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Abstract (english)

Humans have fished at all times and fishing activities have always been selective for
certain species, traits and phenotypic expressions. These nonrandom fishing
activities can lead to human-induced evolutionary changes. The potential for fishing-
induced evolution has been intensively discussed in recent years, but most studies
have focused on life-history traits that directly or indirectly determine body size in the
context of commercial fisheries. Much less is known about potential evolutionary
changes in the context of passive angling fisheries. Using comprehensive phenotypic
descriptions covering several behavioral, life-history, morphological, and
physiological traits, | disentangled the phenotypic correlates of individual vulnerability
to angling gear. Using both, benthivorous and piscivorous model species | identified
the strength and direction of selection. | then compared survival and reproductive
fithess of vulnerable and invulnerable individuals to predict the evolutionary potential
of angling-induced selection. My research showed that boldness in the context of
foraging is the most important trait under selection in passive fisheries targeting
benthivorous species whereas aggression determines selection in piscivorous
species. In addition, growth and boldness were positively correlated. Intrinsically high
foraging activity- and speed likely explained why explicitly bold fish were caught more
often even if several fish were within close vicinity of the baited hook. These highly
vulnerable individuals also faced higher natural mortality at the juvenile stage in
ponds and within a 25 ha natural lake. Thus, angling-induced selection and natural
selection point into the same direction at the juvenile stage. However, using adult,
nest-guarding fish, | showed that angling-induced selection can severely impact
reproductive fitness when behavioral patterns that determined fitness, like
aggression, also affect their vulnerability to angling gear. Based on similarities in life-
history and behavior of many benthivorous and piscivorous fish, these results can
likely be transferred to many other species. As a consequence of my findings, an
exploitation-induced timidity syndrome can be assumed in highly exploited fish stocks
leading to increasing shyness and an overall reduced vulnerability of the individual
fish. This will have negative consequences for the number of trophy fish,
management decision making in the presence of hyperdepletion, and angler
satisfaction in general. From a management perspective my findings call for a
promotion of behavioral diversity which might be achieved through intensified release
of large, bold, and fast growing individuals.
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Zusammenfassung (deutsch)

Die Fischerei ist Teil der menschlichen Kultur und selektiv gegenuber bestimmten
Merkmalen der Fische, wodurch eine menschlich-induzierte Evolution hervorgerufen
werden kann. Das Potential evolutionarer Veranderungen von lebensgeschichtlichen
Merkmalen durch kommerzielle Fischerei fand in den vergangenen Jahren grol3e
Beachtung, wohingegen das evolutionare Potential selektiver anglerischer
Fischentnahme kaum Dberutcksichtigt wurde. Durch intensive Beschreibung
individueller Merkmale wie Verhalten, Lebensgeschichte, Morphologie und
Physiologie der Fische habe ich die phanotypischen Korrelate der individuellen
Angelfangbarkeit entflechtet. Anhand benthivorer und piscivorer Modellarten konnte
ich so die Starke und die Richtung anglerischer Selektion bestimmen. Zudem habe
ich die Uberlebenswahrscheinlichkeit und den Reproduktionserfolg dieser Fische
gemessen, um das evolutionare Potential anglerischer Fischereisterblichkeit
abschatzen zu kénnen. Ich konnte zeigen, dass die Risikofreude im Zusammenhang
mit der Nahrungsaufnahme bei benthivoren Fischen dem starksten Selektionsdruck
ausgesetzt ist, wahrend bei piscivoren Arten Aggression die bestimmende
Eigenschaft war. Zudem waren Risikofreude und Wachstum positiv korreliert. Die
intrinsische Fraflaktivitat- und Geschwindigkeit erklarte, warum risikofreudige Fische
selbst in Gruppen die héchste Hakwahrscheinlichkeit aufwiesen. Diese besonders
leicht fangbaren Individuen wurden zudem mit hoherer Wahrscheinlichkeit von
Raubern in Teichen und in einem 25 ha grolRen Natursee gefressen, sodass
anglerisch induzierte und natirliche Selektion bei juvenilen Fischen in die gleiche
Richtung wiesen. Bei adulten, nestbewachenden Fischen konnte ich zudem zeigen,
dass Eigenschaften, die zu einer erhdhten Fangbarkeit fuhren, auch den Laicherfolg
steigern, sodass anglerische Selektion negative Auswirkungen auf den
Reproduktionserfolg haben kann. Diese Resultate kénnen mit hoher
Wahrscheinlichkeit auf viele Arten Ubertragen werden. Folglich muss in stark
beangelten Fischbestanden von einem anglerisch induzierten Schuchternheits-
syndrom ausgegangen werden, wodurch die Anzahl grofer, risikofreudiger und
aggressiver Fische sowie die Fangraten und die Zufriedenheit der Angler sinken und
die Bewirtschaftung erschwert wird, da die Fangraten von der Fischbestandsdichte
entkoppelt werden. Meine Ergebnisse deuten auf eine hohe Schutzwirdigkeit
individueller Verhaltensdiversitat hin, welche am leichtesten durch den Schutz

besonders grofer, schnellwichsiger und risikofreudiger Fische erreicht werden kann.
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Background

Humans have fished since the origin of our species and fishing activities are almost
always nonrandom in the animals which are selected for harvest (Law 2000). High
exploitation rates, nonrandom fishing activities or random fishing activities with high
mortality rates can result in overexploited fish stocks and human-induced
evolutionary changes (Rijnsdorp 1993; Law 2000; Swain et al. 2007; Heino et al.
2015). A key factor regulating the sustainability of fisheries is the dynamics that
determine catchability, i.e. the relationship between fishing mortality and resource
abundance. Unfortunately, this relationship is often poorly understood and rarely
quantified (Arreguin-Sanchez 1996). Traditionally, catchability has been defined as
the fraction of the fish population that is potentially vulnerable to the gear in use.
However, individual fish differ in their phenotypic traits and this approach omits
individual differences in vulnerability to capture, and as a result potentially overlooks
many processes that determine catchability. Thus, catchability should not be seen
from the perspective of the whole population, but should instead be considered from
the perspective of individual fish to better understand the potential causes and
consequences of fishing activities (Maunder et al. 2006). Consequently, the study of
how individual phenotypic traits determine vulnerability to fishing gear, determine the
probability of capture and, as a result, determine selection, is crucial to further our
understanding of fisheries dynamics, stock assessments, and human-induced

selection.

The potential for fishing-induced evolution has been intensively discussed in recent
years, but most studies have focused on life-history traits in the context of
commercial fisheries that directly or indirectly determine body size (Kuparinen and
Merila 2007; Jorgensen et al. 2007). Under the common scenario of size-selective
harvest of bigger fish, large fish face a fitness disadvantage that might cause rapid
evolution towards earlier maturation at smaller sizes, higher reproductive investment,
lower intrinsic growth capacity and, collectively, smaller size at age (Jargensen et al.
2007). However, many studies overlooked the selection pathways that drive the
observed life-history changes. For example, evolution of small body size can result
from direct selection against growth rate, but could also be a result of direct selection
against correlated behavioral traits (Biro and Post 2008; Enberg et al. 2012) and

even less is known about these selection pathways in passive angling fisheries. The
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potential for evolution of behavioral, physiological or morphological traits and its
consequences for life-history, demography and fishing quality in angling fisheries are
poorly understood and need deeper investigation which is the main motivation of this

thesis.

1. The mechanistic basis of individual vulnerability to passive gear

1.1 Morphology

Most passive fisheries typically operate positively size-selective (Rudstam et al.
1984; Miranda and Dorr 2000; Hubert et al. 2012; Olsen et al. 2012). This is based
on managerial reasons due to the application of size-based harvest limits (Garcia et
al. 2012), gear specifications in use (Hubert et al. 2012), and morphological
characteristics of larger fish (Lewin et al. 2006). In passive recreational fisheries like
angling, selective harvest of larger fish is often related to the size of the baits and
lures (Lewin et al. 2006; Arlinghaus et al. 2008a) and ingestion of a baited hook was
shown to be positively correlated with the size of the fish in longline fisheries
(Kaimmer 1999). These findings can be linked to morphological characteristics of
large individuals, because an increasing gape size facilitates ingestion of the hook
(Lewin et al. 2006; Alos et al. 2008).

McClanaham and Mangi (2004) compared the selectivity of small- and large traps,
hand-lines, gill-nets, beach seines and spearfishing under tropical conditions in a
marine environment. They reported that hand-line fishing showed the most distinct
selection in terms of high trophic level species and particularly large individuals.
Similarly, Beukema and De Vos (1974) reported the larger-sized portion of a
freshwater carp population in replicated ponds to be 20-30 % more likely to be
captured by angling than their smaller-than-average counterparts from the same
water bodies, and Rapp et al. (2008) showed that smaller hooks catch more and
larger fish in specialized carp fisheries. While higher catch rates of larger individuals
in larger traps or nets with large mesh sizes are simply based on physical reasons,
the high potential for size-selectivity in hand-line fishing and angling is less intuitive.
However, larger fish generally show higher swimming speeds (Stamps 2007), are
often dominant (Jenkins 1969), often have larger home ranges (Nash et al. 2015),

have higher reactive distances towards prey (Breck and Gitter 1983), might be more
7



experienced at risk-avoidance (Rapp et al. 2008), and are characterized by larger
consumptive demands compared to smaller fish (Clarke and Johnston 1999;
Mittelbach et al. 2014), cumulatively leading to intrinsically higher vulnerability of

large compared to small fish.

