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INTRODUCTION

Predation is one of the major structuring forcesmmal communities (e.g. Sih et al.
1985; Ekl6v & Hamrin 1989; Kelly et al. 2003; Lambgans et al. 2004; Sharma &
Borgstrom 2008; Soykan & Sabo 2009). Because miestapors hunt selectively (e.g.
Christensen & Persson 1993; Bueno & Motta-Junidi82Xishida & Nishimura 2005;
Bell & Sih 2007), they influence not only speciess@mblage but also the distribution and
abundance of phenotypes within species (e.g. Klbl. 2003; Losos et al. 2006; Bell &
Sih 2007). Losos et al. (2006) demonstrate howdrgpedator-driven selection may
influence prey populations. The introduction of therrestrial predatory lizard
Leiocephalus carinatu small Bahamian islands led to an increasem liength in the
populations of the resident lizardnolis sargei, within only 6 months. Individuals with
longer legs were probably better able to evadegti@a (Losos et al. 2006). However,
with a behavioral response to the predagorolis sargeibecame increasingly arboreal,
which reversed the direction of selection withirotier 6 months, because shorter limbs
are better suited to movment on twigs (Loses e2@06). This illustrates the complexity
of predator-driven selection in the field, opergton behavioral and morphological traits.
Morphological characteristics of animals are indémgortant factors determining the
outcome of predator-prey interactions. Physioldgarad morphological abilities of the
predator affect whether it is fast and/or large ugioto pursue, capture and ingest a
certain prey (e.g. Christensen 1996). On the dthed, morphological characteristics of
the prey that facilitate the avoidance of predatioth increase the prey’s probability of
survival and reproduction (Lind & Cresswell 2005Forrespondingly, different
morphological defense strategies, like armor (Varg662), spines (Kolar & Wahl 1998;
Dahl & Peckarsky 2002), camouflage (Tollrian 19B%gr et al. 2008) or increased body
depth (Nilsson et al. 1995; Kishida & Nishimura 8ptare found throughout many
species. For example, the long caudal flamentaayfly larvae Drunella colordensis
were found to reduce predation rate by fish (DatP&karsky 2002), and neck teeth on
the dorsal surface of the head increases surviv@laphnia pulexin the presence of
Chaoborus midge larvaeCaoborus crystallings (Tollrian 1995). Chaoborus larvae
themselves are almost transparent, which redu@dswuhinerability to visually oriented
predators (Giguére & Northcote 1987). In the freatew snailPhysa acutathicker and
larger shells were found to be an effective morpbigial defense against predation from
crayfish Procambarus acutygAuld & Relyea 2011).
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In recent years, the fithess consequences of badahviraits have also received
considerable attention, discussed as key in ewwlaty diversification of populations
(Wyles et al. 1983; Wcislo 1989; Losos et al. 200#9 well as in the light of the
evolution of personalities (Dall et al. 2004; LigdCresswell 2005; Wolf et al. 2007).
Between and within populations, individuals wereurfd to vary in a number of
behavioral traits (Hayes & Jenkins 1997; Koolhaasak 1999; Sih et al. 2004,
Dingemanse et al. 2007). Among vigilance (e.g. Dkigal992; Godin & Davis 1995;
Treves 2000) and exploratory behavior (e.g. Yodeale2004), relative differences in
boldness between individuals were found to infleeaa individual's likelihood to fall
victim to predation (e.g. Smith & Blumstein 2008h a meta-analysis, Smith &
Blumstein (2008) found that bold individuals hatigher reproductive success, but also
suffered from higher predatory mortality. Corresgiogly shyer, less active individual
sticklebacks Gasterosteus aculeafusvere found to be less vulnerable to predation
(Moodie et al. 1973). Similarly, damselfly larvaden@llagma geminatujrexhibiting less
foraging activity had lower mortality rates than ne@ctive individuals (Strobbe et al.
2011). Furthermore, bolder, more active individwak agamaAgama planiceps which
had a lower flight initiation distance, were fouledsuffer more often from tail losses than
their shyer conspecifics (Carter et al. 2010). Hesvetraits that reduce predation risk i.e.
defense strategies often bear costs confrontingpiiey with time and/or resource
allocation trade-offs (Steiner & Pfeiffer 2007).H2&vioral defenses, like watching out for
potential threats, inactivity and hiding are laygelcompatible with foraging (e.g. Treves
2000; Lind & Cresswell 2005), hence individualsoediting their time towards predator
avoidance simultaneously lose foraging opportusitié/ith respect to morphological
adaptations, increased body depth, though effectigainst gape limited predators
(Nilsson et al. 1995), was also found to reduce meirtive abilities (Pettersson &
Bronmark 1997) and increase swimming costs in arucarp (Pettersson & Bronmark
1999).

Indeed, behavioral and morphological defenses tes @lastic, where expression of a
defense trait is induced by sensation of predatisk (e.g. Bronmark & Miner 1992;
Eklov & Jonsson 2007; Robinson et al. 2008). Thimas an individual to optimize the
energy expenditure to reduce predation risk, beraeafenses are expressed only when
necessary. The potential plasticity of morphological and beloaal traits was

documented for many taxa (Agrawal 2001; Price eR@03; Crispo 2008). For example
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tadpoles Rana piricg were found to increase in body depth and to deserén activity in
the presence of gape-limited predatory salamartead Hynobius retardatus(Kishida

& Nishimura 2005; Kishida et al. 2009). Similarlpumpkinseed sunfishLépomis
gibbosu$ were found to increase spine length, body degtid, their behavioral reaction
to a predator when previously exposed to the oflaratieyes Gander vitreus(Robinson

et al. 2008), and the presences of green cr@ascinus maengsinduced adaptive
changes in burring behavior and siphon morphologthé soft-shell clanMya arenaria
(Whitlow 2010).

Between-population and between-individual diffeesin plasticityper se(Nussey et al.
2007; Briffa et al. 2008; Dingemanse et al. 201@gest that phenotypic plasticity might
be a trait under selection pressure (Via et al51@rere et al. 2005; Dingemanse et al.
2010). The mechanisms controlling the expressegerasf variation might have an
independent basis (Stearns 1989; Via et al. 1988)theoretical results indicate that
among adaptiveness and associated costs of a giheotype, environmental variability
determines whether a trait becomes fixed or remplastic (Sultan & Spencer 2002).
When phenotypic diversity (independent of its ar)giepresents an adaptive response to
a constant selection pressure, traits may evoldéoabecome genetically fixed (Scheiner
1993; Sultan & Spencer 2002; Price et al. 2003¢ pilesence or absence of a predator as
well as differences in predator assemblages hage bBown to lead to trait differences
between populations (Pettersson et al. 2001; Lawagesr et al. 2004; Kishida &
Nishimura 2005; Kishida et al. 2007). In a compami®f five lakes in northern Sweden
Magnhagen & Heibo (2004) demonstrated that bodyhdapd dorsal fin ray length in
young-of-the-year European perdbefca fluviatilig were positively correlated with the
relative predation risk posed by pike. Investigatmutritional effects in juvenile perch
using fish from the two lakes that showed the bsgjgdifferences in size-specific
predation risk, Borcherding & Magnhagen (2008) obseg morphological head and body
depth differences between the two populations pleasisted even after changes in food
availability. However, the authors were not ablestate conclusively whether these
observations were based on phenotypic plasticityadra genetic basis.

European perch is an ideal model organism to stoalyiple plastic defense strategies in
prey organisms, because several studies indicatglaurait plasticity (Eklov & Jonsson
2007; Olsson et al. 2007; Magnhagen & Borcherdi®@82, behavioral (Magnhagen &
Bunnefeld 2009) and morphological (Borcherding & dviaagen 2008) reaction norms

11
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and trait mediating indirect effects (Eklov & Svéck 2006) in the response of juvenile

perch to predation risk. With respect to the stafiidorcherding and Magnhagen (2008),

studies in the first chapter concentrated on olegemorphological differences between

perch of two lakes hypothesizing that their adagtagtmight have a genetic basis, created
by the differences in size-specific predation (slagnhagen & Heibo 2004; Magnhagen

2006; Borcherding & Magnhagen 2008).

Predation Predator Predator Figure 1: Conceptual illustration
risk intensity community species of the factors shaping predation
structure - risk, influencing direct and/or

o ' indirectly morphological and

. Habitat < - - - . .
behavioral traits of juvenile

perch. Bold type indicates the
— aspect investigated in the first
* Morphology Behavior chapter.

< Diet

Thus juvenile perch from Lake Fisksjon and Lake dusgin were reared in a predator-
free common garden setup to study the morphologi@ahtions among the pond perch
and to compare the results with analyses of yourthesyear fish that were collected
from the wild. Assuming stable population structuead therewith constant differences
between both lakes, it could be expected to firel $ame morphological differences
between the wild perch as in previous studieshdéfisé morphological differences are
heritable, then they should be maintained underncomgarden rearing. Such results
would indicate that differences in size-specifiegation pressure generated by the same
predator species create heritable morphologicérdinces.

Predators can also have a variety of indirect &fea prey that could potentially lead to
evolutionary responses (Lima 1998). Eklov & Svamkb§2006) demonstrated that a
change in predation risk in varying habitats causatts in behavior of the prey, leading

to differences in habitat and resource use, icgudad resource polymorphism.
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Although behavior has been considered to be ever plastic than morphology (e.g.
Price et al. 2003) and has been shown to vary midldation risk (e.g. Christensen &
Persson 1993), habitat complexity (e.g. Snickar@let2004) or nutrition level (e.g.

Borcherding & Magnhagen 2008), relatively few sasdhave focused on the behavioral

consequences of resource polymorphism.

Predation Predator Predator Figure 2: Conceptual illustration
risk intensity community species of the factors shaping predation
structure . risk, influencing direct and/or

indirectly morphological and

" Hab_it_‘_a_t__'” _- behavioral traits of juvenile
Dic 2 S perch. Bold type indicates the
= Diet J f . . .
T o aspect investigated in the second
* Morphology Behavior chapter.

In the second chapter | reared young-of-the-yeathpen different prey to investigate
whether the utilization of divergent resources deathe reaction to a novel surrounding
and the behavior under the threat of predation.

Due to gape size limitations of many piscivorednetability of prey changes with size
(Lundvall et al. 1999). The size range during whigbwing juveniles have the highest
predation risk, termed vulnerable size window, pmed by the structure of the
associated predator community (Claessen et al. ;2@i2cherding et al. 2010).
Correspondingly, intensity of defense expressiogr @ntogeny should also be influenced
by the size structure of the predator communigy,be proportional to the actual imposed
predation risk. Indeed, boldness of perch from tmearby Swedish lakes differed
between lakes and age classes and their behapmttains were not consistent but were
connected to the actual experience of cannibalwtdation (Magnhagen & Borcherding
2008). The disadvantage of such empirical fieldis®l is, however that numerous factors
like different habitat structures (Brown & Warbuntd997; Svanback & Eklév 2002),
different hunger levels (Heermann et al. 2007; Berding & Magnhagen 2008) or
different water transparencies (Skov et al. 200&y mfluence the results.
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Thus, basic functionality of a certain ecologicallaptation should be analyzed
additionally with a defined experimental approaahwhich only the independent factors

of interest are varied and all other possible fiscéwe kept constant.

Predation Predator Predator Figure 3: Conceptual illustration
riskintensity community species of the factors shaping predation
structure - risk, influencing direct and/or
indirectly morphological and
behavioral traits of juvenile
perch. Bold type indicates the
aspect investigated in the third

* Morphology "> Behavior chapter.

. Habitat <% I

% Diet v

Based on the results outlined by Magnhagen & Batdihg (2008), the third chapter used
also 0+ and 1+ perch. Groups of perch were heldn@socosms with and without
predatory perch. As these predators were abledd &n the prey perch, the analyses
could only use the remaining juvenile perch of thesocosm experiments. It was
hypothesized that these surviving perch would difie their behavior and their
morphology according to the perceived predatiok W¥ith increasing risk of predation it
was expected (1) that perch should become shytbeitradeoff between food and shelter
(Magnhagen 2006), and (2) should develop deepey bumphology (EKI6v & Jonsson
2007). In the natural environment a prey typicddges multiple predators (Sih et al.
1998), which might differ in size (Scharf et al.02), density (Magnhagen & Heibo
2004), habitat use (Krupa & Sih 1998), diel activie.g. Turesson & Bronmark 2004)
and/or hunting strategy (e.g. Turesson & BronmaiR42 Kishida & Nishimura 2005),
imposing different predator specific selection &wcon the shared prey. However,
although previous studies found juvenile perch éspond morphologically (EKIov &
Jonsson 2007) and behaviorally to predation riskagivhagen 2006), the relative
selection advantages of morphological and behavioa#ts with respect to predation

have not yet been quantified, or even comparediftarent predators.

14
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Therefore, behavioral and morphological traits aayg-of-the-year perch were measured
in the final study, and compared in response totwae most common predators, adult

perch and pike.

Predator Predator
community species

structure

Predation
risk intensity ) . )
Figure 4: Conceptual illustration

of the factors shaping predation

'Hab_it‘_a_t_”"ﬁ_:“ risk, influencing direct and/or
s T indirectly morphological and
= Diet . % . . . .

i Ty behavioral traits of juvenile

- Morphology <= Behavior perch. Bold type indicates the

aspect investigated in the fourth
chapter.

Survival
(Fitness)

Boldness towards a predator and morphological featdescribing the body shape were
measured before groups of juvenile perch faceceeithpiscivorous pike or perch. To
analyze the selective value of the different phgpiot traits, we compared the initial
morphological and behavioral characteristics of jtheenile fish that survived with the
characteristics of the juvenile fish that were gaypon. Using mixed effects models and
model averaging to analyze our data, we quantdiedl compared the selectivity of pike
and perch predators upon the different morpholdégiod behavioral phenotypes within
the population of juvenile perch.

Studies on model organisms like perch provide angimg direction to facilitate the
understanding of the complex operating multipleedsé trait dynamics in predator-prey
interactions. The composition of the studies ineki@xperiments in natural and semi-
natural, ponds and mesocosms and in laboratoryriageavironments, balancing the
need to simplify and to identify causal effectsheiit losing sight of the “big picture”.
Shedding light on the complexity of predator-preteraction by investigating heritability
and direct and indirect effects on plastic respasfsenultiple traits, this study tried to
analyze, behavioral and morphological defensestfait juvenile perch and their possible

interactions and compensation, in response tordiitegpredators.
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Abstract

Different local environmental conditions have ofte@en found to generate phenotypic
diversity. In the present study we examined morpdpchl differences between young-of-
the-year perch from two lake populations with difeces in size-specific predation risk.
A common garden setup was used to examine theigemet environmental components
of the morphological variation. We found differeada head and jaw length and slight
differences in body depth between the wild younghefyear perch from Lake
Angersjon and Lake Fisksjon. The differences fobativeen the wild fish from the two
lakes were not maintained under common gardenngeafihe observed morphological
divergence between the wild young-of-the-year pdrom Lake Angersjon and Lake
Fisksjon seems to stem mainly from a plastic respoto different environmental
conditions in the two lakes. It is clear that therphological traits are not influenced by
direct reaction to the size-specific risk of carahigm, but probably stem from a
combination of different environment characterstimcluding resource and habitat use,

and the density of other piscivores, such as pike.
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Introduction

Different local environmental conditions have ofte@en found to generate phenotypic
diversity, which may result from either geneticfeliéntiation or phenotypic plasticity
(Langerhans et al. 2004; Andersson et al. 2006rpgehat al. 2008). When phenotypic
diversity (independent of its origin) represents afaptive response to a constant
selection pressure, new traits may evolve and beagemetically assimilated (Sultan &
Spencer 2002; Price et al. 2003). One importanticgtring force in freshwater
communities is predation (EkI6v & Hamrin 1989; Lengans et al. 2004; Sharma &
Borgstrom 2008). Most predators hunt selectivelyo@ilie et al. 1973; Christensen &
Persson 1993; Kishida & Nishimura 2005; Bell & 2ib07), influencing not only species
assemblage but also the distribution and abundaingleenotypes within species (Kishida
& Nishimura 2005; Bell & Sih 2007). In many taxaetmorphological characters of the
prey are important factors determining the outcah@redator-prey interactions (fish:
Nilsson et al. 1995; Lundvall et al. 1999; Domerital. 2008, amphibian larvae: Kishida
& Nishimura 2005, cladocera: Swaffar & O Brien 1998olar & Wahl 1998).
Furthermore, the presence or absence of a predatovell as differences in predator
assemblages have been shown to lead to morphdlatfitaences between populations
(Pettersson et al. 2001; Langerhans et al. 20@hi#a & Nishimura 2005; Kishida et al.
2007). For example, Crucian cargafassius carassiysdeveloped a deeper body
(Bronmark & Pettersson 1994) in the presence ok pksox luciuy, which is an
advantage when confronted with gape-limited pis@sqNilsson et al. 1995; Domenici
et al. 2008). Similarly, Langerhans et al. (2002)rfd morphological differences between
populations of western mosquitofisBdmbusia affinisthat experience different levels of
predation pressure, where the fish from populatiangh higher predation pressure
exhibited morphological features that facilitatecreased acceleration, which in turn
increased escape speed and therewith survival (Bion2003; Langerhans et al. 2004).
However, predators can also have a variety of eéatflireffects on prey that could
potentially lead to evolutionary responses (Lima&)9 Eklov & Svanback (2006)
demonstrated that a change in predation risk iginghabitats caused shifts in behaviour
of the prey that, in turn, affected the prey’s niaogy. Therefore, it is important to
disentangle the genetic and environmental coniohatand their components when

investigating a highly plastic character like maojdgy. This permits a better
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understanding of the ongoing mechanisms and opgratynamics that promote the
observed diversification (Crispo 2008; Sharpe €2@08).

