies gives a hint on how the individual fish growth rate pattern will 
be affected by changes in their optical environment. In paper IV we evaluated 
the growth of individual pike and roach in lakes along a gradient from clear to 
heavily brown stained water and found that both pike and roach growth are 
negatively affected by brownification. The fish densities in the studied lakes were 
not correlated with colouration. The negative growth pattern found in pike was 
enhanced with age. The reduced growth of pike is likely to be an effect of the 
reduced reaction distance (paper II), affecting the encounter rate, and also the 
consumption rate. The reduced roach growth may be due to food availability, 
which has been shown to decrease with increasing colouration [98]. Besides 
zooplankton, macroinvertebrates is an important food source for roach [99], but 
with increasing brown colouration the macrophytes (the main habitat for the 
macroinvertebrate) decrease in complexity and biomass [100], which may have a 
negative effect on the abundance of macroinvertebrates. 

Depending on which species you study within a lake ecosystem you will find 
that different growth related abiotic and biotic parameters will affect the growth. 
Differences in the growth and the power of parameters will change along with age 
of the species. 
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Conclusions and future 
perspectives

In the studies I observed two different behavioural defences against predators. 
Both crucian carp and perch decreased their activity when exposed to pike 
chemical or visual cue. However, the behavioural response elicited by the chemical 
cue was context dependent, i.e. crucian carp only reacted to the cue if information 
from visual senses was limited (turbid or brown water). To stay inactive reduce 
the risk for a prey to be detected by a predator. Another behavioural response to 
predation threat is shoaling as shown in roach, a common prey fish, that group 
into shoals to limit predation risk. 

The interaction between the predator and prey fish was influenced by optical 
conditions. Reaction distance of pike, which is a sit- and wait-forager, showed 
to be negatively affected by reduced visual conditions. The reaction distance and 
attack distance of pike and escape distance of roach was also context dependent, 
where brown water increased the reaction and attack distance in pike and reduced 
the escape distance in roach. This resulted in an overlap in attack and escape 
distance, which may have positive effects on the capture success of pike. Pikeperch, 
which is an active forager, was less affected by changes of the visual conditions 
in the water. However, pikeperch was indirectly affected by changing optical 
conditions through a change in prey behaviour. 

Pikeperch showed a strong preference for perch under good optical conditions, but 
shifted their food preference to roach in poor optical conditions. The underlying 
mechanism to this pattern was observed in behavioural studies. Roach escaped 
long before the pikeperch initiated an attack, whereas perch was inactive which 
allowed pikeperch to approach and successfully attack. In poor optical conditions 
roach shoals were splitting up and roach escape distance was strongly reduced, 
which increased the foraging success of pikeperch resulting in that both roach and 
perch were included in the diet. 

These changes in the predator-prey interactions may explain some of the changes 
in fish growth rate observed in lakes along a gradient of brown colouration. Here, 
we found that the growth rate of pike and roach were reduced in browner lakes. 
Foraging of pike will be negatively affected by the brown colouration, which may 
result in reduced prey consumption and, hence, reduced growth rates. Roach 
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growth will probably be more affected by prey availability, which may be low in 
brown water lakes due to the reduced productivity associated with brownification.  

In this thesis I show that different fish species react differently towards each other 
in brown compared to turbid waters, even though the human visual range is the 
same. In order to understand the underlying mechanisms behind the detection 
of both prey and predators under different visual constraints, it is essential to 
understand exactly how different constraints affect object detection. Scattering by 
particles, as in turbid water, should have different effects to changes in wavelength 
spectrum, as in brown water. Further, the colour and reflectance of the objects, 
i.e. the fish, themselves should affect the contrast to the background. An increased 
understanding of adaptations to avoid being detected in different fish species, 
and why they detect each other and on what distance, might help us to explain 
predator-prey interactions in more detail and the implications for processes at the 
population, community and ecosystem levels.