Using geometric morphometrics, Alés et al. (2014) found evidence that, also
independent of body-size, fishing mortality acts selective for body shape in two
commonly targeted coastal fish species. Individuals with larger mouths, shallower
and more elongated bodies of the population were found to be more vulnerable to
angling. Selection against shallower and more elongated bodies was interpreted as
an indirect selection for behavioral traits that co-vary with morphological metrics (Alos
et al. 2014) so that shallow bodied individuals might be more active, thereby
increasing the encounter probability with the fishing gear, similar to characteristics of
highly vulnerable large individuals. Therefore, phenotypic traits like behavior,
cognition, learning, physiological demands and energetic state, which are often
correlated with size and other morphological characteristics, likely directly impact the

vulnerability to angling gear and other passive fishing tactics.

1.2 Behavior

Passive fishing gear such as hook-and-line, gill-nets and traps are known to be
selective for certain behavioral expressions of the fish (Hayes 1989; Heino and Godg
2002; Biro and Post 2008; Phillip et al. 2009; Enberg et al. 2012; Hubert et al. 2012;
Olsen et al. 2012; Diaz Pauli et al. 2015). The success of passively operated fishing
gear depends on the active decision of the individual fish to encounter the gear and
to swim into a gill-net or a trap or to ingest a baited hook (Alds et al. 2012; Hubert et
al. 2012). In particular energy-acquisition related behaviors are likely to play a
fundamental role in determining vulnerability because the probability of capture is
strongly related to the amount and location of food ingestion as well as the propensity
to find, approach, attack or ingest a lure or bait. As a consequence, evolutionary
changes in adult growth rate reported in response to intensive recreational angling
(e.g., Saura et al. 2010) might be an indirect consequence of direct selection acting
on resource-acquisition-related behaviors (sensing and finding food, searching for
food, feeding in the presence of a predator; Biro and Post 2008; Enberg et al. 2012).
One of the key resource-acquisition behaviors in fishes is boldness. Boldness is

defined as an individual's reaction to any risky, but not novel situation (Réale et al.
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2007), and there is growing evidence of a positive correlation between boldness-
related traits like exploration behavior, aggression or risk-taking with vulnerability to
angling tactics (Cooke et al. 2007; Harkonen et al. 2014; 2016; Alos et al. 2015a).
Similar results have also been reported for other passive gears like traps, beach
seines or gill nets (Wohlfarth et al. 1975; Wilson et al. 1993; Biro and Post 2008; Biro
and Sampson 2015). These findings are clearly supported by theoretical arguments
and simulation models (Alés et al. 2012; Enberg et al. 2012), but experimental
evidence for the linkage between behavioral traits and vulnerability to angling is still
scarce, especially in the wild, although there has been an increasing number of
studies on this topic in recent years (Redpath et al. 2009; 2010; Wilson et al. 2011;
2015; Alos et al. 2014; 2015a; Harkonen et al. 2014; 2016; Kekalainen et al. 2014;
Vainikka et al. 2016), of which, the majority support a behavioral basis of vulnerability

to angling.

Using an individual-based modelling approach, Alés et al. (2012) showed that
passive angling fisheries can strongly select against high movement rates and
intense exploration behavior. Such trait-selective fisheries would leave behind
generally more timid and less explorative individuals that are very difficult to catch.
These findings were recently confirmed by empirical field observations where
harvesting by passive fisheries techniques like gill-netting, trapping and hook-and-line
fishing selected against active vertical migration behavior in acoustically tagged cod
(Gadus morhua), but not against home-range size and horizontal migration (Olsen et
al. 2012). In other taxa like pheasants (Phasianus colchicus), lobster (Homarus
gammarus), and elk (Cervus elaphus), vulnerability towards hunting or trapping
increased with increasing boldness, activity and fast behavior whereas shyness and
particularly small home-ranges during the time of hunting and trapping increased
survival probability (Ciuti et al. 2012; Wiig et al. 2013; Madden and Whiteside 2014).
Similarly for angling, Alds et al. (2015a) found carnivorous painted comber (Serranus
scriba) to behave significantly more timidly towards baited hooks on high-pressure
fishing sites compared to low-pressure fishing sites, but could not detect such
differences in behavior for the omnivorous annular seabream (Diplodus annularis),
indicating a potential species-specific response of behavioral alterations as a

consequence of harvesting selection.



Recently, selective pressure through angling on risk-taking related behaviors was
also detected from measurements under more standardized conditions within the
laboratory and ponds. Harkdnen et al. (2014) found activity of brown trout (Salmo
frutta) to be predictive for their vulnerability towards artificial fly-fishing techniques,
and Harkonen et al. (2016) observed that Eurasian perch captured on artificial lures
were more active and explorative than their counterparts caught on natural bait.
However, no correlation between boldness-related behaviors and angling
vulnerability could be observed for the same species when angling was conducted
with natural baits alone (Vainikka et al. 2016). Similarly, Kekalainen et al. (2014)
found no differences in purely laboratory assessed boldness-related traits between
Eurasian perch that were caught by ice-fishing using artificial- and natural baits.
Thus, fisheries-induced selection on behavior might not only be species-specific, but
might also rely on an interaction between species, baits, and fishing techniques used
(Wilson et al. 2015). Additionally, the feeding ecology of the species of interest may
be important (Stoner 2004). It is likely that aggression plays a dominant role in
piscivorous species (Biro and Post 2008; Philipp et al. 2015), whereas behaviors
related to energy acquisition might be more predictive for the vulnerability of

omnivorous fish (Alos et al. 2015a).

In addition to energy-acquisition, aggression, boldness in general, and the likelihood
of finding a baited hook, individual behavior of the fish, once the bait is located, might
also contribute to individual differences in angling-vulnerability. Fish in close contact
with a baited hook can display a number of behaviors with different intensities. Based
on certain stimuli (visual, taste and olfactory, and mechanical perceptions), the fish
may categorize the baited hook as either edible or inedible and respond accordingly
(Kaimmer 1999; Lokkeborg et al. 2010), although these behaviors might be again
correlated with general boldness. Ferné and Huse (1983) distinguished ten different
behaviors that vary in how a baited hook is approached and ingested that have been
modified by Lokkeborg et al. (2010). These behaviors might intrinsically differ
between individuals leading to differences in their individual vulnerability once they
are in close contact to the baited hook. For example, observations from imaging
sonar suggest only a small fraction of sablefish and pacific halibut attracted to
longlines were captured (Rose et al. 2005), only one third of halibut interactions with
the hook resulted in a bite (Kaimmer 1999), and out of 1252 cod in the vicinity of 160

baited hooks, only 62 individuals were caught on natural bait (He 1996). Similarly,
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only between 11 % and 37 % of bites from haddock and cod resulted in a capture
event, although these fish made up to 35 behaviors towards the baited hooks
(Lokkeborg et al. 1989), and out of 95 European catfish, 80 % were interested in a
baited hook but only 12.5 % of all fish got hooked (Boulétreau et al. 2016). However,
individual behaviors towards the baited hook are also strongly influenced by learning
from past experience (Lagkkeborg 1990; Askey et al. 2006), and potentially also from
social learning (Beukema 1969; Raat 1985; van Poorten and Post 2005) and trade-
off decision making between accuracy and speed of learning that might additionally
differ between proactive and reactive individuals (Sih and Del Guidice 2012).
Decreasing vulnerability as a consequence of individual and/or social based learning
in a catch-and-release context has been shown for both omnivorous (Beukema 1969;
Beukema and de Vos 1974; Raat 1985) and piscivorous species (Anderson and
LeRoy Heman 1969; Beukema 1970; Hackney and Linkous 1978; O’'Grady and
Huges 1980, van Poorten and Post 2005; Askey et al. 2006), and can be seen as a
plastic response, because it does not involve selective removal other than unwanted
hooking mortality. However, the ability to learn also has a genetic basis (Huntingford
and Wright 1992), carrying the potential for evolutionary changes through selective
harvest. Thus, individual behavioral differences in the vicinity of the baited hook and
individual and social-based learning in combination with aggression, boldness- and

energy acquisition related behaviors potentially determine hooking probabilities.