In a comparison of five lakes in northern Swedenaghhagen & Heibo (2004)
demonstrated that body depth and dorsal fin ragtkem young-of-the-year (YOY) perch
(Perca fluviatilig were positively correlated with the relative pgdn risk posed by pike.
Investigating nutritional effects in juvenile perelsing fish from the two lakes that
showed the biggest differences in size-specificigtion risk, Borcherding & Magnhagen
(2008) observed morphological head and body depfferehces between the two
populations that persisted even after changesad fwvailability. These findings raised
the question as to whether the observed morphabditferences might have a genetic
basis, created by the differences in size-spegifedation risk (Magnhagen & Heibo
2004; Magnhagen 2006; Borcherding & Magnhagen 2008)

We reared juvenile perch from Lake Fisksjon ande dngersjon in a predator-free
common garden setup to study the morphologicahtians among the pond perch and to
compare the results with analyses of YOY fish thare collected from the wild.
Assuming stable population structures and therewadthstant differences between both
lakes, we expected to find the same morphologigedrdnces between the wild perch as
in previous studies. If these morphological differes are heritable, then they should be
maintained under common-garden rearing. Such eesudtld indicate that differences in
size-specific predation pressure generated by dhee predator species create heritable
morphological differences. Additionally we are tadgiinto account the diet of the fish in
the different environments, which has earlier bedtown to strongly influence
morphology (e.g. Hjelm et al. 2001). Thus, we coedaluate to what extent genetic and
plastic predator related effects and dietary e$fexdtually influence the morphological

patterns observed in the field.
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Material and method

The study populations

We used YOY perch originating from Lake Angersjél dake Fisksjon. Both lakes are
located near Umea (63° 47°N; 20°17 E), Sweden.pihreh populations in the two lakes
were investigated earlier with regards to life dwgf population structure, behaviour,
predation regimes and morphology (Magnhagen & H&b61; Magnhagen & Heibo
2004; Heibo & Magnhagen 2005; Magnhagen 2006; Badihg & Magnhagen 2008;
Magnhagen & Borcherding 2008). The fish species pmsition is similar in the two
lakes and dominated by perch, pike and rod&ttifus rutilus Magnhagen & Heibo
2001). However, there are some differences in tble ¢ommunities that have been
consistent over years (Magnhagen & Heibo 2001, Magan & Borcherding 2008, also
confirmed by test fishing in 2008, Hellstrom, G.eyen, M., Borcherding, J. &
Magnhagen, C. in prep.). Lake Fisksjon has a hgyisiy of similarly sized, small perch
while the perch population in Lake Angersjon hamare variable size distribution with
generally larger perch (Magnhagen & Heibo 2001):iBksjon, the risk of cannibalism is,
already at a length of 80 mm, only 50% of the retkthe most vulnerable size
(Magnhagen & Borcherding 2008). In contrast, in Arsgon, the decrease in risk to 50%
was reached first at 120 mm (Magnhagen & Borchegrd008). Additionally, pike
(Magnhagen & Heibo 2001) and perch (Borcherdingg 8agnhagen, C. unpubl. data)
have larger gapes, compared to the predators ddl dgngth in Lake Fisksjon. This
generates a higher direct size-specific predatsinfor perch of the analysed size in Lake
Fisksjon (Magnhagen & Borcherding 2008), but a Emgjze-specific predation window
for the juvenile fish in Lake Angersjon (MagnhageBorcherding 2008). The two lakes
are similar in size and morphology (Lake Angersjp@5 km?2 surface area, 0.9 m mean
depth, 3.5 m maximum depth, Lake Fisksjon: 0.75,Kir@ m, 3.1 m), in productivity
(Lake Angersjon: 21 pg/l total P; Lake Fisksjon: 1§/l total P; Magnhagen & Heibo

2004) and in the amount of littoral vegetation (audHellstrom, pers. obs.).

Sampling and preparations
To study the morphological variations among thedoparch from the two lakes and to
compare them to wild perch, we reared juvenile [pdrom Lake Fisksjon and Lake

Angersjon in a common garden setup over two cotisecyears. During the first two
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weeks of May, eyed eggs from Lake Angersjon andeLRlsksjon were collected at
several different locations in the littoral zoneeafch lake and carefully transported to a
pond on the university property outside of the towhe pond (32 x 12 m, depth 1.5m)
was divided into two equally sized halves by a-fisbof plastic barrier. On one side we
stocked perch eggs from Lake Angersjon and on tiher side those from Lake Fisksjon.
Approximately 2500 eggs, in equal numbers from iff@rent females per lake were used
each year. The vegetation in the pond was domirat€threxspp. and?otamogetorspp.
(approx 50% cover).

YOY perch from Lake Angersjon, Lake Fisksjon andnir the pond were collected
during the first week of September by beach seifiraple 1). In 2008, additional YOY
perch were caught for stomach content analyseshRegre caught using a beach seine
between mid-August and mid-September in Lake Fiskdjake Angersjon and the pond.
The stomachs were dissected and weighed full angtyenStomach contents were
identified to the lowest taxonomic level possibiee individuals per prey type were
measured and the size and abundance of each preyest#mated. The biomass of the
different prey taxa were pooled into two differdnnctional diet categories: pelagic
(zooplankton) and benthic (macrozoobenthos anchiealadocerans) prey. After an
arcsin(sgrt) transformation the differences in domsumed proportion of benthic prey
between the fish from the pond and the two lakeva@alysed with Mann-Whitney U-
Tests.

All fish from the study were killed with an overadosf MS222, measured to the nearest
1mm, weighed to the nearest 0.1g and deep frozenlater analyses (Table 1).
Furthermore Fulton’s condition factor (K="M*TL >, where M=weight in g and
TL=total length in mm; Bagenal & Tesch 1978) wakalated.

Morphometric analyses

For morphometric analyses, perch were grouped dicwprito origin (Lake Angersjon
wild, Lake Angersjon pond, Lake Fisksjon wild andke Fisksjon pond). Fish were
defrosted and placed on a carved piece of Styrofoapnevent deformation. After fixing
the fins with needles, perch were photographedthegewith a ruler using a digital
camera. 18 homologous landmarks (12 defined ptondescribe the outer shape, two for
the pectoral fin, two the mouth and one for the &ye the operculum spine respectively)

were digitized on the left side of each specimeingugpsDigit and tpsUtility software
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from Rohlf (available at: http://life.bio.sunysbuwgthorph/; Stony Brook, NY, USA). All
following analyses were performed with Integratecbrphometrics Package (IMP)
developed by Sheets (which is available at:
http://www2.canisius.edu/~sheets/morphsoft.html;fféda, NY, USA). All specimens
were transformed to the same baseline orientatiwh langth, using IMP software
CoordGen6. Nonshape-variations were removed, uiagProcrustes superimposition
option of the IMP software. This involved rescalemyd rotating the raw configurations to
minimize the sum of squared errors (i.e., the offsgween corresponding landmarks)
between forms (see Webster et al. 2001 and refeseherein). Shape differences
between groups were analyzed with a Canonical Ymidnalysis (CVA). Using the
software CVAGen6, partial warp scores were compatetia MANOVA (Wilk's lambda
value p<0.05) followed by a CVA was conducted. C\&kB was also used to visualize
the CVAplot and the morphometric distinction aldhg significant CVA axes as vectors

on landmarks.

Table 1: Catch date, origin, hatching place, ngreup, condition factor (mean £ SD),
weight [g] (mean = SD) and length [mm] (mean £ 3@)all perch used in the different
analyses of the presented study.

Analysis Catch date  Origin Hatched n f:;g:ﬁon Weight [g] I['::ﬁ;h
Morphology 04.09.2007 Angersjon  pond 21 0.90+0.07 231+0.38 63.5+3.6
Morphology 12.09.2007  Angersjon  wild 20 0.88+0.07 1.61+0.27 56.6%+3.2
Morphology 04.09.2007  Fisksjon pond 22 0.92+0.07 2.63+062 654+5.3
Morphology 12.09.2007  Fisksjon wild 23 0.88+0.06 1.94+0.38 60.3%3.6
Morphology 10.09.2008  Angersjobn  pond 20 0.96+0.08 1.89+0.73 57.3+6.9
Morphology 03.09.2008  Angersjéon  wild 21 0.94+0.05 1.72+0.35 56.6+3.9
Morphology 10.09.2008  Fisksjon pond 20 1.06+0.09 1.81+0.69 54.9+5.9
Morphology 03.09.2008  Fisksjon wild 20 0.95+0.07 194+0.38 58.8%3.3
Stomach content  10.09.2008  Angersjdon  pond 23 0.99+0.08 2.22+1.7 57.7+12.2
Stomach content  08.09.2008  Angersjon  wild 20 0.89+0.06 1.39+0.3 53.6+3.7
Stomach content  10.09.2008  Fisksjon pond 27 1.05+0.09 1741069 543%16.3
Stomach content  05.08.2008  Fisksjon wild 16 092+0.11 094+0.33 46.1+4.36
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Statistics

The t-tests to compare the conditional variabled #re Mann-Whitney U-Tests to
analyse diet differences were performed using SPS&PSS, Inc., Chicago, IL, USA).
All statistic morphological analyses were performeih Integrated Morphometrics
Package (IMP) developed by Sheets (which is aveilab at:
http://www?2.canisius.edu/~sheets/morphsoft.htmliffda, NY, USA).
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Results

Morphology

In none of the two years did perch hatched in ttwedpor in the wild differ in length,
weight or condition factor (Table 1; t-Test: lengtti=6, p=0.43; weight: df=6, p=0.14;
condition factor df=6, p=0.27), nor did perch onigiing from Lake Angersjon or Lake
Fisksjon differ in length, weight or condition fact(t-Test: length: df=6, p=0.64; weight:
df=6, p=0.45; df=6, p=0.51).
morphological analysis is not biased by any coaoddl differences between the groups.

condition factor: Thushe following observed
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Figure 1. a) Canonical variate scores of perchhsatdn the pond (white) or the wild
(black) in 2007 and 2008, originating from LakekSjén (triangles) or Lake Angersjon
(circles), depicted along the first (significant Wild, n.s. for Pond) and the second (n.s.)
canonical variate axes. b) Shape difference cdelaith the first canonical variate axis
of perch from the pond and the wild originatingnfrd.ake Angersjon or Lake Fisksjon.
The shape changes were obtained by regressinfpdipe ®n the CVA scores, depicted as
growth vectors starting from the perch originatirmm Lake Fisksjon (dotted line) to the
perch originating from Lake Angersjon (solid line).
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The CVA analyses found one significant axis disamating the perch hatched in Lake
Angersjon from those hatched in Lake Fisksjon (EigVild, 2=0.13,%2=135.5, df=32,
p<0.001, eigenvalue=6.8). The wild perch from L#mgersjon developed a relatively
longer head and gape and a slightly deeper veltdy than the YOY perch caught in
Lake Fisksjon. However, we did not find any sigrafnt differences between the pond-
reared perch originating from Lake Fisksjon andé dngersjon (Fig.1, pond; CVA not
significant, eigenvalue=0.958). Comparing the vaitdl pond perch from Lake Angersjon

or Lake Fisksjon, always revealed one significavitaRis (p<0.0001).
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Figure 2: a) Canonical variate scores of perch fiake Fisksjon (triangles) and Lake
Angersjon (circles) hatched in the pond (white)jrothe wild (black) in 2007 and 2008,
depicted along the first (significant) and the setn.s.) canonical variate axes. b) Shape
difference correlated with the first canonical atei axis of perch from each population
(Lake Angersjon and Lake Fisksjon) that hatchedhim pond or the wild. The shape
differences were obtained by regressing the shagheoCVA scores, depicted as growth
vectors starting from the perch hatched in the Wdldtted line) to the perch hatched in
the pond (solid line).
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The pond-perch originating from Lake Angersjon deped an overall deeper body and a
relatively shorter head than their conspecificarfrthe wild (Fig.2, Angersjon; CVA:
2=0.13, ¥2=130.01, df=32, p<0.001, eigenvalue=6.6). We fowsmchilar differences
between the pond and wild perch from Lake FiskgjBiy.2, Fisksjon; CVA:A=0.1,
¥?=152.5, df=32, p<0.001, eigenvalue=8.7). The p@auch originating from Lake
Fisksjon were also deeper bodied, but had a relgtilonger head than their wild
conspecifics.

Diet

The pond fish that were used for stomach conteatyaes were of similar size and
condition as the pond perch used for the morpho&agnalyses. Unfortunately, as the
original stomach samples for the wild fish wereideotally destroyed, we used samples
from slightly different dates (Table 1). Thus, thigd perch used for the stomach content
analyses were smaller than their conspecifics tethe morphometric analyses (Table
1). The stomach content analyses showed cleareliffes between the diet in the pond
and the lakes.

HPelagic organisms
BBenthic organisms

100

80 Figure 3: Stomach content
¥ (% biomass, bars) of perch
‘@ 60 hatched in the wild or the
(7] .. .
@ pond, originating from Lake
% 40 1 Fisksjon and Lake Angersjon,
m 20 caught between mid-August

- and mid-September 2008.

_ Pond Pond Wwild Wwild
Angersjon Fisksjon Angersjon Fisksjon

The perch hatched in the pond fed nearly exclugiesl benthic prey, mainly insect
larvae and benthic cladocerans, while the wild ipgyamarily consumed zooplankton
(proportion of benthic prey: Mann-Whitney U-test: 6.78, p<0.001) (Fig.3). There were

no significant differences in diet utilisation withthe two habitats, as the wild fish from
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the two lakes (proportion of benthic prey: Mann-¥by U-test, z = 1.32, p=0.19), as
well as the pond fish originating from lake Angérsjand lake Fisksjon (proportion of

benthic prey: Mann-Whitney U-Test, z = 1.06, p=0.26nsumed equal proportions of
benthic prey, respectively.
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Discussion

The results of the present study indicate thatntioephological differences of juvenile
perch under different predator regimes are primalilven by phenotypic plasticity. As
expected, the morphological differences betweenwtte perch are in accordance with
the results from previous studies (Borcherding & gMlaagen 2008), but the
morphological differences were not maintained urtdenmon garden rearing.