The change in species composition leads me into another direction, an extension 
of the outcome from this thesis. In lakes undergoing brownification a change in 
fish biomass, but also composition has been observed. As fish species composition 
has strong effects down the food chain through cascading trophic interactions 
this may have remedies for the whole lake ecosystem. A double trouble is that 
pikeperch is often stocked into these systems as they are a superior competitor in 
lakes with low optical properties and seem to be able outcompete pike and other 
important fish species for the ecosystem. It would be of great interests to do a 
long term study controlling for both brownification and pikeperch stocking and 
observe how the lake ecosystem changes. 



27

Piscivore - prey fish interactions

References

1. Schmitz OJ (2005) Behaviour of predators and prey and links with population-level processes. 
In: Barbarosa P, Castellanos I, editor. Ecology of predator-prey interactions. New York: Oxford 
University Press. pp. 256-278.

2. Hunsicker ME, Ciannelli L, Bailey KM, Buckel JA, White JW, et al. (2011) Functional responses 
and scaling in predator-prey interactions of marine fishes: contemporary issues and emerging 
concepts. Ecology Letters 14: 1288-1299.

3. Frank KT, Petrie B, Cho, JS, Leggett WC (2005) Trophic cascades in a formerly cod-dominated 
ecosystem. Science 308: 1621-1623.

4. Folke C, Carpenter S, Walker B, Scheffer M, Elmqvist T, et al. (2004) Regime shifts, resilience, 
and biodiversity in ecosystem management. Annual Review of Ecology Evolution and 
Systematics 35: 557-581.

5. Miner JG, Stein, RA (1996) Detection of predators and habitat choice by small bleugills: effects of 
turbidity and alternative prey. Transactions of the American Fisheries Society 125: 97-103.

6. Fryxell JM, Lundberg, P (1998) Individual behavior and community dynamics. New York: 
Chapman & Hall. 224 p.

7. Persson L, Diehl S, Eklöv P, Christensen B (1997) Flexibility in fish behavior: consequenses at the 
population and community levels. In: Godin JG, editor. Behavioral ecology of teleost fishes. 
Oxford: Oxford University Press. pp. 316-343

8. Guthrie DM, Muntz WRA (1993) Role of vision in fish behaviour. In: Pitcher TJ, editor. 
Behaviour of teleost fishes. London: Chapman and Hall. pp. 89-128.

9. Beauchamp DA, Baldwin CM, Vogel J L, Gubala, C P (1999) Estimating diel, depth-specific 
foraging opportunities with a visual encounter rate model for pelagic piscivores. Canadian 
Journal of Fisheries and Aquatic Sciences 56: 128-139.

10. Engstöm-Öst J, Lehtiniemi M, Jonasdottir S H, Viitasalo M (2005) Growth of pike larvae (Esox 
lucius) under different conditions of food quality and salinity. Ecology of Freshwater Fish 14: 
385-393.

11. Shoup DE, Wahl DH (2009) The effect of turbidity on prey selection by piscivorous largemouth 
bass. Transactions of the American Fisheries Society 138: 1018-1027.

12. Reid SM, Fox MG, Whillans TH (1999) Influence of turbidity on piscivory in largemouth bass 
(Micropterus salmoides). Canadian Journal of Fisheries and Aquatic Sciences 56: 1362-1369.

13. Mazur MM, Beauchamp DA (2003) A comparison of visual prey detection among species of 
piscivorous salmonids: effects of light and low turbidities. Environmental Biology of Fishes 67: 
397-405.

14. Jönsson M, Hylander S, Ranåker L, Nilsson PA, Brönmark C (2011) Foraging success of juvenile 
pike Esox lucius depends on visual conditions and prey pigmentation. Journal of Fish Biology 
79: 290-297.

15. Vogel JL, Beauchamp DA (1999) Effects of light, prey size, and turbidity on reaction distances of 
lake trout (Salvelinus namaycush) to salmonid prey. Canadian Journal of Fisheries and Aquatic 
Sciences 56: 1293-1297.

16. Meager JJ, Domenici P, Shingles A, Utne-Palm AC (2006) Escape response in juvenile atlantic 
cod Gadus morhua L.: the effects of turbidity and predator speed. The journal of Experimental 
Biology 209: 4174-4184.