1.3 Physiology

Physiology of fishes is the scientific study on how the component parts of the
organism operate together (Prosser 1991). Important parts of fish physiology are
energy metabolism and metabolic rate. Intrinsic oxygen demands and metabolic rate
vary consistently between individual fish and can impact their personality and
performance (Careau et al. 2008; Biro and Stamps 2010; Careau and Garland 2012),
likely also influencing their vulnerability towards angling gear over a complete life-
time (Cooke et al. 2007; Redpath et al. 2009; 2010, Philipp et al. 2015). High energy
and oxygen demands have been shown to co-vary with boldness and exploration
(Jenjan et al. 2013), traits known to be correlated with learning abilities and proactive
life-styles in different fish species (e.g. rainbow trout Oncorhynchus mykiss, Sneddon
2003; three-spined sticklebacks Gasterosteus aculeatus, Tudorache et al. 2007; carp
Cyprinus carpio, Mesquita et al. 2015). These integrated phenotypes (Murren 2012)

11



have a metabolic basis (Careau et al. 2008) that impacts the integrated phenotypic

trait “vulnerability to angling” (Redpath et al. 2010).

Physiological, behavioral, and life-history traits can be integrated along a pace-of-life
syndrome from “slow” to “fast” (Réale et al. 2010). The pace-of-life syndrome
hypothesis suggests that closely related species should differ in a suite of
physiological traits that have coevolved with the life-history particularities of each
species (Ricklefs and Wikelski 2002; Réale et al. 2010). This hypothesis can also be
applied to the study of covariation among traits between individuals from the same
population (Réale et al. 2010). For example, consistent individual differences in
metabolic rate can affect the behavioral output and the life-history productivity of
individuals (Biro and Stamps 2010) resulting in the metabolic rate and boldness-
related expressions of the fish being positively linked (Cutts et al. 1998; Killen et al.
2012; Myles-Gonzalez et al. 2015). In a fisheries context, activity and boldness were
found to be related to growth in rainbow trout (Biro et al. 2004), and individuals with a
fast life-style, bold behavior, and high growth rate were found to be more vulnerable
to fishing gear (Biro and Post 2008). Consequently, selection against behavioral traits
can also result in selection against fast growth and high metabolic rates. The pace-of-
life syndrome theorem builds a framework to consider the impact of correlated trait
selection with metabolic rate as a basis also in a fisheries context (Mittelbach et al.
2014).

Individuals with a high standard metabolic rate increase their maximal metabolic rate
to maintain energetic scope (Priede 1985). Metabolic scope, i.e. the maximal
difference between standard metabolic rate and active metabolic rate, might impact
vulnerability to fishing, because it is known to influence aerobic activity (Priede 1985),
recovery (Killen et al. 2007), and foraging activity (Fu et al. 2009) that together can
impact foraging success and energy acquisition behaviors. This relationship again
corresponds with the pace-of-life syndrome theory, becausea need to increase
maximum oxygen demands necessarily impacts energy acquisition and risk-taking,

with measurable fitness consequences for the fish (Biro et al. 2004).

When comparing two strains of largemouth bass selected for their vulnerability to
angling, Cooke et al. (2007) found resting cardiac activities (an indirect measure of
metabolic rate) to be significantly elevated in highly vulnerable fish. Similarly,

Redpath et al. (2010) found standard metabolic rate, maximal metabolic rate, and
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metabolic scope to be significantly lower among largemouth bass with low angling
vulnerability. These studies collectively indicate high metabolic costs for fish that are
vulnerable to fishing (Philipp et al. 2015) such that highly vulnerable fish should
consume more food (Cooke et al. 2007; Redpath et al. 2009). These differences in
energetic demands can impact foraging behavior, energy conversion, and feeding

urgency (Nannini et al. 2011), ultimately influencing their vulnerability to fishing gear.

All fish transition from states of postprandial rest to states of physiological arousal
when they are hungry (Paviov 1962), and these transient physiological states
influence vulnerability of fish in the short-term (Redpath et al. 2009; 2010). Among
the factors that motivate fish to strike baits, including aggression, social facilitation,
and curiosity, hunger has the greatest influence on fish vulnerability (Stoner 2003;
2004). Hunger stimulates food search behaviour and reduces risk-avoidance
behaviours (Godin and Crossman 1994; Heermann et al. 2013; Lgkkeborg et al.
2014; Atema 1980). Accordingly, the response to baited hooks by fish differs as a
function of their recent food consumption (Lagkkeborg et al. 1995; Stoner 2003;
Stoner and Sturm 2004) and food searching behavior increases with food deprivation
(e.g. Lokkeborg et al. 1995; Stoner 2003; Stoner and Sturm 2004). These
motivations to feed also influence hook ingestion, and food deprived whiting
(Merlangius merlangus) and cod (Gadus morhua) swallowed a hook more rapidly and
were more often hooked in the stomach (Fernd et al. 1986 and citations therein). It
follows that fish that are satiated or near satiated become more selective of prey
items whereas fish that are hungry are easier to capture affecting individual
vulnerability (Olla et al. 1970). Thus, physiological demands like metabolic rate and
physiological status like hunger can strongly influence the vulnerability of fish towards
fishing gear, albeit more research on this topic is needed (Cooke et al. 2009; Killen et
al. 2015).

1.4 Life-history

Many studies take the approach that (commercial) fisheries can be seen as a “large-
scale experiment on life-history evolution” (Rijnsdorp 1993; Law 2000; Swain et al.
2007; Heino et al. 2015). This is because fisheries usually select for large body sizes
and increase adult mortality (Law 2000; Heino and Godg 2002), leaving behind
smaller and earlier maturing individuals with decreased fecundity (Olsen et al. 2004).

These changes in life-history traits are usually not based on trait-selective harvest,
13



because evolutionary changes in the size and age at maturation primarily emerge
from unselective harvesting when mortality in the adult life stages is high (Lennox et
al. unpublished). However, also for angling fisheries the potential to induce life-history
changes in an evolutionary context exists (Arlinghaus et al. 2009; Saura et al. 2010;
Alds et al. 2014) and in this context evolutionary changes of life-history parameters
are usually based on trait-selective mortalities that indirectly impact life-history
parameters (Redpath et al. 2010; Nannini et al. 2011; Philipp et al. 2015). One life-
history trait that often indirectly links vulnerability to capture is growth rate. Growth-
rate might be the true basis of life-history changes through passive fishing activities,
because the fastest growing individuals are usually harvested first due to their
increased willingness to ingest gear and their increased encounter probability with
fishing gear (Alés et al. 2012; 2014). Thus, indirect selection on life-history traits

might have a physiological and/or a behavioral basis.

Obviously, key processes involved in energy budgeting are behavior-based energy
acquisition, surplus energy allocation and somatic growth (Enberg et al. 2012). High
energy acquisition caused by intensive foraging will foster fast somatic growth rates
in juvenile fish (Heino et al. 2008; Lester et al. 2014). If a behavioral mechanism for
selection on life-history traits exists, selection on growth rate as a consequence of
size-selective removal should be distinguished from selection as a consequence of
behavior (Biro and Post 2008; Enberg et al. 2012; Biro and Sampson 2015).
Experimentally fished crayfish (Cherax destructor) showed that trapping selectively
captured fast growing juvenile crayfish, and that fast growth was strongly correlated
with boldness (Biro and Sampson 2015). This finding is supported by studies
showing that bold behavior is generally supported through artificial selection towards
high growth rates (Johnsson and Abrahams 1991; Johnsson et al. 1996; Huntingford
2004; Sundstrom et al. 2004). However, the correlation between growth and behavior
is not necessarily straightforward, because a range of studies have not found a
robust relationship between boldness and production (Heg et al. 2011; Riebli et al.
2011; Nyquvist et al. 2012). Also largemouth bass selected over three generations for
high vulnerability to angling showed lower growth rates under food restricted
conditions compared to their low vulnerable counterparts (Redpath et al. 2009;
2010). However, Redpath et al. (2010) could show that high vulnerable largemouth

bass have a higher metabolic rate, so that higher energetic costs might have caused
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reduced growth rates of these fish. The foraging ecology between the two selected
lines also differed significantly. Low vulnerable largemouth bass captured more prey,
attempted more prey captures and converted prey more efficiently into growth but
also showed lower capture success, higher prey rejection rates and a shorter reactive
distance (Nannini et al. 2011). Because aggression and vulnerability to angling is
correlated in the selected lines of largemouth bass (Philipp et al. 2015), realized
growth rates of fish might additionally depend on their foraging strategy, also
explaining comparable correlations between growth and aggression in cichlids (Riebli
et al. 2011). This together indicates a multiple trait-interplay as a mechanistic basis of
vulnerability and that the relevance of life-history traits for vulnerability to angling
should be seen in the context of underlying physiological and behavioral mechanisms

and traits that correlate with life-history traits.