The most striking morphological differences betwéss wild YOY perch from the two
lakes occurred in the anterior part of the bodythwhe perch from Lake Angersjon
having a relatively larger head and gape thanigiheffom Lake Fisksjon. Wild YOY and
1+ perch studied in 2006 (Borcherding & MagnhagedD8 showed the same
morphological head differences between the juvepdech from the two populations,
indicating relatively stable differences betweene titwo lakes. However, the
morphological differences we found between the WH@Y perch from the two
populations were not maintained under common hagchnd rearing conditions. Direct
comparison of the wild and pond perch from the takes seems to further confirm
phenotypic plasticity as the major source of thigetknces in head morphology. While
the pond perch from Lake Fisksjon developed a fahgad and gape than their wild
conspecifics, the pond perch from Lake Angersjch damaller head and gape than their
conspecifics caught in the wild.

Previous studies showed that differences in mogayolof the head in fish are often
related to differences in diet (Heermann et al. 208eynen, M. & Borcherding, J.
unpubl. data) and/or status of nourishment (Boxihgr & Magnhagen 2008). For
example, under-nourishment and/or a planktivoroies Have been shown to induce
phenotypes with relatively large heads and gapescfierding & Magnhagen 2008;
Heynen, M. & Borcherding, J. unpubl. data). We duwt find any differences in diet
between the wild perch that would explain the défece in head morphology, nor were
there any differences in length, weight or conditiactor between the analysed groups of
wild or pond perch in our study. However, we cahnme out the possibility that the size
differences between the group used for morphomaeinalysis and the group used for
stomach content analysis influenced the resulgs,tkat fish of different size consumed

different prey.
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Direct comparison between the wild and pond percmfthe two populations also
revealed plastic effects associated with rearingirenment (pond vs. lake). Most
obviously the pond-reared perch had a deeper bbdy the wild-caught perch,
independent of origin. These differences were gohybdriven by resource and structural
differences between the shallow pond with its maiittoral habitats and the pelagic-
dominated lakes. Correspondingly the diet of thedoperch was dominated by benthic
prey, while the perch caught in the lakes mainipstoned plankton. In many field
studies and experiments juvenile perch were shawvexhibit a trophic polymorphism
with a more slender pelagic form feeding mainly zmoplankton and a deeper-bodied
littoral form feeding mainly on macroinvertebratéelm et al. 2001; EklI6v & Svanback
2006). However, in aquaria it was shown that peatso react morphologically to
predator presence in that individuals that wereosgd to a pike predator became more
deep-bodied than control fish held in predator abs€EkI6v & Jonsson 2007). The pond
and lakes in our study differ in their predatiotemsity, with the pond being free from
predators, but producing the deeper-bodied fistes&Hindings indicate that the plastic
morphological response to different resources ichmstronger than the response to
predator cues and even seems to overrule poteptiadlator-induced responses,
supporting the results of Eklov & Svanback (2008)ey demonstrated that differences in
predation risk in different habitats may causetshii behaviour of the prey which, in
turn, affect the prey’s morphology. The authorsgasged that differences in body depth
between habitats with different predation risks mt primarily stem from a direct
reaction to predator cues, but more likely reflaatindirect effect of habitat and resource
shifts (Eklov & Svanbéack 2006). In the present gtug found some differences in body
depth between the wild YOY perch, but not betwelee@ pond perch from the two
populations. In accordance, Magnhagen & Heibo (2@@4nd that body depth and dorsal
fin ray length in YOY perch were positively corrdd with the relative predation risk
from pike. Similar body depth patterns were alsanfibin 2006, when perch also slightly
differed in their resource use, with wild perchnrd_ake Angersjon having a more
benthic diet than the YOY perch from Lake Fisks{Borcherding, J. and Magnhagen, C.
unpubl. data). Although body depth differences @YY perch seem to be constant
between the two lakes, our results indicate thay tho not have a heritable basis, but
seem to stem mainly from a plastic response temifft environmental conditions in the

two lakes. It is clear that the morphological sate not influenced by direct reaction to
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the risk of cannibalism, but probably stem fromoabination of different environment
characteristics, including resource and habitat ase the density of other piscivores,
such as pike.

In conclusion, the results of the present studycate that the morphological differences
between the YOY perch from two lakes with differeite-specific predation risk are
primarily attributed to phenotypic plasticity. Huetmore, our results indicate that
resource utilization seems to contribute to morpbichl development to a greater extent

than direct response to predation risk.
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Letter

The exploitation of different habitats and resoarbg members of the same population is
called resource or trophic polymorphism and seebretespecially common in fishes (e.g.
Ruzzante et al. 2003). Although behaviour has lwessidered to be even more plastic
than morphology (e.g. Price et al. 2003) and has lsown to vary with predation risk
(e.g. Christensen & Persson 1993), habitat comyieid.g. Snickars et al. 2004) or
nutrition level (e.g. Borcherding & Magnhagen 2Q0&)atively few studies focused on
the behavioural consequences of resource polymspHhn this study, we reared young-
of-the-year (YOY) perch on different prey to inugate whether the utilisation of
divergent resources changes the reaction to a sovedunding and the behaviour under
the threat of predation.

We expected that the perch trained on eithar farvae or zooplankton will react
differently in the behavioural experiments with without predation risk and that their
reaction will additionally be influenced by the peace of their familiar or a novel prey.

In June 2006, 104 YOY perch (average size 44146 mm total lengthT.) were
caught with a beach seine net in Lake Speldropd® N, 6°22°E), Germany (Beeck et al.
2002) and stocked into four tanks lacking any iméistructure (2 x1,8 m2 x 1,1 m,
density: 18 perch/f). The perch in one small and one large tank wedsaé libidum
with living cyprinid larvae (9 — 21 mni,), while the remaining tanks were fed with the
same weight (later same percentage of fish bodghenf living zooplankton (mainly
daphnids) each day, for 6 weeks. Theof each perch was measured to the nearest 1 mm
after 3 weeks and at the end of the experiment.

Growth was calculated as thermal-unit growtrfitoent (TGC) (lwama & Tautz
1981): TGC=1000(W"-W;"*)(TxAt)*, were W = weight at time t (g), W= initial
weight (g), T = water temperature (°C) aftd= duration of the experiment (At is the
thermal sum in degree-days). Fulton’s conditiortda¢K; Bagenal & Tesch 1978) was
calculated for each experimental group as indicothe perch’s nutritional status: K =
10°W T. 3 (W in g andT, in mm).

After 6 weeks, the planktivorou$ (mean + SD; 54.9 = 4.3 mm) and piscivorolis (
mean = SD; 93.1 £ 6.2 mm) perch from the tanks vienesferred into 20-1 (23.5 x 20 x
45 cm) and 40-l aquaria (33 x 30 x 45 cm) (T 21 %21 9h L: 15h D). To shorten the

time of irritated behaviour after handling, all Hisvere accustomed to be moved to
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another aquarium every day during the next weekchPeere fed with zooplankton and
fish according to the pre-treatment in the tanks,sbtarved at least 12 h prior the start of a
trial.

The behavioural trials were carried out in ¥sbd aquaria as described by
Borcherding (2006). One arm of the aquarium coethiartificial vegetation, food was
presented in the second arm (chosen randomly feryewvial), and the predator (pike,
Esox lucius 27 £ 2 cm) was placed in the third arm, exclufiesn the experimental
arena through a transparent perforated Perspex pane

The experiments were conducted as repeatedunegasnts. The behaviour of a group
of four perch was assayed in the absence of a fared@llowing the same procedures,
the behaviour of the group was re-assayed the gubeeday (approximately same time)
in the presence of a predator. To evade pike odouhe predator free runs, two identical
Y-shaped aquaria (plus equipment) were used, neweang equipment or water from
predator and predator-free-Y-tank. Each group, kilaorous and piscivorous perch was
tested with each food, living fish larvae and liyimooplankton (presented in a transparent
perforated box). Every combination was tested waitidl without predator and had six
replicates.

At the start of a trial, four perch were intnogd to the vestibule (triangle where the
three arms of the Y meet). To diminish disturbaraiefurther measures were handled
from outside the room. After an orientation timel®f min. the barrier that enclosed the
perch to the vestibule was lifted. The trial enddter another 30 min, by putting the
barrier back in place.

Every behavioural experiment was recorded withlideo camera. The videos were
analysed with a computer program, which recordeel loehavioural unit every second
(Borcherding & Magnhagen 2008). Received data weex to calculate the time perch
spent in the vegetation and open water compartnfsctivity was calculated as the
number of changes between the experimental areggt@tion, open water and vestibule)
per time (30 min). Predator inspection was defiasda fish directly approaching the
predator and dwelling in a right angle within twady length to the predator
compartment. Data were recorded and calculatethéowhole group and then expressed
as average-behaviour per perch.

Behavioural changes because of predator presesce analysed with a repeated

measurement ANOVA (predator as factor of the regmbadlesign) with “time in
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vegetation”, “activity” or “predator inspection” atependent factors and presented food
and pretreatment as independent factors. All stzgigvere conducted with SPSS (15.0).

The divergent pretreatments in this study irducrucial phenotypic changes in
juvenile perch. The perch receiving zooplankton%35ody weight per day) grew
steadily over the hole pretreatment period (plamk@s: TGGeek1-3= 0.30 £ 0.04;
TGCyeekz-6= 0.43 = 0.07), while the fish fed with fish larvé&B% body weight per day)
grew predominantly during the last 3 weeks, whéairtTGC value increased nearly
fourfold (piscivores: TGGeek1-3= 1.52 £ 0.26, TGeeks-6= 5.19 = 0.92). A diet of fish
supplies much more energy per consumed gram thatieta of zooplankton (cf.
Borcherding et al. 2007), thus at the end of thetady pretreatment in the tanks
piscivorous (mean + SO0 = 101.0 £ 6.0 mm; weight = 12.7 + 2.4 g) and ptardtous
perch (mean £ SDT, = 60.5 + 4.0 mm; weight = 2.2 + 0.5 g) differedlength and
weight with planktivores being smaller (t-test, &f97, p < 0.01) and lighter (t-test, d.f. =
97, p < 0.001). Additionally, piscivorous perch eddup with a slightly higher condition
factor than planktivorous perch (t-test, d.f. = P& 0.001; condition factor: piscivores =
1.22 £ 0.07, planktivores = 0.97 £ 0.06 ).

Beside the physiological divergence, the plaokous and piscivorous YOY perch in
this study showed clear behavioural differenceserehdietary pretreatment, predator
presence and the presented prey species in tlhe dffacted the behaviour of the YOY
perch (Table 1). In absence of a predator, plaokds displayed an overall high activity,

while piscivores stayed primarily in the vegetation

Table 1: Results of the analyses of variance tgshe effects of predator presence, pre-
treatment and presented food on the variables iiimesgetation, activity and predator
inspection.

Predator Inspection Activity Time in Vegetation

d.f. F >P d.f. F >P d.f. F >P
Food 1 143 0.25 1 7.04 0.02 1 0.28 0.60
Predator 1 5.73 0.03 1 0.77 0.39 1 3.87 0.06
PreTreat 1 2.13 0.17 1 5.77 0.03 1 0.51 0.49
Food x Predator 1 5.06 0.04 1 0.63 0.44 1 0.11 0.74
Food x PreTreat 1 11.89 0.001 1 0.04 0.84 1 2.11 0.16
Predator x PreTreat 1 296 0.11 1 17.73 0.001 1 10.38 0.001
Food x Predator x PreTreat 1 5.57 0.03 1 7.29 0.01 1 1.83 0.19

43



CHAPTER I

Previous experiments showed that suboptimal noee fish behave differently in th
tradeoff between the need to forage and seek for shelter and were observec
intensify activity and their search for food (e.tp$dn et al. 2007

As planktivorous perch had a slightly lower coratitifactor than piscivorous perch, f
different activity patterns of the two groups do@ntedwhen perch were introduced
the novel aquaria for the first time might be ieficed by nutritional effec

Predator free Predator Predator free Predator
l ! 1 1

Oplanktivores Oplanktivores B
@piscivores @piscivores
tested with plankton — T tested with fish ® -

10
|

10

Predator inspection

30
|

20
20

10

Number of changes
10

25
|

15
15

Time in vegetation (min)

Predator free Predator Predator free Predator
Repeated measurement

Fig. 1: Behaviour of piscivorous (black circlesdgmanktivorous (white circles) gch, in
the absence and presence of a predator (pike), titeepresented prey during the tri
was plankton (left plots) or fish (right plots). lBevioural patterns were defined

predator inspection (number of times a perch stapredator inspectiormean £ SD),
activity (number of changes between compartmentsgla 30 min trial; mean + SIC

+
and time in vegetation (min a perch spend in thgetaed habitat; mean = S
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When in the aquaria for the second time andthe presence of a predator,
planktivorous perch decreased their activity, as whown in many other studies on
young perch where predator avoidance caused déugeastivity levels (e.g. Bean &
Winfield 1995). The piscivorous perch, howeverraased their activity in the trials with
a predator, but only with fish larvae as presempiey (Table 1, Fig. 1). Correspondingly,
the behaviour defined as predator inspection afiyiases almost exclusively occurred in
the trials with predator and fish larvae as atoa¢Fig. 1). Planktivorous perch in this
study also inspected the predator compartmentmumstly in the trials with plankton as
presented prey species, although less frequerdly fisscivores (Table 1, Fig. 1). Prey
size as well as prey condition was shown to pronprezlator inspection (Kulling &
Milinski 1992). This indicates that the physiolaglicondition, the previous experience
(fish might feel safer, when in the aquaria for seeond time) as well as the presence of
their familiar resource might influence the divergbehaviour of the pretreated fish.

Although not significant, these tendencies algo visible in habitat use. In the
presence of a predator both groups spent on avéeagdime in the vegetated habitat,
when their familiar resource was presented. Esfpygaiader predation hazard, fish are
generally known to carefully adjust their behaviouying to maximize the risk/reward
relationship, where the attractiveness of a presemdod ration might influence the
willingness to take risks (Skalski & Gilliam 200Zish have been shown to be more
effective in consuming a familiar resource (Hugle¢sal. 1992) and need to learn to
utilise a novel food type efficiently (MagnhagenS&affan 2003). This suggests that fish
in this study react primarily to the familiar prdygcause they can consume it quickly and
effectivly, whereas utilising a novel prey undeegation hazard might be considered as
too risky. However, in predator absence, fish ditlpositively react to their familiar prey,
indicating that the predator presence triggersatfirity/reaction to the familiar resource.

To conclude, this study showed that the consimpof different resources lead to
specific physiological and behavioural changesirepile perch, suggesting that resource
polymorphism might induce complex behavioural copsaces, leading to phenotypic
differences in the behaviour during predator ent&urUnder natural conditions, these
divergences might be mediated or even promoteddolytianal factors influencing the

individual reaction like e.g. phenotypic ability,aternal effects or earlier experiences.
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Abstract

Empirical field studies have shown that boldnespesth differed between lakes and age.
The present study used juvenile perch in an exm@stah approach to vary the factor
predation risk. Predators were able to feed onhpéucing a mesocosm period. Perceived
predation risk affected the behavior and the mdggy of both age classes of perch.
Boldness decreased with the intensity of predatidrile morphology of perch changed

towards deeper bodied individuals. Analysis of kegth-frequency distributions from

the start and the end of the mesocosm period itaticgome size selective effects of the
predator. Although it remains unanswered if thedpter induced these changes by
selective predation, or if perch adjusted theirasédr and morphology in response to the
predator. The latter explanation is assumed to declasive because there was no
correlation between the changes in the length-Bequ distributions and the predation

risk of perch.
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Introduction

Phenotypic plasticity seems to play an importarié im the ontogenetic success of
animals (Ancel 2000; Robinson et al. 2008; Minderreaial. 2009) and is assumed to be
a driving force for allopatric speciation (Stauff&r Gray 2004; Ostbye et al. 2005;
Whiteley 2007). Those animals with the ability @just their behavior and morphology
to the environment are assumed to have a highecehat contributing their alleles to the
next generation (Gabriel et al. 2005). Whether &iidity is a result of plasticity or has an
underlying genetic basis, or both, is widely dssrd in literature (Mittelbach et al. 1999;
Marcil et al. 2006; Leimar 2009). It was found thmbrphological differences across
rainbow trout Oncorhynchus mykisgopulations have a genetic basis (Keeley et al.
2007), while a common garden experiment on Europeach Perca fluviatilig revealed
that differences in perch morphology could be ladtied to phenotypic plasticity only
(Heynen et al. 2010).