17. Persson L, Diehl S, Johansson L, Andersson G, Hamrin SF (1991) Shifts in fish communities 
along the productivity gradient of temperate lakes—patterns and the importance of size-
structured interactions. Journal of Fish Biology 38: 281-293.



28

Piscivore -  prey fish interactions

18. Olin M, Rask M, Ruuhijärvi J, Kurkilahti M, Ala-Opas P, Ylönen O (2002) Fish community 
structure in mesotrophic and eutrophic lakes of southern Finland: the relative abundances of 
percides and cyprinids along a trophic gradient. Journal of Fish Biology 60: 593-612.

19. Kirk JTO (1986) Light and photosynthesis in aquatic ecosystem. New York: Cambridge 
University Press. 401 p.

20. Weyhenmeyer GA (2001) Warmer Winters: Are Planktonic Algal Populations in Sweden´s 
Largest Lakes Affected? Ambio 30: 565-571.

21. Hargeby A, Blindow I, Hansson L-A. (2004) Shifts between clear and turbid states in a 
shallow lake: multi-causal stress from climate, nutrients and biotic interactions. Archiv Für 
Hydrobiologie 161: 433-454.

22. Monteith DT, Stoddard JL, Evans CD, de Wit HA, Forsius M, Hogasen T, Wilander A, 
Skjelkvale B L, Jeffries DS, Vuorenmaa J, Keller B, Kopacek J, Vesely J (2007) Dissolved organic 
carbon trends resulting from changes in atmospheric deposition chemistry. Nature London 450: 
537.

23. Erlandsson M, Buffam I, Fölster J, Laudon H, Temnerud J, Weyhenmeyer GA, Bishop K (2008) 
Thirty-five years of synchrony in the organic matter concentrations of Swedish rivers explained 
by variation in flow and sulphate. Global Change Biology 14: 1191-1198.

24. Roulet N, Moore TR (2006) Browning the water. Nature 444: 283-284.
25. Hongve D, Riise, G, Kristiansen JF (2004) Increased colour and organic acid concentrations in 

Norwegian forest lakes and drinking water - a result of increased precipitation? Aquatic Sciences 
66: 231-238.

26. Kortelainen P (1993) Content fo total organic-carbon in Finnish lakes and its relationship to 
catchment characteristics. Canadian Journal of Fisheries and Aquatic Sciences 50: 1477-1483.

27. Brönmark C, Miner JG (1992) Predator-induced phenotypical change in body morphology in 
Crucian Carp. Science 258: 1348-1350.

28. Pettersson LB, Nilsson PA, Brönmark C (2000) Predator recognition and defence strategies in 
crucian carp, Carassius carassius. Oikos 88: 200-212.

29. Persson L, Eklöv P (1995) Prey refuges affecting interactions between piscivorous perch and 
juvenile perch and roach. Ecology 76: 70-81.

30. Estlander S, Nurminen L, Olin M, Vinni M, Immonen S, et al. (2010) Diet shifts and food 
selection of perch (Perca fluviatilis) and roach (Rutilus rutilus) in humic lakes of varying water 
colour. Journal of Fish Biology 77: 241-256.

31. Horky P, Slavik O, Bartos L (2008) A telemetry study on the diurnal distribution and activity of 
adult pikeperch, Sander lucioperca (L.), in a riverine environment. Hydrobiologia 614: 151-157.

32. Smith VH, Schindler DW (2009) Eutrophication science: where do we go from here? Trends in 
Ecology & Evolution 24: 201-207.

33. Brönmark C, Hansson L-A (2002) Environmental issues in lakes and ponds: current state and 
perspectives. Environmental conservation 29: 290-307.

34. Weyhenmeyer GA, Jeppesen E, Adrian R, Arvola L, Blenckner T, Jankowski T, Jennings E, Nõges 
P, Nõges T, Straile D (2007) Nitate-depleted conditions on the increase in shallow northern 
european lakes. Limnol Oceanogr 52: 1346-1353.