1.5 Abiotic effects

The mechanistic basis of vulnerability to passive fishing gears is not only a function of
correlated phenotypic traits like morphology, behavior, physiology and life-history, but
is also strongly influenced by environmental parameters and cues (Stoner 2004).
Individual changes in activity, feeding and energy acquisition intensity are effected by
temperature (Bigelow et al. 1999; Stoner 2004; Stoner et al. 2006; Damalas et al.
2007; Flores et al. 2008; Ortega-Garcia et al. 2008), light level, current velocity,
ambient prey density and the presence of bait competitors (Stoner 2004), which
might directly translate to catch rates. Depending on the preferred temperature,
poikilothermic animals like fish change their activity including foraging activities with
changes in temperature (Biro et al. 2010). Thus, it is possible that changes of
environmental parameters can impact rapid changes in catch rates. Further, many
species exhibit activity peaks at certain times of the day and also show seasonal
patterns in movement and distribution (Hubert and O’Shea 1992; Grant et al. 2004;
Creque et al. 2006; Kobler et al. 2008), all potentially influencing catchability of the
fish. This can be the case during the spawning season, but might also be influenced
by weather fronts, water depths, water-level fluctuations, turbidity and thermocline
location (Berst 1961; Craig and Fletcher 1982; Hubert and Sandheinrich 1983; Craig
et al. 1986; Pope and Willis 1996). Other abiotic parameters like wind speed,
barometric air pressure and day-length are known to directly impact catch rates in

angling fisheries (Bigelow et al. 1999; Margenau et al. 2003; Stoner 2004; Wall et al.
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2009). Based on interactions of temperature, spawning success and foraging
opportunities, latitude of the fished water body can influence capture probabilities as
it was shown for piscivorous largemouth bass (Sutter et al. 2014). Similarly,
catchability of walleye and pike was found to differ tenfold between northern and
southern populations as a consequence of reduced foraging opportunities due to
shorter growing seasons and the subsequent higher hunger levels of the fish in
northern areas (Mogensen et al. 2014). Besides seasonal, geographical and weather
impacts on fish and fisheries, the phase of the moon is known to influence the
behavior of aquatic organisms (Hanson et al. 2008) which can be directly translated
to catch rates of anglers within marine as well as freshwater environments (Lowry et
al. 2007; Ortega-Garcia et al. 2008; Vinson and Angradi 2014). However, proximate
analyses of abiotic impacts on angling catch rates, in particular within freshwater

environments, are still rare.

Another environmental impact on catch rate and individual vulnerability of fish can be
the fishing activities themselves (Klefoth et al. 2011). Angling-induced predation
pressures through boat noise can impact fish activity and distribution (Jacobsen et al.
2014), because an approaching boat can be perceived by the fish similar to an
approaching predator (Lima and Dill 1990). Thus, foraging activities can be impacted
by both behavioral and physiological disturbance (Graham and Cooke 2008; Purser
and Radford 2011; Bracciali et al. 2012), potentially influencing feeding times and
energetic needs (Cooke et al. 2003; Brown et al. 2005), which in turn could directly
impact vulnerability of the fish even in the absence of harvest (van Poorten and Post
2005).

A summary of factors known to influence vulnerability of fish in angling fisheries are

summarized in Fig. 1.
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Fig. 1: Factors influencing vulnerability of fish in angling fisheries. Green boxes

indicate parameters that were part of this thesis (adopted and revised from Lennox et
al., unpublished). Consummatory and appetitive behavior of fish, and thus their
vulnerability to angling gear is affected by internal and external factors that contribute
to the probability of capture. The motivation to eat and to ingest a baited hook
depends in an individual's curiosity, hunger, and its individual level of boldness or
aggression. These factors are again linked to the personality of the fish which is
related to physiological parameters like metabolism and condition, but also to
morphological parameters like size and body shape, genetics, biotic and abiotic
environmental parameters like predation-risk, perception and learning, and the

fisheries environment in interactions with gear technologies.

2. Fisheries induced selection vs natural selection

The selection differential S and selection gradients (B) are the central measures of
selection in quantitative genetics (Hereford et al. 2004). They can be converted into

mean standardized selection gradients (B,) to create comparable selection gradients
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for different traits and units, which is preferred for representing and interpreting
selection in wildlife (Matsumura et al. 2012). The direction and strength of natural
selection is usually driven by a growth-mortality trade-off where fast growers show
high foraging and energy acquisition behaviors to grow more, but these behaviors
also increase predation-risk (Enberg et al. 2012). Behaviorally mediated trade-offs
between growth and predation mortality are likely to shape the evolution of intrinsic
growth rate because all fish are usually affected by predation-risk, and susceptibility
to predation increases with activity levels and usage of productive habitats (Biro et al.
2006). As a consequence, variability of life-histories within populations exists and the
mean phenotype of the population will not reach maximal growth rates, although
population fithess and resilience are maximized (Mangel and Stamps 2001). It is
possible that a wide between-individual variability of growth rate produces similar life-
time fitness (Mangel and Stamps 2001) and that this variability maintains adaptive
evolution of growth under changing environmental conditions including fluctuating

fishing pressure between years or decades.

Selection pressures induced by passive fisheries like angling and gill-netting will
usually leave behind more timid and slow growing individuals (Edeline et al. 2007).
This is true for both juvenile and adult fish, because high boldness and a fast life-
style will continuously and positively influence vulnerability of these fish (Cooke et al.
2007; Harkonen et al. 2014; 2016; Alés et al. 2015b). Similarly, natural predation
selects against maximal growth rates by removing individuals that display increased
foraging efforts, thereby reducing survival fitness (Biro et al. 2006; Stamps 2007). As
a consequence, natural and artificial (fishing) selection should often point into the
same direction. In adult fish, however, additional fithess components like fecundity
must be considered as fecundity can override survival as superior fithess component
(Edeline et al. 2007). This is because larger fish have higher reproductive success
and natural selection favors these fish, whereas artificial selection remains to select
the large, fast growing and bold individuals (Alés et al. 2015a; b). Under these
circumstances of concurring selection pressures acting on adult fish, different
adaptive responses of life-history traits seem to be possible. Due to correlations
among life-history and behaviors (Wolf et al. 2007; Realé et al. 2010), any changes in
life-history to safeguard fitness in the face of exploitation may also lead to behavioral

changes under size-selective harvest where individuals from highly exploited stocks
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can become more timid and less explorative than their conspecifics from unexploited
stocks (Walsh et al. 2006; Uusi-Heikkila et al. 2015).

Considering long-term data of adult pike under fluctuating natural- and harvest-
induced selection through gill-net fisheries in Lake Windermere, Edeline et al. (2007)
observed that trait changes moved in the direction imposed by the dominating
selective force. A rapid shift towards fast growth of adult pike was observed after
fishing pressure declined, and at the same time, size-and-age at maturation
increased supporting the suggestion of a genetic trade-off between growth and
reproduction (Law 2000). These interplays between natural selection and harvest
selection can lead to fluctuating selection responses. In Windermere pike, natural
selection was often stabilizing and fisheries selection using size-selective gill-nets
was often disruptive because the smallest and largest fish were not vulnerable to the
gear in use (Carlson et al. 2007; Edeline et al. 2007). In the context of an angling
fishery, however, usually the largest individuals of a population are harvested so that
directional selection against large body size is concurring with directional or

stabilizing natural selection towards large body size.

Landi et al. (2015) used a size-structured life-history model to study the selective
pressures exerted on commercially exploited fish stocks by different levels of fishing
mortality and by different levels of selectivity for size and maturity. They found that
harvested stocks under high exploitation rates of particularly large fish may split into
two life-history types where one type takes advantage of early maturation and hence,
shows lower than average growth rates whereas the opposite is true for the second
type. This way, fisheries-induced disruptive selection might occur. A prerequisite for
selection to turn disruptive is a large impact of growth, fecundity, and mortality trade-
offs, and this happens more readily when the probability of early maturation becomes
high (Landi et al. 2015). Because strong directional selection against large individuals
enhances the probability of early maturation in exploited fish populations (Law 2000;
Heino and Godg 2002), disruptive selection might be more likely to occur when
natural selection and fishing-induced selection strongly act in opposite directions in a
given trait (Edeline et al. 2009). Under these circumstances, genetic variability of the
population increases together with an increasing variance of fitness related traits
(Edeline et al. 2009). Thus, under relaxed fishing pressure, growth and energy

acquisition behaviors should be mediated by the growth-mortality trade-off in both
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juvenile and adult fish and after maturation large fish have a fitness advantage due to
higher fecundity and a relaxation of natural mortality. But when fishing pressure on
adult and large individual fish increases, there is a chance of disruptive selection as a
consequence of concurring and simultaneous strong selection pressures in opposite
directions. As a result, bimodal distributions of selected and correlated traits like
boldness and growth are conceivable (Fig. 2). For example, under high fishing
pressure (i.e. a situation where many but not all large fish are harvested),
intermediate phenotypes of boldness might perform poorly because they would not
reach very high levels of reproductive fitness as a consequence of slower growth
compared to extremely bold conspecifics, but they would still experience higher
mortality than their very shy counterparts with slow growth and early maturation.
Thus, extreme phenotypes might have the highest reproductive fitness (Kingsolver
and Pfennig 2007). Further, once natural predation-risk decreases with increasing
size, plastic responses towards the fithess landscape seem to be possible so that shy
fish might become more proactive as a response towards higher fithess expectations
under circumstances of high food availability (Edeline et al. 2007; 2009). Because
fishing pressure adapts to the fishing opportunities and catch expectations
(Arlinghaus 2006), this plastic response might be depressed again with increasing
fishing pressure as an increasing number of individuals from the shy end of the
behavioral spectrum are additionally captured in this scenario. If angling-induced
selection either acts directional, stabilizing or disruptive, will finally depend on the
interplay and strength of natural and artificial selection pressures within the given

environment and fishery.
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Fig. 2: Conceivable scenarios of angling-induced directional selection towards more
timid juveniles and adults (left) and alternatively, non-linear selection of boldness-
related traits as a consequence of concurring and simultaneous strong selection
pressures (natural selection vs. angling-induced selection) in opposite directions at

the adult stage.