Morphological adaptations can play an importane rol ecological performance of an
organism (Langkau 2008). Recent studies showedthikdtabitat choice of perch and the
accompanied adjustment to swimming modes and fesdurces varied the morphology
from streamlined to a deeper one (Eklov & Svakl#i06). Deeper bodied morphs also
developed in response to a predator: when theapegike Esox luciu¥ inhabited
experimental ponds, crucian carfafassius carassiysdeveloped a deeper body
morphology compared to those from ponds withoutlgters (Brénmark & Miner 1992).
However, body morphology may be also influencedulgh feeding strategies: in a
mesocosm experiment perch that were fed with fistalme much deeper bodied than
their plankton fed streamlined conspecifics (Heermet al. 2007).

Besides phenotypic plasticity with respect to moiphy, effects contributing to the
behavior of fish are well studied, again dependang factors like habitat structure,
predation risk, food type and food availability.séirvey on rainbowfishMelanotaenia
eachamens)srevealed that the habitat structure in threehfresiter environments had
significant influence on anti-predator responseo & Warburton 1997). A further
study showed that perch in different states of isbunent developed different degrees of
boldness concerning foraging strategies. Undersbed individuals spent more time in a
risky area than did their well fed conspecifics (@wrding & Magnhagen 2008). Anti-
predator behavior is also correlated to the indigidody length of the prey (Krause et al.

52



CHAPTER |l

1998a). A study on the shoaling behavior of juvendach Rutilus rutilug revealed that
the body length and nutritional state are factaffiéncing the positioning of roach at
risk prone positions in the shoal (Krause et a@8tf). Further, individual experience can
influence behavior of animals (Galef & Laland 2006pung-of-the-year (0+) perch from
a lake with relatively low cannibalistic predatioirsk on this age class were bold
compared to those from other lakes with a highedation risk on 0+ perch (Magnhagen
2006). Boldness of perch from two of the aforenwrad lakes differed between lakes
and age classes and their behavioral patterns magreonsistent but were connected to
the actual experience of cannibalistic predatioraghhagen & Borcherding 2008). The
results of this empirical field study clearly indted a connection between the boldness
and the calculated predation risk in the two lake9)+ and 1+ perch. The disadvantage
of such empirical field studies is, however thamewous factors like different habitat
structures (Brown & Warburton 1997; Svanbéack & EkEDO02), different hunger levels
(Heermann et al. 2007; Borcherding & Magnhagen 2008 different water
transparencies (Skov et al. 2007) may influencedbalts. Thus, basic functionality of a
certain ecological adaptation should be analyzefitiadally with a defined experimental
approach, in which only the independent factorsnbérest are varied and all other
possible factors are kept constant.

Based on the results outlined by Magnhagen & Barthg (2008), the present study
used also 0+ and 1+ perch. Groups of perch wemk iheinesocosms with and without
predatory perch. As these predators were abledd & the prey perch, the analyses
could only use the remaining juvenile perch of thhesocosm experiments. It was
hypothesized that these surviving perch would diffie their behavior and their
morphology according to the perceived predatiok. N§ith increasing risk of predation
we expected (1) that perch should become shydreitradeoff between food and shelter
(Magnhagen 2006), and (2) should develop a deepdy morphology (Ekl6v & Jonsson
2007). Finally we tried to give a initial estimabé the extent that selective predation
could influence not only the size distribution tietexperimental populations, but the
extent that such prey selection might affect ole@rdifferences in behavior and
morphology.
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Methods

Field samples

For all mesocosm treatments about 500 young-of/éae-(0+) perch (size: up to 88 mm
Lt) and 250 perch of age 1 (1+, size: 100 — 135Imnwere necessary. Experimental O+
and 1+ perch were caught in Lake Speldrop (latitusiE*46°50.70” N, longitude:
6°22°42.11” E), a gravel pit lake at the Lower Bi\Rhine (Beeck et al. 2002), Germany,
using either a Bretschneider direct current devareelectrofishing, a beach seine net
(mesh size: 4 mm, length: 10 m), a dipnet (sizex1Im, mesh size: 4 mm) or by angling.
Until the start of treatments the fish were heldvim large mesocosms (2 x 1.17)m
Predatory perch were caught by gillnet fishing aké Speldrop and in Lake Reeser Meer
(latitude: 51°45°01.03” N, longitude: 6°27°27.37E; Borcherding et al. 2007). The
exposure time for the nets never exceeded two howrasure high survival rates for the
fishes. Until the introduction of the predatordhe treatments the fishes were held in two

mesocosms (2 x 0.73n

Mesocosm treatments

All treatments were set up in round mesocosms (giamof 1.8 m, content
approximately 1.65 ) filled with water from the nearby Lake Reeser Kéée bottom

of the mesocosms was covered with gravel, to ersateser natural environment and to
complicate the search for food for the prey fishfilfer with a recirculation pump was
placed into the center of every mesocosm to endaeming and the supply of oxygen (at
least always > 8 mg?). The temperature in the mesocosms never exceb@léd°C
(mean 16.0 °C) and the conductivity ranged betwB84 and 758 pS cf The
mesocosms were equally divided into an open watee zand an artificial vegetation
zone with no physical barrier between them. Thdi@al vegetation was made with
green PVC strips (1.5-2 cm wide, 248 strip9 mttached to a wire-net which was then
placed on top of the mesocosms.

To generate different levels of predation pressaréhe mesocosms, prey perch were
stocked with either a small predatory perch (eepredator near the size limit to prey on
the stocked fish, cf. Persson et al. 2004), a Igmgelatory perch (i.e., a predator that
certainly could prey on all perch), or without aegator. Each treatment on both age

classes was replicated three times, making a twtdl8 mesocosms (Tab. 1). The
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predators were introduced four weeks before treatnstart in order to become well
accustomed to the conditions in the mesocosms ard wot fed in that time so they
reached a high hunger level. As differences wepeeted for the threat the individual
predators exert to the prey, the actual experiemtesity of predation was calculated
for each mesocosm as the number of consumed pshydivided by the number of
stocked fish, divided by the number of days in tiresnt. This real experienced daily
predation was then classified (no predator, low £9.006, high risk; Tab. 1), and used
in the following analyses as the independent végigtredation risk”.

Before adding prey perch to the mesocosms, siadl afidividuals was measured to the
nearest mm (total length,y). During the mesocosm period, prey perch weredaitly
with deep frozen red chironomid larvae. Perch bisnavas calculated via length
distribution and an amount of 15 % of perch wetghewas administered daily in three
to six randomly distributed daytime feeding ins&@sto ensure the perch did not become
accustomed to feeding times or instances. The atwfuimod was not adjusted during
treatments, because it was not possible to deterthen number of remaining prey perch
before the end of the treatments. During mesocosatnhents mortality of prey fish (i.e.,
observed dead fish, thus not eaten by the predaims)low (3.9 %), and only occurred
during the first ten days of the treatment. Deag/ish were removed from mesocosms.
Because it was not possible to work on all fishrfrthe 18 mesocosms in the behavior
experiments in parallel and to reduce time and eecgl effects to a minimum, the
mesocosms have been pseudo randomly distributadlack design that each of the six
different treatments was represented in one of ttree blocks: perch in block 1
(mesocosms 1-6) stayed for 42 days in treatmengetin block 2 (mesocosms 7-12) for
48 days and those in block 3 (mesocosms 13-1&4atays (Tab. 1). It was considered
that after an experimental period of up to 54 datyteast twelve prey individuals should
remain in each mesocosm, to form three groups af feerch for the behavioral
experiments. This was achieved for all but one mesm with only ten surviving
juvenile perch, resulting in two groups of four gferfor the behavioral experiments and

10 instead of 12 individuals for the morphologiaablyses (Tab. 1).
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Behavioral studies: Aquaria Experiments

The experimental aquaria were 80 x 42.5 x 34 crmsize, containing 100 liters of fresh
water from the nearby Lake Reeser Meer. The lighkdycle was set at 14:10 h, similar
to natural conditions. The aquaria were partitiomedhree equal compartments (cf.
Magnhagen & Borcherding 2008 for details of the lghexperimental set-up). One third
on the left side of each aquarium was used foptedator and the rest, in the middle and
on the right side remained as compartments forgtheps of juvenile perch. Artificial
vegetation was placed on top of the right sideamheaquarium, making a refuge for the
prey fish. The middle of the aquaria remained fsé&egetation, making an open area
next to the predator. A plastic net with a meste 92 5 mm was placed between the
predator compartment and the prey perch. All aquagre provided with gravel on the
bottom. During acclimatization and between obséomat a non-transparent plastic plate
was placed next to the net to prevent visual castaicthe small fish with the predator.
Every individual of each group of four prey perchsamarked with a different color of
tattoo-ink on the base of its caudal fin to makeasier for the observer to distinguish
between group members. Before being handled thehpeere always anaesthetized in a
suspension of 5 mg L metomidate hydrochloride (Aquacalm). The weighttieé fish
was measured to the nearest 0.01 g and the lemghie thearest mm. Fulton’s condition
factor (K = 16mL+>, where m = biomass in g atg = total length in mm; (Bagenal &
Tesch 1978) was calculated for every individualcherThe perch were allowed to
acclimatize in the aquaria for three days and weck three times a day with red
chironomid larvae in the open area. Before the mfasiens started, the opaque plate was
moved from its position towards the section onright side of the aquarium, to enclose
the small perch in the vegetation area.

Approximately 60—70 red chironomid larvae were golinto the middle of the open area
and allowed to sink to the bottom. The observatistasted after carefully lifting the
opague plate, making the predator visible to thallsperch.

The computer program “Perchmon” was used to reawery second the different
activities for every individual fish. As in formstudies (e.g. Borcherding & Magnhagen
2008), three parameters were recorded: time spenihd open area, latency to start
feeding, and duration of first feeding bout. Eadiservation lasted for 10 minutes, and
was terminated with moving the opaque plate back teethe predator compartment. The

18 experimental aquaria were observed for threeesstve runs, two on the first day and
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a third on the second day, where the order of #atens was the same for each run,
balancing the time between observations for eadmaragm. To equalize possible
olfactory cues from the predatory perch for evexpegimental period, the water in the
aguaria was replaced after every third run of arpemts. After the last round of
observations all experimental perch were killedhwdan overdose of metomidate
hydrochloride and deep frozen for further morphalabanalyses.

Morphometric analyses

For morphometric analyses juvenile perch were gedupccording to age class and
predation risk (0+ no, O+ low, 0+ high, 1+ no, bwland 1+ high predation risk). The
fish were defrosted, placed on a scooped piecelystyrene and the fins were erected
with needles to prevent deformation. After photphiag the fish together with a ruler
using a digital camera, the software tpsDigit frofRohlf (available at:
http://life.bio.sunysb.edu/morph/; NY, USA) was ds¢o digitize 18 homologous
landmarks (12 defined points to describe the oshiape, two for the pectoral fin, two the
mouth and one for the eye and the operculum sgsgectively) on the left side of each
specimen.

All further analyses were performed with the Intgdgd Morphometrics Package (IMP),
developed by Sheets (available at: http://www?2 siasiedu/~sheets/morphsoft.html;
Buffalo, NY, USA). The IMP software CoordGen6 wased to transform all specimens
to the same standard length and baseline orientafio minimize the sum of squared
errors between landmarks of the individuals witeath group, the non-shape-variations
were removed by using the procrustes superimpaosibiption of CoordGen6. Shape
differences between groups were analyzed with ao@laal Variant Analysis (CVA),
using the IMP software CVAGen6, tested with a MAN®\YWilk's lambda value
p<0.05) and CV scores from the significant axesewextracted for further analyses.
CVAGen6 was also used to visualize the CVA-plottbe first two CVA axes and to

depict the associated shape differences as vemtdesaxdmarks.

Statistics
As the experimental design in the mesocosms allopredation and, thus the loss of
single individuals within the group of prey fislizes-specific effects on the groups of prey

fish cannot be excluded that may bias the behdvemd morphological data. These
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effects can be either direct predation of a certae class of the prey fish or indirect
effects, like size related changes in boldnessaasdmpanied changes in food uptake and
growth. To analyze possible changes in the lengtguiency distribution (LFD) in single
mesocosms, and, thus size-specific effects of tiedgtor on the prey population, the
normal quantile-quantile-plots (Q-Q-plots, Tsai &nfy 2005) from the start and the end
of the mesocosm experiment of the prey fish wemapded. This was done using the
ggnorm and qgline commands from the free softwack R (R Development Core Team
2009). Here, the slopes of the lines were used aseasure of variation in length
distributions.

Prior to analysis and to understand the effects ©ize-selective predation, prey fish were
theoretically removed from the LFD in several wayy: The lower edge of the
distribution was removed, b) the upper edge wasoveah, and c) randomly chosen
individuals were removed from distribution (repehataght times). Artificially amended
upper and lower distributions revealed that a pgedavho feeds on the lower or the
upper edge of a distribution of prey fish, indu@degativeAslope, which equals the
difference in slopes of the Q-Q-plots from LFDgts start to the end of the mesocosm
treatments. In contrast, slopes of random amendsilibditions showed only small
differences inAslope. In addition, the coefficient of variance YJmf the start and the
end distributions was calculated (Huss et al. 200B¢ CoV is a measure of dispersion of
a distribution. It is defined as the ratio of tharglard deviation to the mean. Residual
CoV (ACoV = CoVeng — CoVia) Was compared as response variable with the rasidu
slopes Aslope = slopgq— slope&wary) in a linear model. This analysis was restrictedhe

0+ perch (n=9), because the numbers of individumatee 1+ treatment, especially at the
end of mesocosm experiments, were to low for megnin.FDs.

The three recorded behavioral variables, namelg wpent in the open area, latency to
start feeding and duration of first feeding bouhene duration of feeding was defined as
the time the fish spent oriented towards the battattacking the food without checking
for potential threats, were used as measuremeptssenting boldness (Magnhagen &
Borcherding 2008). The mean over the three runthefthree behavioral variables for
each individual were included into a principle cament analysis, to derive a more
general measure of boldness (Magnhagen & Borchgrad08). The first component,
explaining most of the variation (eigenvalue >1)kvweatracted and used as boldness score

(PC1) for all further analyses.
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For the morphological analyses, CV axis 1 explanse of the variation present in the
morphological data, however as we are interestédereffect of perceived predation risk,
represented by the CV axis 2, we retained CV axa &urther analyses. In the final step
we correlated the mean boldness score (PC1) and meaphology score (CV2) per
mesocosm with the actual perceived predation sisgarately for both age classes.

To analyze the effect of predation risk on the bedral and morphological data in detail,
two separate linear mixed effect models were set Tp avoid pseudoreplication
(Hurlbert 1984), a nested design was created. Betvrdividuals within group was
added as random effect at the innermost level, dmtvgroups in one mesocosm was
added at the following level and between-mesocosasadded as random effect at the
outer level. To analyze the effects of predatiagk ron body shape, we included the
morphology score (CV2) as response variable andctags, predation risk and their
interaction as fixed effects. The equivalent modaek setup to analyze the behavioral
data, using the boldness score (PC1) as responsbleaand condition factor, age class,
predation risk and the interaction of age classmedation risk as fixed effects.