35. Scheffer M, Vandenberg M, Breukelaar A, Breukers C, Coops H, et al. (1994) Vegetated areas 
with clear water in turbid shallow lakes. Aquatic Botany 49: 193-196.

36. Davies-Colley RJ, Vant WN, Smith DG (1993) Colour and clarity of natural waters: science and 
management of optical water quality. New Jersey: The Blackburn Press. 310 p.

37. Davies-Colley RJ, Smith DG (2001) Turbidity, suspended sediment and water clarity: a rewiew. J 
Am Water Resourc Ass 37: 1085-1101.



29

Piscivore - prey fish interactions

38. Davies-Colley RJ, Vant WN (1987) Absorption of Light by Yellow Substance in Freshwater 
Lakes. Limnology and Oceanography 32: 416-425.

39. Raven PH, Evert RF, Eichorn SE (1998) Biology of plants. p 944.
40. Graneli W (2012) Brownification of Lakes. In Bengtsson L, Herschy, R, Fairbridge R, editors. 

Springer Science.
41. Holling CS (1965) The functional response of predators to prey density and its role in mimicry 

and population regulation. Memoirs of the Entomological Society of Canada: 1-60.
42. Endler JA (1991) Interactions between predator and prey. In: Krebs JR Davies NB , editors. 

Behavioural ecology: an evolutionary approach. Oxford: Blackwell Scientific Publications. pp. 
169-196.

43. Stillman RA, Goss-Custard JD, Alexander MJ (2000) Predator search pattern and the strength of 
interference through prey depression. Behavioral Ecology 11: 597-605.

44. Norberg ÅR (1977) An ecological theory on foraging time and energetics and choice of optimal 
food-searching method. Journal of Animimal Ecology 46: 511-529.

45. Huey RB, Pianka ER (1981) Ecological consequences of foraging mode. Ecology 62: 991-999.
46. Caraco T, Gillespie RG (1986) Risk-sensitivity-foraging mode in an ambush predator. Ecology 

67: 1180-1185.
47. Savino JF, Stein RA (1989) Behaviour of fish predators and their prey - habitat choice between 

open water and dense vegetation. Environmental Biology of Fishes 24: 287-293.
48. Raat AJP (1988) Synopsis of biologocal data on the northern pike Esox lucius Linneaus, 1758: 

FAO Fish Synopsis, 30, FAO, Rome. p. 178.
49. Andersen M, Jacobsen L, Gronkjaer P, Skov C (2008) Turbidity increases behavioural diversity 

in northern pike, Esox lucius L., during early summer. Fisheries Management and Ecology 15: 
377-383.

50. Skov C, Berg S, Jacobsen L, Jepsen N (2002) Habitat use and foraging success of 0+ pike (Esox 
lucius L.) in experimental ponds related to prey fish, water transparency and light intensity. 
Ecology of Freshwater Fish 11: 65-73.

51. Popova OA, Sytina LA (1977) Food and feeding relations of Eurasian perch (Perca fluviatilis) 
and pikeperch (Stizostedion lucioperca) in various waters of the USSR. Journal of the Fisheries 
Research Board of Canada 34: 1559-1570.

52. Prchalova M, Mrkvicka T, Kubecka J, Peterka J, Cech M, et al. (2010) Fish activity as 
determined by gillnet catch: A comparison of two reservoirs of different turbidity. Fisheries 
Research 102: 291-296.

53. Zamora L, Moreno-Amich R (2002) Quantifying the activity and movement of perch in 
a temperate lake by integrating acoustic telemetry and a geographic information system. 
Hydrobiologia 483: 209-218.

54. Eklöv P, Diehl S (1994) Piscivore efficiency and refuging prey - the importance of predator search 
mode. Oecologia 98: 344-353.