3. Methodological issues

Many behavioral studies on fish and particularly studies determining personality
aspects of fish have been conducted under laboratory conditions in aquaria
(Mittelbach et al. 2014; Toms and Echevarria 2014; Naslund et al. 2015) whereas
studies in the wild are comparably rare (e.g. Fraser et al. 2001; Biro et al. 2007;
Adriaenssens and Johnsson 2013; Nakayama et al. 2016). Experimental setups used
to measure personality traits can vary greatly, leading to unspecific interpretations of
study results (Toms and Echevarria 2014; Naslund 2015). Fully controlled
environmental conditions allow separation of intrinsic behavioral differences between
individuals from plastic responses towards changing environmental conditions, but
there is increasing evidence that behavioral observations in the laboratory often do
not translate into behaviors of the same individuals under more natural conditions
(Toms et al. 2010; Niemela and Dingemanse 2014). Repeatability and consistency of
behavior is strongly context dependent (Toms et al. 2010) and genotype by
environment interactions can significantly impact behavioral expressions (Toms et al.
2010; Niemeld and Dingemanse 2014). In particular studies without explicit
predation-risk stimuli more likely fail to identify consistent behavioral expressions in

different environments (Fraser et al. 2001; Mittelbach et al. 2014; Cull et al. 2015)
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and between individual variation is not translated from the wild into the novel
laboratory environment or vice versa (Niemela and Dingemanse 2014). Because risk-
stimuli can shape behavioral expressions (Brown et al. 2014; Elvidge et al. 2016),
measurements of personality in fish are sometimes less repeatable if observations
were exclusively conducted in the laboratory and studies sometimes fail to link the
personality of fish with fitness-related consequences (Hojesjo et al. 2011). However,
the consistency of behavioral expressions can be seen as a prerequisite for
measuring direct selection on behavior (Allendorf and Hard 2009; Olsen et al. 2012)
and it is known that behavioral traits predictive for the vulnerability of fish are
repeatable over time (Bell et al. 2009; Chervet et al. 2011). In a fisheries context, all
studies that failed to link boldness related behaviors to angling vulnerability were
conducted in laboratory environments (Wilson et al. 2011; Kekalainen et al. 2014;
Vainikka et al. 2016) and angling vulnerability was measured in small laboratory
tanks where all personality types could easily access the offered bait (Wilson et al.
2011). Therefore, behavioral measurements exclusively taken within controlled
laboratory environments should be interpreted with caution, as long as no field
validation of repeatable behavioral expressions exist (Niemelda and Dingemanse
2014).

Personality assessments within semi-natural conditions like ponds or large tanks, and
particularly in the wild are problematic, because visual observations of the fish are
often not possible. Indirect encounter mapping using passive integrated transponder
systems (PIT) is one technological solution that can be used to overcome these
problems (Krause et al. 2013). The tags are inexpensive and small, their lifetime is
theoretically unlimited and human disturbance during behavioral observations can be
precluded. However, problems can arise because the fish need to come very close to
the vicinity of the reading antennae and multiple animals close to the same antenna
reduce the efficacy of the tag reading as only one tag can be registered at the same
time (Krause et al 2013). Irrespective of these constraints, PIT antennae systems
have been widely used to observe fish behavior within natural environments (Lucas
et al. 1999; Zydlewski et al. 2001; Riley et al. 2003; Skov et al. 2013) and under
laboratory conditions (Brannas & Alanara 1993; Brannas et al. 1994; Castro-Santos
et al. 1996; Armstrong et al. 2001), including analyses of individual fish behavior in
tanks to predict their vulnerability to angling gear (Harkdnen et al. 2014; 2016;

Kekalainen et al. 2014). Comparable to standardized visual behavioral assessments
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within the laboratory, behavioral observations using PIT systems need to be
conducted and interpreted carefully, because the link from presence-absence data
generated by the PIT system to fish personality traits can be misleading. Therefore,
calibration of the systems functionality and the effective measurement of the target

traits are essential in such studies.

Methodological ambiguities also exist with respect to non-lethal assessment
techniques of body composition in fish that indicate the physiological status and
might therefore also predict the vulnerability towards baited hooks. A range of non-
lethal assessment methods of proximate body composition, usually measured as the
relative amount of moisture, lipid, protein, and ash within fish flesh have been
developed in the past. Length-weight-regression-based condition indices such as
Fulton's condition factor (Ricker 1975), relative condition factor (Kn) (Le Cren 1951),
and the ratio of dry mass to wet mass of an individual (Hartman and Brandt 1995) are
common examples. The latest technical developments for estimating proximate body
composition and/or energetic status of fish were based on the inverse correlation of
lipid content and water content (Caulton and Bursell 1977; Schreckenbach et al.
2001). In these applications water content in fish flesh is measured using electric
currents [bioelectric impedance analysis, BIA, Cox and Hartman (2005)] or
microwaves in handheld devices [fat meters, FM, Crossin and Hinch (2005)].
However, all of these assessment methods have been criticized in the past (Cone
1989; Kent 1990; Hendry et al. 2001; Pothoven et al. 2008; Hanson et al. 2010) so
that non-lethal assessment methods of proximate body composition need to be
carefully calibrated in the specific content of usage to become a reliable tool for

studies on angling-induced selection.

4. Objectives and thesis structure

The main objective of my doctoral thesis was to disentangle the mechanisms behind
fish vulnerability to angling gear and to predict the ecological and evolutionary
consequences of angling-induced selection. Specifically, my objectives were i) to
develop a theoretical framework for fishing-induced evolution of behavioral and
underlying physiological traits, ii) to develop material and methods useful for

measuring phenotypic traits that influence fish vulnerability to angling gear including
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laboratory and field approaches, iii) to estimate the selection gradients imposed by
angling in several behavioral, physiological, morphological and life-history traits, and
iiii) to study the fitness-consequences of trait-selective and angling-induced harvest in
wild populations to predict. For this | used four fish species with different life-history
strategies as a model. Namely these species were common carp (Cyprinus carpio),
largemouth bass (Micropterus salmoides), amago salmon (Oncorhynchus masou
ishikawae) and pike (Esox lucius). The structure of my thesis is based on five
components to obtain the research goals (Fig. 3). As a first step, 1) the mechanistic
pathways of fishing-induced evolution by selection on angling vulnerability are
described, second 2) the methodological reliabilities of different phenotypic
description techniques are evaluated, followed by 3) descriptions of the individual's
phenotype based on behavior, morphology, physiology and life-history and their link
to individual vulnerability to angling, 4) experiments to further our understanding of
the mechanistic basis of vulnerability to angling and to calculate selection gradients
imposed by angling, and finally 5) | tested for the natural fithess of these individuals
based on both survival and reproductive fithess. Most of the findings are published or
corresponding manuscripts are submitted. However, some preliminary results,
namely the metabolic basis of vulnerability to angling in carp and the survival
probability of vulnerable and invulnerable carp towards natural predators are

presented in the following chapters without being published or submitted yet.
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Fig. 3: Structure of my thesis aiming to disentangle the mechanisms behind fish

vulnerability to angling gear and their ecological and evolutionary consequences with

corresponding papers.
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In detail, the thesis addressed the following research questions:

Note: Bold roman numbers identify the relevant paper(s) from the list of papers where

several manuscripts may be relevant to answer single research questions.
Framework (paper I)
Methodological issues

e How reliable are non-lethal assessment methods of energetic state and
behavioral measurements of exploration and boldness under laboratory
conditions (I, 11, IV)?

Phenotypic description and angling induced selection

e How do individual behavior, growth, morphology and energetic state influence
vulnerability to angling and is behavior correlated with growth (IV, V, VIII)?

e How does metabolic scope influence vulnerability to angling (unpublished)?

e How strong is angling-induced selection acting on different phenotypic traits

and in which direction does selection act on (IV, V, VIII)?
The mechanistic basis of vulnerability to angling

e How important is energy-acquisition related behavior for determining
vulnerability to angling gear (I, VI)?
e How does learning influence catch rates (VI)?

e How do environmental factors influence catch rates (VII)?
Consequences of angling-induced selection

e |s survival fitness of juvenile fish correlated with vulnerability to angling
(unpublished)?

e Is reproductive fitness correlated with vulnerability to angling (VIII)?

e What are the potential outcomes of angling-induced selection at the

population level (IX, X)?
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5. Framework

There is increasing knowledge that besides an evolution of life-history traits, fishing-
induced evolution of behavioral and underlying physiological traits might occur as a
consequence of selection acting directly on behavioral, rather than on life-history
traits in passive fishing tactics like angling (see introduction and paper I). Regardless
of the important role of behavior in determining vulnerability to fishing gear (see
introduction), the behavioral dimension of fisheries-induced evolution just recently
attracted notice to the scientific community (paper ). The mechanistic pathway of
fishing-induced evolution by selection on fishing vulnerability is described in paper |
and summarized in Fig. 4. This framework was used as a theoretical basis to
experimentally test for the strength and direction acting on behavioral, physiological,
morphological, and life-history traits in passive angling fisheries and to predict its

ecological and evolutionary consequences.