A variance component analysis was carried out talide to decompose the variation
explained by the different random factors betweerdividual, between group and
between mesocosms (Pinheiro & Bates 2000; Magnh&&unnefeld 2009) and to
compare their importance for the examined trait®rfrhology and behavior) and the
different age classes (0+ and 1+). Keeping the als®scribed structure of the random
effects (between individual/ between groups/ betwmesocosms), four additional mixed
models were set up, analyzing the morphological lzgtthvioral data separately for the
two age classes. Including the morphology score)G\é response variable and age class,
predation risk and their interaction as fixed effe¢wo separate models were run for the
0+ and 1+ perch, respectively. Additionally, tvaparate models were set up, one for the
0+ and one for the 1+ perch, using the boldnessees@C1) as response variable and
condition factor, age class, predation risk anditheraction of age class and predation
risk as fixed effects. The most parsimonious modetsthe separate behavioral and
morphological data for the two age classes, 0+langerch, were derived by testing the
fixed effects using Wald statistics (Pinheiro & &nt2000). The free software R for
statistical computing (R Development Core Team 2008s used for all analyses. The
PCA (prcomp) and the correlation (Im) were calcdatvith the standard stats library.

The library nlme v.3.1.-90 was used to run the migfect models.

60



CHAPTER |l

Results

Condition, growth and length-frequency distribugon

At the end of the mesocosm period 1+ perch wegebetter condition compared to their
younger conspecifics (Mann-Whitney U-test, z=3.480.001), while growth rates
during the experimental period were similar (Manhitfley U-test, z=0.444 p=0.666,
Tab. 1). Within the two age classes and with respe@xperienced predation risk as
independent variable, however, no significant défees were observed, neither for
condition nor for growth (Kruskal-Wallis H-test] @l at least >0.1)

The calculations of the slopes from the Q-Q-plotgshe O+ perch revealed for some
mesocosms a reduction in slope from the LFD atsthet to the end of the experiment
(negativeAslope). Large negative values &$lope can be quoted as a hint that either
some small or some large individuals from the LROh& start were removed until the
end of the experiments (or other size specificraxtifactors affected either the small or
the large individuals). In contrast, other meso®showed a slight increase (positive
Aslope) or nearly no changes in slope comparind.fe at the start with the one from
the end of the mesocosm experiment.

A predator who feeds randomly over the entire LFauld induce only small differences
in slopes from the start to the end LFD, and irredation only small differences in the
coefficient of variation (CoV) of the LFD are exped. In contrast, when a predator feeds
only on the small or on the large prey fish, thenlexrease in the slope should be
accompanied with a decrease in the CoV. Thus, anab\clear correlation between the
Aslope and theACoV is expected. And indeed, the linear model fra@oV against
Aslope was highly significant (Fig. 1).

While the CoV of the LFDs of nearly all mesocosnesréased between the start and the
end of the mesocosm treatment (i.e., the LFDs weoee narrow at the end of the
mesocosm period), th&slope was either negative or positive. In totalleaist in four
mesocosms both indicators of size-specific eff@iots, Aslope andACoV) were clearly
negative and, thus give evidence that some sizafgpeffects during the mesocosm
period occurred. However, the observed size-speeifiects on the population in the
mesocosms did probably not depend on the predasikbnas the different risk classes for

predation were mixed up along the linear regres@tam 1).
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Figure 1: Linear model of the response variabll@oV built againstAslope from
mesocosm prey length distributions for all mesosnth O+perch. The three predation
risk classes are indicated as no (white), low {lmylay) and high (black) predation risk.

Behavior

The PCA resulted in one principle component witheggenvalue >1, explaining alone

82% of the variation (Tab. 2). Positive scores @lPindicate a longer time spend in the
open, a longer duration of first feeding bout artrter latency to start feeding,

signifying a high degree of boldness (Tab. 2).

Table 2: Factor loadings, proportion of the totliance explained and eigenvalues of the
first three axes, extracted from a PCA over thedhtifferent measures of boldness (time
in the open, latency to start feeding and duratiofirst feeding bout)

PC1 PC2 PC3
Time in the open 0.597 0.264 -0.757
Latency to start feeding -0.583 -0.505 -0.636
Duration of first feeding bout 0.551 -0.821 0.147
Proportion of total variance 0.821 0.123 0.056
Eigenvalue 2.462 0.369 0.168
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The two age classes differed in boldness, with 8relp being significantly bolder than

their 1+ conspecifics. Whereas, there were no dveifierences between predation risk
classes or the interaction between age class asdhfwn risk class or an effect of
condition factor (Tab. 3). However, the mean bosinscore per mesocosm significantly
decreased with increasing actual predation riskiferl+ perch only, while this tendency
was not significant for the 0O+ perch (Fig. 2).

1.5 {
pry B "o+ 1+
8 1 = O
a |
— 0.5 1 O
g O o
§ 0

)
§ -0.51 u

0
§ 1 o} o (4
@]
@  .15{ R2=0.204, p<0.222 1 R2=0.522, p<0.028

o
0 0.004 0.008 0.012 0 0.004 0.008 0.012

Predationrisk

Figure 2: Mean boldness score (PC1l) per mesocosmlation to the actual predation
risk for both age classes. The three predationdls&ses are indicated as no (white), low
(light gray) and high (black) predation risk.

Table 3: Wald statistic for the fixed effects adass, predation risk class (no, low and
high predation risk) and their interaction for tmeorphology score (CV2), and
additionally the condition factor (without interamts) for the boldness score (PC1),
tested with two mixed effect models

F df,dfden P
Morpho - CV2 Age class 1.37 1,12 0.264
Pred risk class 48.24 2,12 0.0001
Age class x pred risk class 10.31 2,12 0.003
Behav - PC1 Age class 19.87 1,12 0.0008
Condition factor 0.19 1,158 0.662
Pred risk class 1.12 2,12 0.359
Age class x pred risk class 0.16 2,12 0.856
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Morphology

The CVA revealed two significant CV axis, discriratimg the two age classes from
another and the high- from the no- and low-predatisk class (Fig. 3). Independent of
perceived predation risk, 1+ perch were considgratdeper bodied than their O+
conspecifics (Fig. 3, CV axis 1=0.08,5?=494.7, df=160, p<0.001, eigenvalue=3.8). In
addition, individuals experiencing a high predatitsk level had a deeper bodied and
more downward bended appearance, compared to dnaduals experiencing no or a

low predation risk level (Fig. 3, CV axis 2:=0.38, ¥?2=189.8, df=124, p<0.001,

eigenvalue=0.6).

O 0+ no predation risk O 1+ nopredation risk
O 0+ low predation risk O 1+ low predation risk

B 0+ high predation risk ® 1+ high predation risk

04 L u . CV1: 0+ perch = 1+ perch
°
Y .. .‘. - o m]
= | ]
o 02y %o o 'pe Ju
S ° o Om 0 g
= ° . ° oo ° E! &
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< (@)
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o -
04 . . o | o CV2: low = high predation risk
-1 -0.5 0 0.5 1

CVA Axis 1 x (107-2)

Figure 3: Canonical variate scores of 0+ (squaaed)1+ perch (circles) experiencing no
(white), a low (light gray) and a high (black) pa¢idn risk level during the mesocosm
treatment, depicted along the first and the seamambnical variate axes. CVEBhape
difference correlated with the first canonical a#ei axis, obtained by regressing the
shape on the CVA scores and depicted as growtlongestarting from the 0+ perch (solid
line) to the 1+ perch (dotted line). CV8hape difference correlated with the second
canonical variate axis, obtained by regressingsttagpe on the CVA scores and depicted
as growth vectors starting from perch experien@ngo/low predation risk level (solid
line) to the perch experiencing a high predatisk level (dotted line).
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As we focused our analysis on the effect of peestigredation risk represented by the
CV axis 2, additional analyses were carried outkinta into account the
pseudoreplications within each mesocosm. We foundignificant differences between
the 0+ and 1+ perch along CV axis 2, while prechatisk was confirmed to have a
significant effect on body depth and bending (T3b.In addition, there was a significant
interaction of age class and predation risk classG@V 2, as 0+ fish from the low
predation risk class were in relation to the O+pnedation risk class deeper bodied than
he 1+ fish from the low predation risk class imati&n to the 1+ no predation risk class
(Fig. 4). Correspondingly, we found a positive etation between mean morphology
score (CV 2) per mesocosm and actual predationfoiskoth age classes, which was,

however, more pronounced for the 0+ perch (Fig. 4).

0.002
~ 0+ 1+ (Y
>
£ 0.001 - 1 °
o
5 O
a O O
2 0
an O O
o O
o
< .0.0011
o o
o O R2= 0.811, p<0.001 O  Re=0538, p<0.025
>
0.002F—m———————————————
0 0.004 0.008 0.012 0 0.004 0.008 0.012
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Figure 4: Mean morphology score (CV2) per mesocsralation to the actual predation
risk for both age classes. The three predationdls&ses are indicated as no (white), low
(light gray) and high (black) predation risk.
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Variance component analysis

The separate models on the morphological datehiaOt# and 1+ fish that included only
predation risk as fixed effect, were the most paosiious. While, including the boldness
score (PC1), the most parsimonious models forvleage classes were the ones without
any fixed factors and thus used to extract theamae explained by the random effects.
For both age classes the highest explained varisatayzing the morphology score
(CV2), was between individuals (Tab. 4), indicatthgt individuals differed greatly in
body shape. Whereas on the behavioral data, tiestig¢xplained variance was, for both
age classes, between groups, followed by betwesinidmals (Tab. 4). This shows that
individuals adjusted their behavior to the groupythhave been tested with, but still
expressed some individual differences, where O¢hpkeehaved slightly conformer within

groups than 1+ perch (Tab. 4).

Table 4: Percentage of the explained total variaridbe nested random effects between
individuals, between groups, between mesocosmstl@desidual variance, extracted
from the most parsimonious linear mixed effect medesing the behavioral (PC1) and
morphological (CV2) data for the 0+ and 1+ peré@spectively

between between between
individuals groups mesocosms residuals

(%) (%) (%) (%)
Morpho - CV2 0+ perch 99.99 <0.01 <0.01 <0.01
1+ perch 97.68 <0.01 2.26 0.06
Behav - PC1 0+ perch 19.05 80.82 <0.01 0.14
1+ perch 27.17 67.94 0.98 3.91
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Discussion

In accordance to the hypothesis, the results ofptiesent experimental study revealed
clear relationships between perceived predatidg tiee behavior and the morphology,
respectively, and this for both age classes ofigugy prey perch. The mean boldness
score in the tradeoff between food and sheltebfiih age classes decreased with the
intensity of predation, while morphology of preyrgle changed especially under high
predation pressure towards deeper bodied indivadual

Excluding several environmental factors that maydsponsible for changes in behavior
or morphology in the field (e.g., habitat structudeown & Warburton 1997; Svanback &
Eklév 2002; food: Heermann et al. 2007; hunger lteBercherding & Magnhagen 2008;
water transparency: Skov et al. 2007), the chamydsehavior and morphology of the
prey perch populations in our experimental approaete only induced by the predatory
risk. This suggests that experience with a predatituwences the establishment of anti-
predator responses within a few weeks. Thus, osultse give evidence that prey fish
adjusted their phenotype according to the actuadadion risk within short periods, or, in
other words, reveal a high level of phenotypic fitity (Smith & Skulason 1996).
Consequently, our experimental data, in which dhby predation risk changed between
treatments, are a proof for some recent suggesbassed on empirical field data that
described behavioral changes in perch of some lekasrthern Sweden in response to
predation risk (Magnhagen 2006; Magnhagen & Bordingr2008).

Other possible explanations for the observed méanges on the population level after
the treatment in the mesocosms, however, canntatbly excluded. These are mainly
based on size-specific effects of predation (cf.gMeagen & Heibo 2004). Selective
predation, either in relation to certain types ehévior, morphology or in relation to
individual prey length, could also lead to a posgioent in behavior or morphology of
the total population. The investigations on LFDsmseto suggest that the predator had
influential effects on the size distributions oktiprey perch, at least in some of the
experimental mesocosms. Due to gape-limited canstria is most likely that in some
mesocosms the predator preyed only on the smaltgviduals (Lundvall et al. 1999),
instead of preying randomly across the entire itistion. This would be a direct effect
from the predator on the population that removedividual prey fish with certain

characteristics. However, indirect effects from pinedator can also be suggested. When a
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predator removes a part of the population, the mr@m@individuals are expected, e.g., to
gain less intra-specific competition, as they caadf on relatively higher amounts of
unchanged food resources. This may result in somath advantages for smaller
individuals within the population, as smaller indivals are expected to exhibit a higher
degree of boldness in the trade-off between predatisk and feeding, in order to
compensate the higher risk of starvation compavdtidgir larger conspecifics (Krause et
al. 1998a; 1998b). Such a scenario would leadltavar coefficient of variation within
the population (Huss et al. 2008). Further, vulb#itg to predators changes with size
(Lundvall et al. 1999; Claessen et al. 2002), ahdyh feeding rate would enable the prey
to minimize the time spent in a vulnerable sizedeww (Persson et al. 2004). Such size-
specific effects of predation on a given populatiodependently if they are direct or
indirect, can be suggested in some of the mesocaghen comparing the length-
frequency distributions of the start and the endhef experimental period. However, as
the observed changes in the length-frequency lligtan of the prey perch were
independently from the perceived predation in eaelsocosm (as shown in Fig. 1 for the
0+ perch) and may depend on individual differentoetsveen the predators, we assume
that the observed changes in behavior and morppaaghe population level are more
likely a result of the individual phenotypic resjges.

In our behavioral experiments boldness scoresrdiffbetween age classes, of which 0+
perch were significantly bolder than their 1+ cassfics. This is in contrast to other
studies that have shown behavioral consistencysacage classes. For example, two
populations of three-spined sticklebackzaéterosterus aculeatusliffered in boldness
across ontogeny (Bell & Stamps 2004). Differencesrewalso found in aggressive
behavior between three strains of graylifdnymallus thymallgsthat were consistent
over age classes (Salonen & Peuhkuri 2004). lissudsed that smaller individuals are
bolder than their larger conspecifics because ligher risk of starvation: for example,
small three-spined sticklebacks spent more time insky area than did larger ones
(Krause et al. 1998a). Similar, body length waergjty correlated with boldness scores
in tropical poeciliid Brachyraphis episcojpi where smaller fish were bolder than their
larger conspecifics (Brown et al. 2005). Additidgpalt must be considered that
undernourished perch spent more time in the opea and extended their first feeding
bout, thus were bolder in the tradeoff between feod shelter than satiated perch

(Borcherding & Magnhagen 2008). As size and coodifiactor were lower for the O+
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perch compared to their 1+ conspecifics, the higthegree of boldness of the O+
compared to the 1+ perch in our experiments mag beiassumed to depend primarily
on condition and size differences between the &gses of prey perch.

Despite these effects of size and condition, ancalee the perch's individual size
differences were minor within each age class atdden treatments (Tab. 1), the linear
model of our analysis revealed a significant depeony between the actual perceived
predation risk and the mean boldness scores oflthperch. The model for 0+ perch
showed a similar trend, although it was not sigaifit. Thus, our experimental results are
in good correlation to recent field studies thateaded the effect of predation risk on the
behavior of perch (e.g., Magnhagen 2006; MagnhaydBorcherding 2008). Similar,
three-spined sticklebacks from an area with lowdatien risk showed less pronounced
anti-predator behavior than did sticklebacks oatjimg from a high predation risk site
(Bell & Stamps 2004; Bell 2005). Further, predatmpection was more pronounced in
three-spined sticklebacks from predator-experiemmgallations compared to populations
with no earlier predator exposure (Walling et &@02). Previous studies in fish have
shown relations between predation risk and diffeesrin anti-predator behavior between
populations (Walling et al. 2004; Brown et al. 2p@&d within populations (van Oers et
al. 2004; Westerberg et al. 2004; Ward et al. 2084¢h effects within populations may
originate from personality (Gosling 2001), indivadwcoping (Koolhaas et al. 1999) or
behavioral syndrome (Sih et al. 2004), and may wlépm a variety of environmental
factors.