55. Stephens DW, Krebs JR (1986) Foraging theory. New Jersey: Princeton University Press. 247 p.
56. Reid SM, Fox, MG, Whillans TH (1999) Influence of turbidity on piscivory in largemouth bass 

(Micropterus salmoides). Canadian Journal of Fisheries and Aquatic Sciences 56: 1362-1369.
57. Utne-Palm AC (2002) Visual feeding of fish in a turbid environment: Physical and behavioural 

aspects. Mar Fresh Behav Physiol 35: 111-128.
58. Harper DG, Blake RW (1991) Prey capture and the fast-start performance of northern pike esox 

lucius. Journal of Experimental Biology 155: 175-192.
59. Webb PW, Skadsen JM (1980) Strike tactics of Esox. Canadian Journal of Zoology-Revue 

Canadienne De Zoologie 58: 1462-1469.



30

Piscivore -  prey fish interactions

60. Webb PW (1976) Effect of size on fast-start performance of rainbow trout Salmo gairdneri, and 
a consideration of piscivorous predator-prey interactions. Journal of Experimental Biology 65: 
157-177.

61. Harper DG, Blake RW (1988) Energetics of piscivorous predator-prey interactions. Journal of 
Theoretical Biology 134: 59-76.

62. Turesson H, Brönmark C (2004) Foraging behaviour and capture success in perch, pikeperch and 
pike and the effects of prey density. Journal of Fish Biology 65: 363-375.

63. Domenici P (2010) Context-dependent variability in the components of fish escape response: 
Integrating locomotor performance and behavior. Journal of Experimental Zoology 313A: 59-
79.

64. Hoogland R, Morris D, Tinbergen N (1957) The spines of sticklebacks (Gasterosteus and 
Pygosteus) as means of defence against predators (Perca and Esox). Behaviour 10: 205-236.

65. Turesson H, Brönmark C, Wolf A (2006) Satiation effects in piscivore prey size selection. 
Ecology of Freshwater Fish 15: 78-85.

66. Zamor RM, Grossman GD (2007) Turbidity affects foraging success of drift-feeding rosyside 
dace. Transactions of the American Fisheries Society 136: 167-176.

67. Crowl TA (1989) Effects of crayfish size, orientation, and movement on the reactive distance of 
largemouth bass foraging in clear and turbid water. Hydrobiologia 183: 133-140.

68. Ivlev VS (1961) Experimental ecology of the feeding of fishes. New Haven, Connecticut: Yale 
University Press. 302 p.

69. Chesson J (1978) Measuring prederence in selectuve predation. Ecology 59: 211-215.
70. Hambright KD (1991) Experimental analysis of prey selection by largemouth bass: role of 

predator mouth width and prey body depth. Transactions of the American Fisheries Society 
120: 500-508.

71. Moody RC, Helland JM, Stein RA (1983) Escape tactics used by bluegills and fathead minnows 
to avoid predation by tiger muskellunge. Environmental Biology of Fishes 8: 61-65.

72. Gerritsen J, Strickler JR (1977) Encounter probabilities and community structure in 
zooplankton: a mathematical model. Journal of the Fisheries Research Board of Canada 34: 
73-82.

73. Lima SL, Dill LM (1990) Behavioral decisions made under the risk of predation: a review and 
prospectus. Can J Zool-Rev Can Zool 68: 619-640.

74. Magurran AE, Oulton WJ, Pitcher TJ (1985) Vigilant behaviour and shoal size in minnows. 
Zeitschrift Fur Tierpsychologie-Journal of Comparative Ethology 67: 167-178.

75. Jachner A (2001) Anti-predator behaviour of nave compared with experienced juvenile roach. 
Journal of Fish Biology 59: 1313-1322.

76. Scott A (1987) Prey selection by juvenile cyprinids from running water. Freshwater Biology 17: 
129-142.

77. Utne-Palm AC (2000) Prey visibility, activity, size and catchability’s (evasiveness) influence on 
Gobiusculus flavescens prey choice. Sarsia 85: 157-165.

78. Ydenberg RC, Dill LM (1986) The economics of fleeing from predators. Advances in the Study 
of Behavior 16: 229-249.

79. Abrahams MV (1995) The interaction between antipredator behaviour and antipredator 
morphology: Experiments with fathead minnows and brook sticklebacks. Canadian Journal of 
Zoology-Revue Canadienne De Zoologie 73: 2209-2215.