Fisheries - induced evolution

( Phenotype \
8 Physiology )

[ uenitory )
N Y

Fig. 4: Vulnerability to capture is considered a heritable trait as part of the fish's
phenotype. Vulnerability to capture comprises a bundle of physiological, behavioral,
and life-history traits that jointly determine vulnerability to capture. In passive fisheries
like angling, vulnerability to capture is largely determined by specific behavioral
patterns rather than by body size-related life-history traits per se. Due to genetic
correlations between behavioral, physiological and life-history traits, fisheries-induced
selection on behavioral traits might alter physiologies and life-histories, but behavior
might also change in response to selection on correlated life-history or other traits

(from paper ).
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6. Methods overview

6.1 Model systems

Common carp was the most chosen model species in my experiments. This species
was used because it represents a common and world-wide existing omnivorous
species with high relevance in European and German angling fisheries (Arlinghaus
and Mehner 2003; Arlinghaus 2007), and because carp are known to be very robust
against negative stimuli (Reilly et al. 2008) like repeated measurements and capture
events. This robustness was required in experiments for papers Ii, lll, IV, and V and
in additional experiments analyzing metabolic scope and individual survival
probability towards natural predators. During all studies, scaled and mirror carp were
used. Scaled carp are fully scaled, representing the original morphotype of wild
common carp, whereas mirror carp have much less scales, representing a
morphotype that is strongly domesticated and highly adapted to low-risk pond
conditions (Balon 2004; Matsuzaki et al. 2009). By choosing these two genotypes of
carp, inter-individual variability of phenotypic expressions in this species was
maximized. All carp used during my studies were raised at a commercial fish
hatchery (Fischzucht Wegert, Ostercappeln, Germany) in the same common-garden
pond environment. Parental fish descended from two selection lines (one with scaled
morphotypes and one where scaled morphotypes were previously crossed with
highly domesticated mirror carp). Young-of-the-year mirror carp could only develop
as a result of two breaders from the strain originally crossed with domesticated mirror
carp (Kirpichnikov and Billard 1999) (papers I, lll, IV, and V). At an age of 10
months, the pond was drained and juvenile carp were transported to the Leibniz-
Institute of Freshwater Ecology and Inland Fisheries in Berlin for further
experimentation. Holding and feeding of the fish was similar in all papers and during

all time making results of the different studies comparable.

In paper V we used amago salmon to investigate the long-term consequences of
angling-induced selection on body size, growth, and behavior. This species was
chosen because it is an endemic and non-migrating salmonid species in central
Japan where individuals from two separated river-stretches with continuously and
strongly differing exploitation rates over more than 6 decades were available for

experiments. These circumstances made amago salmon a suitable model system to
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investigate phenotypic determinants and long-term consequences of angling-induced

selection in a salmonid species.

In paper VIl we used pike to identify abiotic and fishing-related correlates of angling
catch rates. Piscivorous pike were chosen due to their paramount importance in
recreational fishing within the northern hemisphere (Beardmore et al. 2015) and
because catch-rates in pike are comparably high (Dorow et al. 2011), providing a
suitable model system for analyses of catch-rates in relation to environmental

conditions.

Finally in paper VIII, two lines of piscivorous largemouth bass, selectively bred over
three generations for either high or low vulnerability to angling were used to
determine correlations between vulnerability to angling and behavior, intensity of
parental care, and reproductive fithess. These selected lines of largemouth bass are
known to differ in their physiology (Cooke et al. 2007; Redpath et al. 2010), growth
(Redpath et al. 2009), and food consumption rates (Cooke et al. 2007, Nannini et al.
2011), but not in their locomotory activity (Binder et al. 2012) where the heritability of
the combined trait “vulnerability to angling” has be quantified at h?= 0.146 (Philipp et
al. 2009). Therefore, these selected lines of largemouth bass can be seen as a
perfect model system, particularly for studying fitness consequences of angling-

induced selection.

6.2 Phenotypic trait assessments

As a first step, phenotypic trait variation in carp (papers I, IV, VI), amago salmon
(paper V), and largemouth bass (paper VIIl), both within the laboratory and under
semi-natural conditions in ponds was assessed. The main focus was set on
behavioral measurements like boldness and aggression along with morphological
measurements like body shape, life-history measurements like growth, and
physiological measurements like energetic state and metabolic scope. These
analyses were then used to calculate selection gradients (paper IV), to compare the
outcome of long-term angling-induced selection (Paper V) or to test my fitness
objectives (Paper VIII and unpublished data), collectively explaining the
mechanistic basis of vulnerability to angling gear and the potential ecological and

evolutionary consequences of trait-selective harvest.
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6.3 Carp

6.3.1 Morphology

| examined the body shape and the shape of the head of each individual carp as a
potential determinant of angling vulnerability using a landmark-based approach
following the methods outlined in Rohlf and Marcus (1993) in paper IV. A total of 16
landmarks along the left body-side of each individual fish were digitized from
standardized pictures and corrected for arching effects (Valentin et al. 2008) before
principal component analyses of procrustes shape co-ordinates were used to analyze
the shape of the fish. Residuals of linear regressions between PCA scores and total
length of the fish were used as potential indicator of individual vulnerability to angling
gear. In addition, TL of the fish was considered as important phenotypic expression,
potentially influencing vulnerability in paper IV, and survival fithess in additional
experiments aiming to predict individual fitness of the fish in the vicinity of a natural

predator (unpublished).

6.3.2 Behavior

Classic behavioral measures of individual juvenile carp personality as defined by
Réale et al. (2010) were conducted using variants of an open field test (Budaev
1997) under fully standardized laboratory conditions in paper IV. The aims of these
experiments were to define individual behavioral expressions of the fish that might
also explain the individual vulnerability to angling gear. Carp were investigated for
their exploration behavior, boldness, feeding activity after disturbance, and sociability
within four different setups in aquaria that were installed in a climate chamber at 20°
C to control for effects of temperature on the expression of personality (Biro et al.
2010). These trials were repeated after exactly six weeks to determine repeatability
and consistency of behavioral expressions in a standardized environment before

tests for angling vulnerability were conducted in ponds using the same individual fish.

To study the behavior of carp within large laboratory tanks (10 mx4 mx1m; L x W
x H) and within comparably sized semi-natural ponds (12mx5mx1m; L x W x H), |
used an automatic passive integrated transponder (PIT) system consisting of a
shelter structure and two feeding spots in different distances to the shelter (Fig. 5).
Boldness-related behaviors were examined based on the time spent sheltering and
the number of visits at the two feeding spots where the distant feeding spot was
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assumed to be perceived the most dangerous by the fish as carp had to cross a large
open area before entering it, similar to an open-field test (Budaev 1997). This PIT
system was used in papers Il and IV. Paper Il tested for the importance of genotype
x environment interactions and the presence of predation-risk stimuli on boldness
assessments of fish by comparing the number of visits at the two feeding spots and
the time spent sheltering between scaled- and mirror carp within the large laboratory
tanks and the ponds. Because scaled and mirror carp are known to differ in their
boldness expressions due to differences in their domestication history (Matsuzaki et
al. 2009), paper Il served as a control for behavioral determinates of angling
vulnerability in paper IV that were later used to calculate selection gradients.
Functionality of the system was tested through comparisons of visual observations of
focal fish, equipped with external floy tags and internal PIT tags, and corresponding

data provided by the PIT system as described in paper IV.

The swimming activity (# of side changes), feeding behavior (# of items eaten, time to
ingest the bait) and food preferences (pellets vs. corn) of scaled and mirror carp as
possible mechanistic explanations for differences in angling vulnerability between
generally bold (mirror carp) and comparably timid genotypes (scaled carp) were
compared in a two-way-choice experiment (Holbrook and Schmitt 1988) where
individual fish were investigated in aquaria in paper VI. Using six replications, two
different food resources (pellets and corn) were placed in each side of the aquaria
and the swimming activity, time until feeding, food ingestion rate and food
preferences were measured, aiming to understand the mechanistic basis of

vulnerability to angling based on behaviors related to energy-acquisition.
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Fig. 5: Experimental setup for behavioral observations under semi-natural pond
conditions and within similar-sized laboratory tanks in papers Il and IV. Within this
setup, boldness was defined by low sheltering times and high number of visits at the

close and the distant feeding spot (circles).