Beside these changes in behavior with respect ¢algpion risk, the results of our
experimental study also revealed changes in mooglyofor both age classes, where
individual 0+ and 1+ perch developed a clearly éeegnd more downward bent body
under high predation risk. Under low predation tisis development was still obvious for
the O+ perch, whereas 1+ perch from no and low gtied risk classes showed no
morphological differences. This may be a hint sighificant changes only occurred after
reaching a certain level of predation intensityjoliis underpinned by the linear models
on the mesocosm means of response CVA scores agianactual predation risk that
revealed highly significant dependencies for bajé elasses in which perch's body depth
increased with the actual predation risk. Fish waithincreased body depth have a higher
chance to escape predation attacks due to theuifis of gape limited predators in

handling and swallowing deep-bodied individualsl¢bibn & Bronmark 2000). However,

69



CHAPTER 1l

developing a deeper body morphology was also shiowme a normal trait during the
ontogeny of perch (Svanback & EKI6v 2002; Heermahral. 2007), and is strongly
correlated to the niche shifts of juvenile perckré3on 1988). Perch feeding on benthos
develop a deeper body compared to their planktedifg conspecifics (Hjelm et al. 2001;
Olsson & Eklov 2005; Svanbéack & EKI6v 2006). Stedan morphology influenced by
predation also revealed differences within or betwdéish populations (Bronmark &
Miner 1992; EkI6v & Svanback 2006; Eklov & Jons0i07), whether these differences
are induced directly (Rundle et al. 2003; Langeshanhal. 2004) or indirectly by the
predator (Abram 2000). In a recent study, prey Ipestuifted their habitat according to
predation risk. They chose the habitat with the dowisk of predation and fed on
resources specific to this habitat, resulting irbitaa-specific morphology (Eklov &
Svanback 2006). The adaption to habitat-specifitmsming modes resulted in the
development of different morphologies, improving thaneuverability in vegetated areas
of deeper bodied perch (Eklov & Svanbéack 2006)thin present study all experimental
perch used the vegetation areas of the mesocosmpeefsred habitat, at least during
daytime (personal observation). In order to minenéffects of different food resources
on morphology (e.g., Heermann et al. 2007), allcpewere fed with frozen red
chironomid larvae that represent natural benthat. dturther, food abundance is known
to affect morphology of perch: perch that were feexcess developed a deeper body
compared to fish from a low food level (Borcherdi&@gMagnhagen 2008). All these
experimental conditions could have lead to deepelylmorphology at the end of the
mesocosm period. However, as the level of morphocehange was clearly correlated
to the factor predation risk (the only factor tharied substantially between the
treatments), we are confident that the observedgd®gmin morphology of prey perch
within each age-class depended to a greater externthe perceived predation risk.
Whether these changes depended on indirect eféectsrect effects like size-specific
predation is, however, difficult to assess.

In an aquarium experiment perch increased bodyhdejthin six weeks in the presence
of pike predators, underlining that induced defengeaquatic organisms are generally
triggered by waterborne chemical cues releaselddanrteraction between a predator and
a prey (Eklév & Jonsson 2007). In crucian carp,neical cues from pike were also
sufficient to induce an increase in body depth (Bnéark & Pettersson 1994). It is further
known that such substances can also be releasedHiepidermis of ostariophysan fish
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as alarm signals in the case of an injury (StaBellwin 1997). Perch-experienced
common bulliesGobiomorphus cotidianyisesponded to chemical cues from a predatory
perch, indicating the probable presence of an atrpstance (“Schreckstoff”, Kristensen
& Closs 2004). Yellow perchPerca flavescensshowed an increased swarm cohesion
and bottom bound behavior as responses to alarmatuejured conspecifics, and further,
individual juvenile yellow perch increased sheltse and froze more when exposed to
chemical alarm cues from both juvenile and adulbyeperch (Mirza et al. 2003). Until
now there are no results whether adult, piscivorpeich excrete olfactory, predatory
cues that affect juvenile conspecifics or whether bccurrence of alarm substances
released by perch that were attacked by a predatoresponsible for observed predatory
effects. And of course, this question cannot bevarsd with the results of the present
study as in our experimental set-up both typeshehical cues were possible as a trigger
for the observed morphometric alterations.

In conclusion, it was shown that perch became shwtr the intensity of predation, and
when a certain level of predation risk was excequteg perch from the mesocosms also
became deeper bodied. However, while changes irphmotoygy were somewhat more
pronounced in the 0+ age group, the 1+ age groupbiad significantly stronger
changes in behavior. This can be quoted as aifimsthat age-specific responses towards
predation risk exist in perch, assuming that phgrotplasticity on different response
levels may be inconsistent over age-classes iogean perch. However, it remains
unanswered if individual prey perch adjusted theinavior and morphology in response
to the predator, or if the predator induced thelsenges by selective predation or if
further size-specific indirect effects existed imetexperiments that resulted in the
observed mean changes of morphology and behavitihoWgh the analysis of the
changes in the length-frequency distributions iathd some size-specific effects, the
observed changes in the length-frequency did npemig on the predation risk of the
different treatments. Nevertheless, these sizedsp@ffects should be examined more
intensively in the future, by testing the prey fefor boldness and morphology before
and after the treatment with individually markede@mens. Such comparisons would
allow further insights on individual responses ghavior and morphology towards the

effects of predation risk.
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Abstract

Predation is thought to be one of the main strimjuforces in animal communities.
However, selective predation is often measuredsolated traits in response to a single
predatory species, but only rarely are selectiveef® on several traits quantified or even
compared between different predators naturally wooy in the same system. In the
present study, we therefore measured behavioralnsrghological traits in young-of-
the-year Eurasian perch and compared their seéegtilues in response to the two most
common predators, adult perch and pike. Using mieffects models and model
averaging to analyze our data, we quantified andotapared the selectivity of the two
predators upon the different morphological and kihal traits. We found that selection
on the behavioral traits was higher than on momuiiokl traits and perch predators
preyed overall more selectivly than pike predatd?&ke tended to positively select
shallow bodied and non-vigilant individuals (i.edividuals not performing predator
inspection). In contrast, perch predators seleatethly for bolder juvenile perch (i.e.
individuals spending more time in the open, motesal; which was most important. Our
results are to the best of our knowledge the fitsit analyzed behavioral and
morphological adaptations of juvenile perch fadwg different predation strategies. We
found that relative specific predation intensity fiee divergent traits differed between the
predators, providing some additional ideas why fileeperch display such a high degree
of phenotypic plasticity.
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Introduction

Predation is thought to be one of the main strireguforces in freshwater communities
(e.g. Eklov & Hamrin 1989; Langerhans et al. 20@harma & Borgstrom 2008),
influencing not only species assemblage througlectee predation but also the
distribution and abundance of phenotypes withimputation (e.g. Kishida & Nishimura
2005; Bell & Sih 2007). Typically a prey faces nipi predators (Sih et al. 1998), which
might differ in size (Scharf et al. 2000), dengiyagnhagen & Heibo 2004), habitat use
(Krupa & Sih 1998), diel activity (Turesson & Broank 2004) and/or hunting strategy
(Kishida & Nishimura 2005), imposing different pegdr specific selection forces on the
shared prey. In single predator systems a predgtecific defense would decrease a
prey's vulnerability to predation (Matsuda et #9&; Krupa & Sih 1998; Sih et al. 1998).
In contrast, facing equally abundant predators witferent strategies, a more plastic and
general defense might be advantageous (Matsudal&9; Krupa & Sih 1998; Sih et al.
1998).Many defense strategies of the prey were showre&n tosts, confronting the prey
with time and/or resource allocation trade-offg(&teiner & Pfeiffer 2007). Individual
sticklebacks Gasterosteus aculeatughat behave less actively (Moodie et al. 1973) or
more vigilantly (Godin & Davis 1995) are less likeio fall victim to predation, but
simultaneously lose foraging opportunities. Watghiaut for potential threats and
inactivity are largely incompatible with foragingréves 2000; Lind & Cresswell 2005).
In crucian carpCarassus carassyisncreased body depth, though effective againgega
limited predators (Nilsson et al. 1995), was alsanfd to reduce competitive abilities
(Pettersson & Bronmark 1997) and increase swimnaiogfs (Pettersson & Bronmark
1999). Throughout many fish species, different dse¢estrategies have been described
such as group living (Godin et al. 1988), vigilariP&cher 1992), reduced activity (Bean
& Winfield 1995), or seeking shelter (Snickars et2904), armor (Vamosi 2002), spines
(Zimmerman 2007), camouflage (Ryer et al. 2008horeased body depth (Bronmark &
Pettersson 1994T.he variety of behavioral and morphological defesnsere sometimes
shown to compensate or augment each other (Sté&nBfeiffer 2007). In goldfish
(Carassius auratys deep bodied individuals displayed lower intgnsif anti-predator
response than shallow bodied ones, thus individwath morphological defenses
exhibited less behavioral modification than thoseking such defenses (Chivers et al.

2007). However, selective predation is often mesn isolated traits in response to a
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single predatory species, but only rarely are s@kedorces on several traits quantified
(e.g. Bell & Sih 2007; Holmes & McCormick 2009; Smi& Blumstein 2010) or even
compared between different predators naturally ooty in the same system (e.g.
Botham et al. 2006; Holmes & McCormick 2009). Conmpgthe fithess consequences of
just one axis of variation may, however, overestithe importance of one trait and lead
to a fractioned view on the operating selectivedsr(Steiner & Pfeiffer 2007).

Eurasian PerchPerca fluviatilisL.) is a common freshwater species throughout jairo
(e.g. Thorpe 1977; Collette & Banarescu 1977), wheveniles (like most fishes), suffer
the highest predatory mortality during their fiygtar (Sogard 1997; Claessen et al. 2002;
Huss et al. 2010¥-or juvenile perch the two most common predatoesaaiult perch and
pike (Esox luciu} (Bystrom et al. 1998; Magnhagen & Heibo 2001;sBen et al. 2003),
that differ in habitat use and hunting strategi€ar¢sson & Bronmark 2004). While
perch predators hunt and search actively (Christerts996), pike is a sit-and-wait
predator, ambushing the prey from shelter (Bean i&fid 1995). Juvenile perch were
found to show consistent variation in morphologpr@erding & Magnhagen 2008) and
behavior (Magnhagen & Bunnefeld 2009; Magnhagen6200he evidence suggests
individuals adapt their behavior to the experienles@| of predation risk (Magnhagen &
Borcherding 2008) and increase their body depthhe presence of pike (Eklov &
Jonsson 2007). However, to our knowledge, the ivelaselection advantages of
morphological and behavioral traits with respegbtedation have not yet been quantified,
or even compared for different predators.

In the present study, we therefore measured betzd@nd morphological traits in young-
of-the-year Eurasian perch and compared their thetegalues in response to the two
most common predators, adult perch and pike. Bskln®wards a predator and
morphological features describing the body shapeewaeasured before groups of
juvenile perch faced either a piscivorous pike erch. To analyze the selective value of
the different phenotypic traits, we compared thi#ahmorphological and behavioral
characteristics of the juvenile fish that surviwedh the characteristics of the juvenile
fish that were preyed upon. Using mixed effects e@nd model averaging to analyze
our data, we quantified and compared the selegtofipike and perch predators upon the
different morphological and behavioral phenotypeshiw the population of juvenile
perch. In order to reduce size selective predatioour set-up, we applied a relatively

high predator-prey size ratio. This would suggkat torphological traits, like a slightly
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deeper body should be of minor importance, despdiations that predators regularly
prefer shallow bodied prey to reduce handling tirre.contrast, behavioral defense
strategies should then be of higher importance un analysis, and we hypothesize
relatively risk prone prey individuals to suffergher mortality rates. As an actively
searching and hunting predator like perch depemdsdreater extent on the behavior of
its prey, we finally hypothesize that adult perchuld prey more selectively than the sit-
and-wait predator pike.
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Material and Methods

In July and August 2010, in total 152 young-of-trear perch (total length, TX + SD,
61.9 + 6.3 mm; weight, X £ SD, 2.1 £ 0.7 g) wer@glat by beach seining in a gravel pit
lake near the city of Rees (51°46°N, 6°20°E), Gerynd he fish were directly transported
to the Field Station Grietherbusch of the Univgrsit Cologne nearby and stocked to an
outdoor tank (1,8 f) to acclimate to captivity (6-12 days). Fish wézd daily with pre-
frozen chironomid larvae (6% of total body masd)e Tadult piscivorous perch used as
predators (T, X £ SD; 231.5 £ 18.3 mm, N = 17), were caughamnother gravel pit lake
(51°45°N, 6°28°E) and were fed with fish daily. @aeory pikes (T, X + SD; 146.7 +
14.9 mm, N = 5) were caught in a small oxbow néarlaboratory, and fed daily with
fish.

Experimental design

Before being handled all fish were sedated with RES2The juvenile perch were
measured, weighed and carefully placed on wet tihivel, laying on a carved piece of
Styrofoam to prevent deformation. Using a digitaimera perch were photographed
together with a ruler and then randomly marked veithindividual color code on the
caudal fin. Subsequently, the juvenile fish weansferred to small aquaria to recover
from narcosis (30 min) and assigned to groups of iiman experimental aquarium. Each
group participated in one behavioral experimenthwwo repeated observations (see
below). After the behavioral observations were emteld, 4 groups of four perch each
(16 individuals) were added to one outdoor tank ¢60high, 0.47 f 50% cover with
artificial vegetation), containing a piscivorouk@ior perch. As adult perch are more
sensitive to handling than pike (pers. observatitimg adult perch were stocked to the
outdoor tanks 10 days and the pikes 3 days pridingdhe juvenile fish. During this time
the predators were not fed, to reach a high huteyesl. In total, ten circular outdoor
tanks with recirculation pumps were used (X £ SBD.51+ 1.5 °Cnatural light regime),
to set up 5 replicates per predator species. Aimiingxamine the predator specific
selection for different behavioral and morphologigdenotypes and to ensure the
comparability between the replicates, prey size etasen to result in a constant predator
prey size ratio (prey predator size ratio, perct 3D, 0.30 = 0.02; pike: X + SD, 0.39 +

0.02), which was slightly higher for pike, becaukey are less gape size limited than
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perch (Nilsson & Brénmark 2000). The study was ecmteld in four successive
experimental blocks (with two tanks stocked witlvée prey fish, 12 individuals instead
of 16). During the tank treatments the juvenilecpewrere fed twice per day equal to 15%
body weight, which was equally distributed over Wi®le tank.

The tanks were checked every second day, visualipting the remaining prey fish and
each treatment ended, when about 50% of the psbywere consumed. Tank treatments
were on average ended after 11 days, recoverirgeket 18.7%-66.6% of the prey and
all the predators alive (survival prey, perch: 6B, 42.4 + 15.5 %; pike: X + SD, 49.9 +
12.8 %). After the experiments the juvenile fishrevsacrificed with an overdose of
MS222 and frozen for further morphological analySése perch and pike predators were

released at the same location they were caught.

Behavioral experiments

The experimental aquaria were 100 | (85 x 42 x 184 and the bottom was covered with
gravel (X = SD, 20.8 + 1.2 °C, light regime 13L:1j1[®ne-third of each aquarium was
used for the predator separated with a plasti@andtthe remaining part for the group of
perch. An opaque plastic screen was placed closieetoet, to prevent the juvenile fish
habituating to the predator. Artificial vegetatiand aeration was provided in the predator
compartment and in the half of the space for thretpgroup that was furthest away from
the predator. After each set of behavioral expenene third of the water in each
aquarium was renewed.

Prior to the behavioral experiments the small pevehe acclimatized to the aquarium for
two days and fed daily with red chironomid larvaghe open area. On the third day the
behavioral experiments were conducted, during whigknile fish were observed twice.
Before each observation the juvenile perch weréosad by the opaque screen in the half
of their section that also contained the vegetatiéinronomid larvae (approx. 75 larvae,
corresponding to 3% of the total fish weight) wpmired into the open space produced
between the net and the opaque screen and all@nsdki to the bottom. The observation
started by lifting the opaque screen, making aelgrgrch visible to the juvenile perch
though the net. Each aquarium was observed for ibQ imwhich an observer recorded
four different activities for each individual fisbccurrence in the vegetation, occurrence

in the open, feeding, and predator inspection. ddiwities were entered into a computer
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program, which recorded one behavioral unit evegoed. After each observation the
opaque screen was put back next to the net.