80. Godin JGJ, Morgan MJ (1985) Predator avoidance and school size in a cyprinodontid fish, the 
banded killifish (Fundulus-diaphanus lesueur). Behavioral Ecology and Sociobiology 16: 105-
110.



31

Piscivore - prey fish interactions

81. Semeniuk CAD, Dill LM (2005) Cost/benefit analysis of group and solitary resting in the 
cowtail stingray, Pastinachus sephen. Behavioral Ecology 16: 417-426.

82. Winfield IJ, Nelson JS (1991) Cyprinid Fishes Systematics, biology and exploitation. London: 
Chapman and Hall. 667 p.

83. Hemmings CC (1966) Olfaction and vision in fish schooling. Journal of Experimental Biology 
45: 449-464.

84. Sih A (2005) Predator-prey space use as an emergent outcome of a behavioral response race. 
Barbosa P, Castellanos I, editors. New York: Oxford University Press. p. 240-255.

85. Lythgoe JN (1979) The ecology of vision. Oxford: Oxford University Press. 244 p.
86. Hartman EJ, Abrahams MV (2000) Sensory compensation and the detection of predators: 

The interaction between chemical and visual information. Proceedings of the Royal Society 
Biological Sciences Series B 267: 571-575.

87. Pettersson LB, Andersson K, Nilsson K (2001) The diel activity of crucian carp, Carassius 
carassius, in relation to chemical cues from predators. Environmental Biology if Fishes 61: 341-
345.

88. Wunder W (1927) Sinnesphysiologische untersuchungen uber die nahrungsaufnahme bei 
verschiedenen knochenfischarten. z Vergl Physiol 6: 67-98.

89. New JG, Fewkes LA, Khan AN (2001) Strike feeding behavior in muskellunge, Esox 
masquinongy: contributions og the lateral line and visual sensory systems. The Journal of 
Experimental Biology 204: 1207-1221.

90. Eklöv P, Werner EE (2000) Multiple predator effects on size-dependent behavior and mortality 
of two species of anuran larvae. Oikos 88: 250-258.

91. VanLandeghem MM, Carey MP, Wahl DH (2011) Turbidity-induced changes in emergent 
effects of multiple predators with different foraging strategies. Ecology of Freshwater Fish 20: 
279-286.

92. Sih A, Englund G, Wooster D (1998) Emergent impacts of multiple predators on prey. Trends in 
Ecology & Evolution 13: 350-355.

93. Carey MP, Wahl DH (2010) Interactions of multiple predators with different foraging modes in 
an aquatic food web. Oecologia 162: 443-452.

94. Ljunggren L, Sandstöm A (2007) Influence of visual condition on foraging and growth of 
juvenile fishes with dissimilar sensory physiology. Journal of Fish Biology 70: 1319-1334.

95. Keskinen T, Marjomaki TJ (2003) Growth of pikeperch in relation to lake characteristics: total 
phosphorus, water colour, lake area and depth. Journal of Fish Biology 63: 1274-1282.

96. Kangur K, Park YS, Kangur A, Kangur P, Lek S (2007) Patterning long-term changes of fish 
community in large shallow Lake Peipsi. Ecological Modelling 203: 34-44.

97. Craig JF, Babaluk JA (1989) Relationship of condition of walleye (Stizostedion vitreum) and 
northern pike (Esox lucius) to water clarity, with special reference to dauphin lake, Manitoba. 
Canadian Journal of Fisheries and Aquatic Sciences 46: 1581-1586.

98. Karlsson J, Byström P, Ask J, Ask P, Persson L, Jansson M (2009) Light limitation of nutrient-
poor lake ecosystems. Nature 460: 506-510.

99. Persson L (1987) Effects of habitat and season on competitive interactions between roach (Rutilus 
rutilus) and perch (Perca fluviatilis). Oecologia 73: 170-177.

100. Estlander S, Nurminen L, Olin M, Vinni M, Horppila J (2009) Seasonal fluctuations in 
macrophyte cover and water transparency of four brown-water lakes: implications for crustacean 
zooplankton in littoral and pelagic habitats. Hydrobiologia 620: 109-120.