6.3.3 Physiology

To non-lethally assess the body composition of carp | used relative condition factor
(Kh), bioelectric impedance analyses (BIA) and fat meter (FM) measurements. In
paper lll | compared the performance of these three methods. Because water and
lipid contents in fish flesh are inversely correlated and a higher dry mass is positively
correlated with energetic density and hence condition (Caulton and Bursell 1977), the
calibration procedure was used to predict relative dry mass of the fish. Based on my
comparative approach, fat meter measurements were further used in paper IV to
investigate the energetic status of my experimental carp at the time of stocking as a

potential indicator for their individual vulnerability to angling gear.

Subsequent to all experiments in paper IV a subsample of caught (N = 6, mean TL *
SD = 213 £ 1.2 mm) and uncaught (N = 6, mean TL £ SD = 231 + 1.7 mm) carp
representing scaled (N = 5, mean TL £ SD = 220 £ 1.0 mm) and mirror (N = 7, mean
TL £ SD = 223 + 2.1 mm) genotypes were tested for their metabolic scope using
flow-respirometry (unpublished and described in detail below). The experimental
setup was similar to Ohlberger et al. (2005) and consisted of a modified Brett-type
tunnel respirometer with a measuring circuit (25 1) which contained a swimming
chamber of 15 cm in diameter and a ventilation circuit with a volume of 125 I. The

respirometer was build up in a climate chamber (inner dimensions: 276 cm x 276 cm
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x 210 cm; ILKAZELL Isoliertechnik GmbH, Zwickau, Germany) to control temperature
+ SD at 18 + 0.2 °C. Oxygen concentration and temperature were measured with a
fixed TriOximatic 701 sensor (WTW, Weilheim, Germany) coupled to an oximeter
(Oxi 171; WTW, Weilheim, Germany) that allowed automated flushing and measuring
periods. Oxygen concentration, temperature and ventilation status were automatically

recorded every 6 seconds.

Fish were held in round tanks (diameter of 1 m, water exchange every 3 days) with
aerated water and were starved for 48 h before they were weight and transferred to
the respirometer. Within the swimming chamber fish were allowed to acclimatize for a
minimum of 1 day at a flow velocity of 0.5 body length (bl, similar to TL) s™.
Subsequently flow velocities of 0.5, 0.75, 1.0 and 1.5 bl s were run for
approximately 24 h each. After removal of the fish a blank value was determined to
consider bacterial ventilation which accounted for up to 36 % of total respiration and
was therefore comparable to values observed by Ohlberger et al. (2005). After
measuring periods of approximately 8 — 18 min (dependent on flow velocity) aerated
fresh water was pumped into the measuring circuit when a lower threshold value of

86.5 % oxygen saturation was reached so that fish were never exposed to hypoxia.

According to Redpath et al. (2010) a linear regression between variations in oxygen
partial pressures and time was calculated and the slope of the regression line (k) was
then used to calculate oxygen consumption as: Moz = kVesp X Mo where Mo, is the
oxygen consumption in mg O, kg h™, Vs, is the volume of the respirometry
chamber in L, M is the fish mass in kg and a is the solubility of O, in water at a given
temperature. Metabolic scope in mg O, kg™ h™ was then calculated as the difference
between the minimum oxygen consumption rate at a flow velocity of 0.5 bl and the
maximum oxygen consumption rate at a flow velocity at 1.5 bl observed overnight.
Values generated at flow velocities of 0.75 bl and 1.0 bl and values generated during
the day were not considered for further analyses as regular spontaneous activities of
the fish occurred, likely as a consequence of humans entering the climate chamber

during experimentation.

| compared the metabolic scope in mg O, kg™ h™ between caught and uncaught
individuals and between scaled and mirror carp using ANOVA and used Pearson’s
correlation to test for relationships between metabolic scope and boldness in ponds

as determined by the number of visits at the distant feeding spot (see chapter 6.3).
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All data were LN-transformed to reach normality and analyses were conducted using
SPSS version 20 (IBM, Armonk, NY, USA).

6.3.4 Life-history

Life-history traits are among the prime targets of fisheries-induced selection (Heino et
al. 2015) and | measured growth of juvenile fish to test for the hypothesis that growth
rate is positively correlated with vulnerability to angling through a positive correlation
with energy-acquisition related behaviors (Enberg et al. 2012; Biro and Sampson
2015). In paper IV, growth of juvenile carp was assessed after angling experiments
in ponds were finalized (see below). The fish were fed commercial fish pellets at a
ratio of 1 % of the initial biomass at the time of stocking per day. Therefore, growth of

the fish was measured under food-restricted conditions.

6.3.5 Vulnerability to angling

| tested the individual vulnerability to angling of carp in papers Il, IV, and VI. This was
done either in large laboratory tanks (paper Il) or in semi-natural ponds (papers Il,
IV, and V), aiming to test for boldness-related expressions of the fish in the vicinity of
angling-induced predation-risk (paper Il), to identify the strength and direction of
phenotypic selection through angling activities (paper IV), or to assess the impacts of
learning, foraging behavior and food preferences as potential mechanistic
explanations for differences in individual vulnerability to angling gear (paper VI). In
any case, the angling procedure was standardized to the same protocol, making
results of the different papers comparable. Corn was used as bait on a “bolt-rig”,
usually used by specialized carp anglers, because this method ensures shallow
hooking of the fish (Rapp et al. 2008). Fishing was alternated between the close and
the distant feeding spot (compare Fig. 5) and fish were identified and released within
less than 30 seconds. To compare the strength of selection caused by angling
among different phenotypic traits in paper IV, mean standardized selection gradients
(Bu) based on logistic regression coefficients were estimated following Matsumura et
al. (2012). The Bu is preferred for representing selection in the wild and it represents
the relative change in fitness that results from doubling of the trait value (Matsumura
et al. 2012). The measure allows comparisons of the strength of selection acting on
several traits that differ in units, means and variance (Hereford et al. 2004;

Matsumura et al. 2012) and was therefore used in my studies.

34



6.3.6 Survival fithess

After finalizing all experiments from papers IV and VI, a total of N = 136 carp with
known vulnerability to angling (N = 39 were previously captured) were equally
distributed among four ponds at IGB in November 2010 (unpublished). Two ponds
only contained carp to test for predator-independent mortality whereas the other two
ponds were additionally stocked with four large pike to test for survival fitness of
previously caught and uncaught carp in the vicinity of a natural predator. Mean total
length of the carp + SD was 206 £ 18 mm (range 165 — 261 mm) and the length of
the pike ranged between 750 mm and 990 mm. These large pike were caught by
angling in the natural Vatersee approximately 100 km north of Berlin. Pike of this size
can easily handle prey with maximal body depths above 80 mm (Nilsson and
Bréonmark 2000) and the mean body depth of stocked carp was 53.2 + 4.7 mm (range
42 — 68 mm) so that the gape size of pike-predators was not a limiting factor and for
each pike the possibility to ingest any of the experimental fish was guaranteed at any
time. The experimental setup within the ponds principally followed the pond—setup in
paper IV where a shelter structure at one end of the pond was established. Because
no additional prey fish were stocked during this experiment, carp were protected from
pike by a netting wire installed at the entry of the shelter structure thereby separating
the save shelter from the rest of the pond where pike were allowed to freely move.
Within the netting wire a total of eight little holes allowed carp to switch between the
two habitats within the pond. Because no food was provided under shelter, carp were
forced to take the risk of moving into the open area of the pond to forage on provided
pellets (compare paper IV) whereas pike could only forage on risk-taking carp. After
five months the ponds were drained and surviving carp and all pike were retrieved
and identified by their individual PIT-tag that was implanted during previous

experiments.

| compared survival fithess between previously caught and uncaught individuals
using a generalized linear mixed model with predators nested within ponds as a
random factor and vulnerability to angling (yes/no) and total length of the carp at the
time of stocking as fixed factors. Analyses were conducted using library “Ime4”
(Bates et al. 2015; http://cran.r-project.org/web/packages/Ime4) in the R package
version 3.1.2. (R Development Core Team 2008).

35



Another subsample of N = 16 carp (9 previously captured and 7 previously
uncaptured fish, mean TL + SD 291 £ 19 mm and 266 + 18 mm, respectively) with
known vulnerability to angling from papers IV and VI were stocked into the natural
Doélinsee (25 ha) (unpublished) which was previously equipped with an automatic
CDMA telemetry system (Baktoft et al. 2015). Calibration of the system confirmed a
high functionality (Baktoft et al. 2015) and in this case the system was solely used to
classify stocked carp as dead or alive on a daily basis. All carp were anesthetized in
a clove oil-ethanol solution (1:9; 0.4 ml/l) and | implanted ultrasonic transmitters (M-
48; 2.7 g in air; 15 s burst rate; 412 d calculated life-time; Lotek Wireless Inc.,
Newmarket, Ontario, Canada) into the body cavity following the protocol described by
Huhn et al. (2014). After transmitter implantation fish were allowed to recover in 80 |
plastic tanks filled with aerated water until they were stocked into the littoral of the
lake. A fish was classified alive when continuous swimming activity could be
observed and carp were considered dead when no signal could be detected
anymore. Days of survival (max. 400 d) were compared between previously caught
and uncaught individuals using ANOVA. To reach visual normality, data were LN-
transformed before analyses were conducted using SPSS version 20 (IBM, Armonk,
NY, USA).