Morphological Analyses

For morphometric analysis 12 homologous landmagkddfined points to describe the
outer shape, two for the pectoral fin and one lier ¢ye respectively) were digitized on
the left side of each specimen using tpsDigit qstltility software from Rohlf (available
at: http://life.bio.sunysb.edu/morph/; NY, USA).lAbllowing analyses were performed
with Integrated Morphometrics Package (IMP) devetbpy Sheets (which is available at:
http://www?2.canisius.edu/~sheets/morphsoft.ntml;fféa, NY, USA). All specimens
were transformed to the same baseline orientatiwh langth, using IMP software
CoordGen6 and nonshape-variations were removeul) tise Procrustes superimposition
option of the IMP software. Using the software P@&h6n, a PCA was conducted and
PCA scores were computed for the pike and perch, daspectively. PCAGen6n was
also used to visualize the morphometric distinctadang the selected PCA axes as

vectors on landmarks.

Statistical analyses

The recorded behavioral data were used to calcthat@verage behavior per fish over
the two observations for seven behavioral variabiese spent in the open area, total
time spent feeding, latency to start feeding, danabf the first feeding bout, activity
(number of changes between open area and vegétakiency until first change of
habitat, and time spent with predator inspectiosiny a principal component analyses
(PCA) the calculated behavioral parameters were booed to behavioral scores,
reducing the number of behavioral variables busingtg the variation present in the
recorded data. Two PCA’s were conducted for thehpend pike treatment data,
respectively.

To analyze the factors influencing the survivalaoprey individual, two separate linear
mixed effect models were set-up for perch and dkevival (0/1) was used as binominal
response variableTo avoid pseudo-replication in the analysis, a ewsfesign was
created. ‘Between-groups in one tank” was addedraom effect at the inner level and
"between-tanks” was added as random effect atutex tevel. The following variables

were added as fixed effects: principal componeand 2 from the behavioral analysis
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(B-PC1 and B-PC2), principal component 1 and 2 ftbe morphological analysis (M-
PC1 and M-PC2), the average amount of prey consyeday (PCPD) in each tank and
the predator-prey size ratio (PPSR).

The dredge function in the MuMIn package in R wasedito run all possible
combinations of the fixed effects and ranked thsulteng models according to the
associated AIC’s, to find the most parsimoniousliaations of the fixed effects. Instead
of focusing on a single minimum best model, the eh@dg function in the MuMin
packed in R was used to average the models idshtifi best support our data (Johnson
& Omland 2004), where models with Akaike differenc& were considered important
(Burnham & Anderson 2002). Parameter estimates weeeaged according to Akaike’s
weights. This resulted in robust parameter estimat® predictions, and helped to avoid
to focusing on or rejecting a special hypothesisere multiple alternative hypotheses
may be relevant (Johnson & Omland 2004). This aggras especially useful, allowing
us to identify and present the relative contribogioof the different important factors in

explaining our data.
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Results

Behavior

For the behavioral data from the juvenile fish usedhe pike treatments the PCA
produced two behavioral principle components wigeevalues > 1 (B-PC1 and B-PC2),
explaining together 79.5% of the variation (Tah.\Whereas the PCA on the behavioral
data from juvenile prey perch used in the percatinents resulted in only one axes with
an eigenvalue > 1 (B-PC1), however we retainedfitise two axes for comparability,
explaining together 80.6% of the variation (Tab. 1)

Table 1: Factor loadings, eigenvalues, and proportif the total variance explained by
the first behavioral principle components (B-PCirasted from the two PCA’s over the
seven different measures of behavior, for the panthpike treatments, respectively

Perch Pike
B-PC1 B-PC2 B-PC1 B-PC2
Boldness Vigilance Boldness Vigilance

Time in the open 0.402 0.211 0.426 -0.041
Total time spent feeding 0.403 -0.340 0.407 -0.342
Latency to start feeding -0.424 0.038 -0.439 -0.097
Duration of first feeding bout 0.318 -0.523 0.362 -0.406
Number of changes 0.403 -0.063 0.384 0.268
Time spent with predator inspection 0.256 0.725 0.060 0.748
Latency until first change -0.405 -0.185 -0.418 -0.271
Proportion of total variance 0.693 0.113 0.598 0.196
Eigenvalue 4.848 0.790 4.190 1.375

The loadings on the two axes were similar betwberbehavioral data from the juvenile
perch used in the different predator treatmentsyltieg in comparable scores, where
positive scores on B-PC1 indicated more time indpen, more time feeding, a lower
latency to start feeding, a higher activity (numloérchanges between open area and
vegetation) and a lower latency to leave the veigetawhich would signify a fish with
ahigh degree of boldness. Positive scores on B-@2ated more time spent with
predator inspection and a lower duration of thet fieeding bout, signifying vigilance.
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Morphology

From the two morphometric analyses we retainediteetwo principal components for
further analyses, explaining together 52.8% and%60of the morphological variation
between the juvenile perch used for the perch dked freatments, respectively. The
shape difference associated with the first morpdiold principal component (M-PC1)
were similar for the pike and perch population suysles, where positive scores on M-
PC1 indicated a more downward bended body shapa deéper bodied appearance (Fig.
1). For the juvenile prey perch used in the perelatinents positive scores on M-PC2
indicate a larger head, while for the juvenilesdusethe pike treatments positive scores
on M-PC2 are associated with smaller head morplydie 1).

Perch Pike

M-PC1
M-PC1

M-PC2
M-PC2

Perch Pike

Figure 1: Shape difference associated with the firel second morphological principle

component (M-PC1 and M-PC2) from the juvenile pettehit participated in the perch

and the pike tank treatment. The shape differeapeslepicted as growth vectors starting
from the perch with small M-PC scores (solid line)the perch with high M-PC scores

(dotted line).

88



CHAPTER IV

Mixed effect models — fixed factors

Testing for the most parsimonious combinationsx@d effects resulted in seven models
with Akaike differences < 2 per predator model,luding a mean of 2 terms for the
models for the perch data and 0.85 terms for ttke pnodels, respectively (Tab. 2).
Multi-model inference from the subsets of importarddels indicates that only the fixed
factor behavioral component 1 (B-PC1 boldness) gloavtrend different from zero (Tab.
3). This is also reflected by the relative varialmeportance of the fixed factors,
indicating that between individual variation in laeforal component 1 (B-PC1 boldness),
but also variation in behavioral component 2 (B-P@gilance) and morphological
component 1 (M-PC1 body shape) contribute to tkelihood that a juvenile perch is
preyed upon in a perch treatment (Tab. 3, Figuré&@) the pike treatments all examined
factors had a relative low contribution in explamithe survival of prey individuals,
among which the between individual variation on @abral component 2 (B-PC2
vigilance) seems to be most important (Tab. 3, led).
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Table 2: Akaike weightsaf), Akaike differences /), Akaike information criteria, k
values and the terms (behavioral component 1 gdR”2C), morphological component 1
and 2 (M-PC), prey consumed per day (PCPD) angibdator prey size ratio (PPSR))
and associated coefficients in each model for #retpand pike treatment models

M-PC1 M-PC2
B-PC1 B-PC2 Body Head AIC

Intercept Boldness Vigilance shape size PCPD PPSR k AIC AAIC weight

Perch -0.328 -0.246 4 112.0 0.000 0.098
-0.332 -0.258 13.91 5 112.8 0.811 0.065

-0.332 -0.242 -0.301 5 102.9 0.885 0.063

-0.328 -0.252 15.04 5 113.4 1.416 0.048

-0.335 -0.255 -0.293  13.57 6 113.7 1.740 0.041

-0.527 -0.263 0.147 5 113.8 1.815 0.039

0.391 -0.247 -2.39 5 114.0 1.975 0.036

Pike -0.111 3 105.6 0.000 0.094
-0.112 0.221 4 106.4 0.847 0.061

-3.834 9.39 4 106.9 1.282 0.049

-0.113 10.68 4 106.9 1.356 0.047

0.453 -0.912 4 107.0 1.425 0.046

-0.112 -11.18 4 107.2 1.561 0.043

-0.111 0.032 4 107.5 1.925 0.036

Table 3: The coefficient, standard error, lower apgder 95% confidence interval and the
relative variable importance (Rel var importana®) dach term (behavioral component 1
and 2 (B-PC), morphological component 1 and 2 (M;®@y consumed per day (PCPD)
and the predator prey size ratio (PPSR)) of theamesl model for pike and perch
treatment data

Rel var
Coefficient SE Lower CIl Upper Cl importance
Perch  Intercept -0.283 0.679 -1.640 1.070
B-PC1 Boldness -2.251 0.114 -0.479 -0.023 1.00
B-PC2 Vigilance -0.079 0.155 -0.384 0.226 0.27
M-PC1 Body shape 3.740 7.140 -10.300 17.800 0.27
M-PC2 Head size 1.850 4.560 -7.140 10.800 0.12
PCPD 0.014 0.050 -0.084 0.114 0.10
PPSR -0.223 1.620 -3.450 3.000 0.09
Pike Intercept -0.531 1.240 -2.970 1.910
B-PC1 Boldness 0.031 0.116 -0.200 0.264 0.10
B-PC2 Vigilance 0.221 0.209 -0.196 0.637 0.16
M-PC1 Body shape 10.700 13.400 -16.000 37.400 0.13
M-PC2 Head size -11.200 16.900  -45.000  22.600 0.11
PCPD -0.912 1.210 -3.320 1.490 0.12
PPSR 9.390 11.100 -12.800 31.600 0.13
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Figure 2: Vulnerability function for the divergebthavioral (FPC1 and I-PC2) and
morphological (MPC1) phenotypes in response to adult pike and pesdhacted fron
the averaged model for pike and perch treatmeiat délti-model inference indicatthat

only the behavioral component 1-PC1 boldness) shows a trend different from .
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Discussion

In the sets of the most parsimonious models thebewsnand combinations of the fixed
effects differed between the pike and perch dake most parsimonious pike models
contained zero or only one fixed effect, howeveathauit any consistency. In contrast the
best perch models contained on average more fifedte and the factor boldness
appeared consistently in all models. Consequettiy, fixed effect boldness had the
highest relative variable importance in the perabdats, in which between individual
prey variation in boldness was negatively relatedurvival. These results indicate that
perch predators preyed selectively on bolder juegrerch and overall considerably more
selectively than pike.

We kept size variation between the prey individgtgll in the present study, to focus
purely on the effects of morphological and behaliorariation. In consequence, the
predator-prey-size-ratio and accordingly size delecpredation was of only minor
importance. Size-biased predation is, however, anton phenomenon in fish
populations (Juanes & Conover 1994; Lundvall et 1899) and may substantially
configure a cohorts size distribution in juveniléages (e.g. Beeck et al. 2002;
Borcherding et al. 2010). A number of mechanisms ic@luce size selective patterns,
which might complicate disentangling the causak&# of selective predation (Sogar
1997). Size selective consumption may be attribtdeghpe limitations, in which a fish’s
vulnerability to predators changes with size (¢ugndvall et al. 1999) and body depth
(e.g. Nilsson & Brénmark 2000). Size selective conption may also result from size
associated variation in preys escape ability (Wé&B@8; Taylor & Mcphail 1985),
conspicuousness (e.g. Lundvall et al. 1999) or Wwehge.g. Biro et al. 2004). For
example, larger prey individuals might suffer frantreased mortality, because they
allocate their time in the trade-off between fegdiand anti-predator behavior to
maximize growth (Mangel & Stamps 2001; Biro et2l04; Dibattista et al. 2007). These
findings are in correlation to our results thate&ed relatively bolder juvenile perch (i.e.
spending more time in the open, more active) lésdyl to survive during the perch
treatments. These results are consistent with guevstudies on three-spined sticklebacks
(Gasterosteus aculeafysn which individuals that were more active (Ma®ét al. 1973)
and fed more (Bell & Sih 2007) had a higher matyatisk. In meta-analyses across
several species Smith & Blumstein (2008) found bpiddividuals to have an increased
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reproductive success, but a shorter life span dusetective predation. Boldness that
decreases refuge use and increases activity, sesdhe risk to encounter (Scharf et al.
2003) and to attract primarily visual oriented s (Ware 1973; Martel & Dill 1995),
increasing predation risk. Additionally, TuressorB&onmark (2004) found that solitary
perch predators need to separate single individuats a school to successfully attack
them. Therefore bold individuals that more ofteowgry front positions (Ward et al. 2004)
and keep greater distance from the school (Wildal. €993), might be more vulnerable
to predation. In contrast, Smith & Blumstein (2018ently reported that more active,
bold and exploratory trinidadian guppieRogcilia reticulat¢ survive longer when
exposed to a cichlid predator. The authors sugdestat these traits might be
advantageous, if an individual’s behavior underdatien risk is an honest signal of
escape ability. However, they also found that #lative selective advantage depends on
the individual predator (Smith & Blumstein 2010).

In contrast to perch, pike predators in the prestrmty did not selectively prey upon bold
individuals. Our results indicate a lower tenderfioy pike predators to hunt vigilant
individuals that perform predator inspection. Alligh predator inspection is generally
thought to increase an individual’'s vulnerabilig.d. Dugatkin 1992), Godin & Davis
(1995) demonstrated that acara cichliddlequidens pulchgras predators were less likely
to attack guppies that inspected them than thosedid not. In sticklebacks, predator
inspection was correlated with prey condition asdape ability (Kulling & Milinski
1992) and Pitcher (1992) suggested that predaspentions signals the predator that the
prey is aware of its presence. Pike is a highlgaite ambush predator (EKI6v & Diehl
1994; Bean & Winfield 1995; Turesson & Bronmark 20typically attacking its prey
from a hideout in littoral vegetation (Savino & Btd989). This tactic was suggested to
be highly successful in piscivores, since predatoostly attack unaware prey (Turesson
& Bronmark 2004). However, this strategy might besl effective once detected by the
prey, hence inspection might deter the predatan fedtacking (Pitcher 1992; Godin &
Davis 1995).

Compared to the behavioral traits, selection onpimalogical traits was relativly low in
the present study. Slightly downward bended indigld, with a deeper bodied
appearance were more likely to survive than fislthwa more slender appearance.
Increased body depth is generally interpreted asadaptive morphological prey

characteristic that decreases a fish’s vulnerghitit gape size limited pisivores (e.g.
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Nilsson & Brénmark 2000). Indeed, Nilsson et al99%) could show that pike needs
longer to process deep bodied crucian carp andenatdly attacks slender bodied
individuals. Magnhagen & Heibo 2001 found juvemlerch from pike dominated lakes
to be deeper bodied than juvenile perch from lakigs a lower pike population, which
they suggested to stem from a mixture of selegireglation and phenotypic adaptation.
We found pike predators to exhibit less morpholalggelection than perch predators.
However, morphological variation in natural percbpplations might be much more
pronounced, suggesting that in the present studpmotogical variation might have been
too small to be a selection criterion. Pike predatmn the present study preyed less
selectively than perch. Pike had a slightly lowganstion period and faced prey
relatively larger than perch. Starvation is sugegsto decrease selectivity in fish
(Turesson et al. 2006), while increased relativeypsize is assumed to pronounce
morphological selection for shallow bodied preypike (Nilsson & Brénmark 2000).
Hence, it might be suggested that the lower stemvgteriod and the higher predator-
prey-size ratio would rather increase selectiuvitypike, i.e. indicating that differences in
selectivity between the divergent predators obskimaeour study are probably not an
experimental artifact. We found pike and perch ¢étect differently on the different
behavioral and morphological traits. Pike tendegadsitively select shallow bodied and
non-vigilant individuals, while perch predatorses#éd for shallow bodied and bolder
juvenile perch. This supports the idea that difiérenti-predator defenses may not be
independent from each other (e.g. Lind & Cress®@05). In previous studies different
anti-predator behaviors (e.g. Lind & Cresswell 200But also morphological and
behavioral defense traits were found to compermaseigment each other, depending on
the ecological circumstances (Steiner & Pfeiffe020 For example goldfish (Chivers et
al. 2007), anural tadpolefRéna piricg (Kishida et al. 2009) and largemouth bass
(Micropterus salmoidgs (Brown et al. 2002) were found to decrease argdator
behavior with increasing body depth. However, weinfb no correlation between
boldness, vigilance and body depth for juvenilecpeWNigilance, i.e. predator inspection
is generally interpreted as an act of boldnessuinstudy boldness (time in unsheltered
habitat, activity, latency to leave the sheltery (@efined by e.g. Sneddon 2003,
Magnhagen & Borcherding 2008) and vigilance (predatspection) loaded on different
PC axes, giving some evidence they are not contheSienilar results were obtained in

previous studies on juveniles from Swedish (Heilstret al. unpubl. data, Heynen et al.
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unpubl. data) and German perch populations (Goklgnbt al. unpubl. data), fathead
minnows Pimephales promelagPellegrini et al. 2010) and sticklebacks (Hugtord
1976). The reaction of sticklebacks towards a pmdas summarized along a
“precaution-investigation” (or predator inspectias defined by Pitcher 1992) and a
“boldness-timidity” axis (activity, jerky swimmingspine rising) (Huntingford 1976). In
fathead minnows, activity and predator inspecti@meralso uncorrelated (Pellegrini et al.
2010). However, behavioral trait correlation or d&é@bral syndromes might also be
species specific (Sih et al. 2004; Conrad et all1200ur results on juvenile perch
indicate that boldness and vigilance might represanorrelated alternative anti-predator
tactics, as suggested for shoaling (Ward et al2P80d predator inspection (Walling et al.
2004) in sticklebacks (Bell & Sih 2007). This isased to be advantageous for juvenile
perch, as we found pike and perch to select diftgreon the two behavioral traits.
Furthermore, defense strategies might bear costéranting the prey with time and/or
resource allocation trade-offs (Wolf et al. 200&i&er & Pfeiffer 2007). This can be also
assumed in the present study, in which vigilana slryness was associated with a lower
foraging rate, as watching out for potential thseamactivity, hiding and foraging are
largely incompatible (e.g. Lind & Cresswell 200B).previous studies, fishes were found
to display a high degree of phenotypic plastiogyg( Smith & Skdlason 1996; Lima 1998;
Robinson & Parsons 2002; and references theraingnile perch were found to adapt
their behavior on a long-term basis to the expegdrevel of predation risk (Magnhagen
& Borcherding 2008), but also to short term changfegredation risk (Bean & Winfield
1995; Snickars et al. 2004; Borcherding 2006), égucing activity and foraging, while
intensifying the use of shelter. Furthermore, julemperch were found to increase in
body depth in the presence of pike (Eklov & Jons26@7). Hence, the results of the
present study indicate that these plastic reactamesadaptive and might decrease an
individual's vulnerability to predation. This mighe particularly an advantageous in the
natural environment, where predation risk is ndixad constant factor (Lima 2002).
Predation risk for juvenile perch is expected to Jaiable due to population size
structure, density and distribution of pike and lagherch, and might change through
harvesting (Lewin et al. 2006; Arlinghaus et al020van Kooten et al. 2010), natural
population circles (Persson et al. 2003) and/aradtions between predators (Ekl6v &
Diehl 1994). In a recent study, Svanback and Perg2009), suggested that the

intrinsically driven population dynamics in perclaynfavor morphological plasticity in
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perch over genetic diversification. Bearing in mihe results of the present study, i.e.
that the two most common predators select witheckfiit intensity on different traits,

clearly supports the idea of Svanback and Persa0d9j. Thus our results give some
further hints, that not only the specific behavi@amorphological phenotypic reactions
that individuals were found to display in respots@redator risk (e.g. Bean & Winfield

1995; EkI6v & Jonsson 2007; Magnhagen & Borcherdi§8), but also the intrinsic

ability to respond plastically to predation riskgii be adaptive for perch (Svanback &
Persson 2009; Kishida et al. 2010).

In conclusion, our results emphasized the impodaat looking at more than one
predator and more than one trait (e.g. Kishida &hiNnura 2005; Steiner & Pfeiffer
2007). This is mainly due because relative spegifedation intensity for the divergent
traits differed between the predators, in whichpbsitive selection of perch predator on
bold individuals was the most important. Thus, résults of the present study support the
assumption that behavioral and morphological reastof juvenile perch in response to a
predator might be advantageous, as it was suggastedveral previous studies (e.g.
Snickars et al. 2004; EKkI6v & Jonsson 2007; Magehag Borcherding 2008).
Furthermore, our results are, to the best of ounwkadge, the first that analyzed
behavioral and morphological adaptations of jusepirch facing two different predation
strategies. We provide some additional ideas agiojuvenile perch display such a high

degree of phenotypic plasticity.
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ABSTRACT

Predation is one of the major structuring forcesaimmal communities, because most
predators hunt selectively. This favors charadiessn prey that facilitate the avoidance
of predation. Correspondingly, various and ofteaspt morphological and behavioral
defense strategies have been found throughout ouséaxa. However, the expression
of defense traits often confronts prey with time/an resource allocation trade-offs. Thus
behavioral defenses, like watching out for potérthieeats, inactivity and hiding largely
are incompatible with foraging and the energy exigere to build up morphological
defenses cannot be allocated into e.g. growth,agéoror reproduction. Therefore,
additional effects, like an individual’s nutritidnatatus, resource use, size and/or age
balance, often influenced of these trade-offs. Harmhore, theoretical results indicate that
the plasticity of a trait iper sedetermined by the adaptiveness of a given phepoiigp
associated costs and the variability of the seleatnvironmental agent. This illustrates
the complexity of patterns shaping animal behaVviaad morphological defense
expression under predation risk. Eurasian pereérda fluviatilis L.) is a common
freshwater species throughout Europe, where juggrerch display consistent variation
in morphology and behavior and both traits are ifgasto the environment and
especially to predation risk. Therefore perch isoptimal model organism to study the
complex defense trait dynamics in predator-pregrattions.

In the first study, a common garden setup was use@xamine the genetic and
environmental components of the morphological emafrom two lake populations with
differences in size-specific predation risk. Werfdulifferences in head and jaw length
and slight differences in body depth between tHd woung-of-the-year perch from Lake
Angersjon and Lake Fisksjon. The differences fobhativeen the wild fish from the two
lakes were, however, not maintained under commanlegarearing. The observed
morphological divergence between the wild juvemkrch from Lake Angersjon and
Lake Fisksjon seems to stem mainly from a plagtsponse to different conditions in the
two lakes. Morphological traits are not influendagd direct reaction to the size-specific
risk of cannibalism, but probably stem from a comalion of different environmental
characteristics, including resource and habitat ase the density of other piscivores
such as pike.

In the second chapter young-of-the-year perch weexed on either fish larvae or
zooplankton to investigate whether the use of dj@et resources changes the reaction to

a novel surrounding and the behavior under theatho¢ predation. Both phenotypes
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reacted differently under predation risk and inspe¢he predator more frequently when
their familiar prey was presented during the triaiglicating that resource polymorphism
may influence risk-taking behavior in juvenile fish

The third study used juvenile 0+ and 1+ perch iregperimental approach to vary the
factor of predation risk. Predators were able sfen perch during a mesocosm period.
Perceived predation risk affected the behaviortaednorphology of both age classes of
perch. Boldness decreased with the intensity oflairen, while morphology of perch
changed towards deeper bodied individuals. Althoiigilemains unanswered if these
changes are a result of selective predation or gilgpit response of the prey, the latter
explanation is assumed to be conclusive because thas no correlation between the
observed changes in the length-frequency distobstand the predation risk of perch.

In the final study, we measured behavioral and imaliggical traits in 0+ perch and
compared their selective values in response totwloe most common predators, adult
perch and pike. Selection on behavioral traits mgker than on morphological traits and
perch predators preyed overall more selectivelyh thike. Pike tended to positively
choose shallow bodied and non-vigilant individudttscontrast, perch predators selected
mainly for bolder juvenile perch. These resultsicate that shyness and increased body
depth might be adaptive for juvenile perch undexdption risk. However, the relative
specific predation intensity for the divergent tsadiffered between the predators,
providing some additional ideas why juvenile pembisplay such a high degree of

phenotypic plasticity.
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Pradation wirkt auf Beutepopulationen stark striktend, da die meisten R&auber
selektiv jagen. Dabei werden bei den BeutetierécthecEigenschaften selektiv gefordert,
die das Risiko mindern gefressen zu werden. Ertbprel finden sich im Tierreich
zahlreiche Beispiele oft plastischer KérperformdWerhaltensmerkmale, welche eine
Vulnerabilitdt gegentber Raubern senken. Allerdisgslie Merkmalsauspragung fur ein
Beutetier oft mit Kompromissen in der Zeit- und/o@ergieverteilung verbunden. So
schlieBen sich Nahrungsaufnahme und Ra&uber-vernmagdé/erhaltensweisen (wie
Achtsamkeit, Inaktivitat, Schutzsuchen) gegensatig und die Energie, welche beim
Aufbau korperlicher Verteidigungsstrukturen verwendird, kann nicht in Wachstum
oder Reproduktion investiert werden. Folglich b#assen auch Faktoren wie
Ernahrungsstatus, Nahrungsnutzung, GréRe und Alters Tieres die Investition von
Zeit und Energie in Feindvermeidungsverhalten undrtdidigungsstrukturen. Des
Weiteren deuten Ergebnisse aus theoretischen 8tuahe dass die Plastizitat eines
Merkmals per seabhangig ist von der Adaptivitat eines gegebenean®yps, den
assoziierten Kosten und der Variabilitat des winksa Selektionsfaktors. Die Einflusse,
die bei einem Tier unter Rauberdruck die Auspréagbegtimmter Koérperform- und
Verhaltensmerkmale beeinflussen, sind also auRensplex.

Der FlussbarschPerca fluviatilisL.) ist einer der haufigsten Stfwasserfische Easop
Juvenile Flussbarsche zeigen stabile individuelletetschiede in Koérperform und
Verhalten, aber auch ein hohes Mal3 an phanotypisétastizitat, wobei sie
morphologisch und im Verhalten auf die gegebené®i@nsintensitat reagieren. Damit
erweist sich der Flussbarsch als ein geeignetes eMied, um die Auspragung
verschiedener Verteidigungsmerkmale und ihre korgpl®ynamik in Rauber-Beute
Interaktionen zu untersuchen.

In einer ersten Studie wurden die Unterschiede en Korperform zwischen zwei
Seepopulationen mit unterschiedlichen gréf3ensgehiéin Préadationsrisiko untersucht,
um deren genetische und plastische Komponenterginbmen. Daflir wurden in einem
Common-garden-Design Tiere beider Barschpopulationen gleichen Habitat
herangezogen, ihre Korperformen analysiert und sbwiteinander als auch mit denen
von Freilandtieren verglichen. Zwischen den 0+ |&relbarschen aus den Seen Fisksjon
und Angersjon wurden Unterschiede in Kopf- und Kikfnge und leichte Unterschiede
in der Hochruckigkeit gefunden. Diese Unterschie@deen jedoch zwischen den Tieren

beider Populationen, die im gleichen Habitat heraiwen, nicht mehr vorhanden.
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Die im Freiland gefundenen Korperformunterschiedaiisghen den juvenilen
Flussbarschen aus den Seen Fisksjon und Angersfiginen sich hauptsachlich aus
plastischen Anpassungen an die verschiedenen Uginflisse der beiden Seen zu
ergeben. Dabei scheinen diese Unterschiede in dgreiform keine direkte Folge des
unterschiedlichen gréfl3enspezifischen Pradatiokesszu sein, sondern vielmehr eine
plastische Reaktion auf eine Kombination von sedafipehen Umwelteinfliissen, wie
Nahrungs- und Habitatnutzung und die Dichte and&aubfische, wie zum Beispiel
Hecht.

In zweiten Teil der Studie wurden O+ Barsche ubeWéchen mit Fischlarven oder
Zooplankton ernahrt, um herauszufinden, inwiewei¢ dutzung unterschiedlicher
Ressourcen einerseits die Reaktion auf eine unbékdasmgebung und andererseits das
Verhalten unter Rauberdruck verandert. Beide Plygeot reagierten unterschiedlich auf
R&auberrisiko und beobachteten den R&uber ofternvilemen eine vertraute Ressource
angeboten wurde. Diese Ergebnisse lassen vermidss,Nahrungspolymorphismus die
Risikobereitschaft von juvenilen Flussbarschen uRtberdruck beeinflussen kann.

In der dritten Studie wurden 0+ und 1+ Flussbarsoheinem experimentellen Ansatz
unterschiedlich starkem Rauberdruck ausgesetztRigfische konnten die Beutetiere
wahrend des Mesokosmos-Experiments jagen und fred3as erlebte Rauberrisiko
beeinflusste Korperform und Verhalten in beidenefdklassen. Die Risikobereitschaft
der Flussbarsche sank mit steigendem Rauberrisikd die Tiere hatten eine
hockrickigere Korperform. Allerdings bleibt es ukiget, ob diese Veranderungen
selektiven Fral3 der Rauber oder eine plastischeagsyng der Beutetiere reflektieren.
Die letztere Erklarung scheint hierbei wahrschehdr, da keine Korrelation zwischen
den beobachteten Veranderungen der Langenvaréhilitd dem Rauberrisiko gefunden
wurde.

In der letzten Studie, wurden Verhaltens- und Kdgyexmerkmale von 0+ Barschen
gemessen, um den artspezifischen, selektiven Rrelkdvon adulten Hechten und
Barschen auf bestimmte Morphen oder Verhaltensgigen zu untersuchen. Die
Selektion auf Verhaltensmerkmale war ausgepradsejeae auf Korperformmerkmale,
und adulte Barsche jagten deutlich selektiver ashtk. Hechte tendierten dazu, flachere
und weniger achtsame Individuen zu jagen. Adultes@ize dagegen fral3en bevorzugt

risikobereite juvenile Barsche.
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Diese Ergebnisse lassen vermuten, dass SchichteunkdeHochrtckigkeit fur juvenile
Barsche unter R&uberdruck vorteilhaft sind, wobgh sdie relative spezifische
Selektionsintensitat auf die verschieden Merkmalesezhen den Raubern unterscheidet,

was wiederum eine weitere Erklarung fur die aultenotliche phanotypische Plastizitat

juveniler Barsche darstellt.

111



ERKLARUNG

ERKLARUNG

Koln, den 28.04.2011

Ich versichere, dass ich die von mir vorgelegtes&iation selbstandig angefertigt, die
benutzten Quellen und Hilfsmittel vollstandig anglegn und die Stellen der Arbeit —
einschlie3lich Abbildungen und Tabellen — die ardeWerken im Wortlaut oder dem
Sinn nach entnommen sind, in jedem EinzellfallEaxdlehnung kenntlich gemacht habe;
dass diese Dissertation noch keiner anderen Fakattér Universitat zur Prifung
vorgelegen hat; dass sie — abgesehen von den aublgenden Seite angegebenen
Teilpublikationen — noch nicht veréffentlicht wordeist sowie, dass ich solche
Veroffentlichung vor Abschluss des Promotionsverdals nicht vornehmen werde. Die
Bestimmungen dieser Promotionsordnung sind mir tiekaDie von mir vorgelegte

Dissertation ist von PD Dr. habil Jost Borcherdiagreut worden.

Martina Heynen

112



TEILPUBLIKATIONEN

TEILPUBLIKATIONEN

* Heynen, M., Hellstrom, G., Magnhagen, C. & BorcliregdJ. 2010. Does
morphological variation between young-of-the-yearch from two
Swedish lakes depend on genetic differences? Egalbfreshwater Fish
19: 163-169.

* Heynen, M., Heermann, L. & Borcherding, J. 2011e®the consumption

of divergent resources influence risk taking bebawiin juvenile perch

(Perca fluviatilisL.)? Ecology of Freshwater Fish 20: 1-4.

Submitted manuscripts:
* Heynen, M., Rentrop, |. & Borcherding, J. Experieticpredation risk

affects behavior and morphology of juvenile persbhbmitted to Ecology

of Freshwater Fish.

113