6.4 Amago salmon

6.4.1 Behavior, growth and vulnerability to angling

Predator display tests in a laboratory tank were conducted and replicated six times to
examine boldness-related behaviors of wild-caught juvenile amago salmon selected
from two separated river stretches, varying in their degree of angling-induced
exploitation in paper V. Groups of fish were placed in a tank that was partly covered
by a shelter and a cormorant model was displayed to the fish. After three seconds, all
fish hiding under shelter were separated from the other fish so that the individual
behavioral decision, either to seek refuge or to remain in the potentially dangerous
open water could be measured. The mean hiding score of individuals from the high
pressure and low pressure streams was then used to predict vulnerability to angling

of these fish.

In paper V, individual growth of amago salmon was tested over a period of 36 days

where fish were fed ad libitum. Therefore, this growth assessment tested for intrinsic
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growth rate without any food limitations. However, growth of the amago salmon was
also tested under more stressful conditions over 24 days with repeated and explicit
predation-risk stimuli induced to the fish via predator display tests. Food ratios were

again ad libitum.

To compare the body size-dependent vulnerability to angling between fish in high-
and low angling-pressure streams, experimental angling for amago salmon within the
two river stretches was conducted in paper V. The angling equipment consisted of a
1.5 m long pole without a reel and frozen shrimp as bait. Juvenile amago salmon
were additionally tested for their individual vulnerability after phenotypic description
within the laboratory. Here, angling took place in a small tank (33 cm x 46 cm x 30

cm; L x W x H) ensuring fully controlled environmental conditions.

6.5 Largemouth bass

6.5.1 Behavior, vulnerability to angling and reproductive success

Male largemouth bass from two selection lines for either high- or low vulnerability
were stocked in six replicated ponds and scored for their individual aggressive
behavior and for their nest-guarding activities in paper VIIl. Both, aggression and
nest-guarding activities are known to be correlated with reproductive fitness in this
species (Philipp et al. 1997; Suski and Philipp 2004) so that these behavioral
measurements could later be used as additional indirect indicators of reproductive
success. Aggression was tested by counting the number of strikes of each individual
male fish on three different lures without hooks where the maximum number of
strikes per replicated session was 15. Levels of parental care investment were
assessed from shore, observing the individual nest-guarding males. Behavior of the
fish was classified as “present on the nest and fanning eggs”, “engaged in chasing
egg-predators” and “absent from the nest”, providing insights into the individual nest-
guarding intensity. In addition, TL of the fish was considered as important phenotypic

expression.

To examine the impacts of angling-induced selection on reproductive success in
paper VIII, males from the F5 generation of two lines of largemouth bass that had
previously been artificially selected to exhibit high or low vulnerability to angling lures
over three generations (Philipp et al. 2009) were used in replicated pond
experiments. Males from the two selection lines were stocked together with wild-
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caught females and from April - September 2009 the parental care behavior (e.g.
aggression, nest-guarding intensity) and the reproductive success (e.g. number of
eggs on the nest) of males were visually observed. In autumn the ponds were
drained and based on a random subsample of offspring, relative reproductive

success of the fish was examined using microsatellite markers.

6.6 Pike

6.6.1 Environmental correlates of catch rate

In paper VII, unstandardized angling for pike was conducted in the natural Déllnsee
(25 ha) to identify abiotic and fishing-related correlates of catch-rates in angling
fisheries (see Kobler et al. 2008 for a detailed description of the study lake and its
fish population). A total of 25 anglers targeted pike, of which three anglers were
fishing almost every day from end of May until mid-September, thereby covering all
weather conditions from late spring to early autumn. Used lures, baits and fishing
spots were not standardized to allow spontaneous adjustments of fishing techniques
and to reflect “normal” conditions of angling activities. Catch-rates were then
correlated to abiotic environmental conditions like water-temperature, wind-speed,
wind-direction, rainfall, hours of sunshine, air-pressure, humidity, moon-phase,

fishing effort during the last days, and time of the day.

7. Main findings and discussion

7.1 Reliability of phenotypic descriptions

| repeatedly used automatic PIT systems to observe sheltering activities and the
number of visits at two feeding spots, i.e. foraging activity, in both large laboratory
tanks and ponds (paper Il and IV). In paper IV | could show that my automatic PIT
systems provided reliable data for boldness-related expressions of the test fish.
Although the PIT system consistently underestimated the number of visits at the
feeding spots and the time spent sheltering, inter-individual relative habitat
distributions among focal fish were reasonable reflected by the data as confirmed by
high correlations between the real and the measured number of visits at the two
feeding spots and the time spent sheltering. Hereby the numbers of conspecifics
present at the specific habitat, i.e. feeding spots and shelter, significantly and
negatively influenced detection probabilities so that PIT antennae systems are limited

in the total number of fish that can be observed at the same time. Because all
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experiments using the PIT system (papers Il and IV) were performed with similar
numbers of fish within each replicated pond or tank (N = 40 individuals), my results
are comparable between studies and potential limitations of the PIT detection

probability were similar between studies.

Laboratory based quantifications of behavior assume that personality expressed in
novel environments predicts personality expressed in the wild (Niemela and
Dingemanse 2014). However, there is increasing evidence that boldness
assessments within a benign laboratory are less repeatable compared to studies
under more natural conditions and with an explicit predation threat involved (Bell et
al. 2009; Toms et al. 2010). My approach of testing for the reliability of behavioral
measurements under laboratory and semi-natural conditions in ponds was therefore
based on known differences in bold behavioral expressions between genetically
different and highly domesticated mirror carp and less domesticated wild-like scaled
carp in paper ll. Because consistent and repeatable individual variation of behavior is
a prerequisite when aiming to show a selection response, as | did it in paper IV, rapid
assaying of behavior in the laboratory might be unsuitable as this can introduce
serious bias in personality assessments and can lead to misinterpretation of its
ecological and evolutionary consequences (Biro 2012; Niemela and Dingemanse
2014). My findings in paper Il confirmed that highly domesticated mirror carp are
generally bolder compared to their less domesticated scaled conspecifics, particularly
in relation to feeding behavior in the presence of natural or angling-induced
predation-risk and less pronounced also in relation to shelter usage. However, | also
confirmed that rapid behavioral assessments under laboratory conditions can lead to
misinterpretation of results as | did not find clear differences in boldness between
scaled and mirror carp when fish were observed under standardized conditions
without predation-risk in the laboratory only, indicating strong genotype x
environment interactions in boldness behavior of carp. When behavioral observations
were conducted in ponds, behavioral differences between the two groups of fish were
consistent and clear whereas in the laboratory, artificial predation-risk stimuli were
necessary to obtain comparable results. Similarly, repeatability of boldness-related
expressions of carp in aquaria in paper IV was very weak and not significant,
indicating that despite obvious benefits of controlled behavioral phenotyping in the

laboratory, field experiments are of paramount importance if ecological and
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evolutionary consequences of behavioral expressions are to be studied. | showed
that simple applications of a variant of a classical open-field test, which is often
assumed to reliably measure boldness in fish (e.g. Budaev 1997; Brown et al. 2007)
in aquaria or large laboratory tanks can provide inconclusive or even misleading
results in terms of adopted boldness differences among fish with known differences
in behavioral expressions as a consequence of genotype x environment interactions
(paper IlI). Randomness of behavioral expression tends to be predominately
pronounced in non-threatening situations (Alados et al. 1996) and therefore, studies
focusing on selection responses of behavior in fish should be conducted within the
original evolutionary environment (Kawecki and Ebert 2004; Walling et al. 2004) or in
ecological conditions reasonably close to those of the original environment as | did it
in papers IV, VI and VIII. If this is not possible, repeated measurements of boldness
should include observations under predation-risk (Toms et al. 2010), as taken into

account in paper V.

Hunger and individual physiological status like body fat content can influence the
behavior of fish (Stoner 2004) and therefore potentially also their individual
vulnerability to angling-like gear (Lagkkeborg et al. 2010). In paper lll | tested for the
reliability of three non-lethal assessment methods of body composition and energetic
status of carp to be able to add these physiological characteristics as potential
predictors for angling vulnerability to my other studies. My experiment showed that
fat meter (FM) consistently performed better than bioelectric impedance analyses
(BIA) and the relative condition factor (Kp,) to predict relative dry-mass in whole body
carp and dorsal white muscle of carp (FM measurements explained up to 81.4 % of
total variance). Due to a very strong correlation of dry mass and lipid content, and
particularly energy density, the FM approach was found to be useful for non-lethal
assessments of the energetic status of carp. Thus, in comparison to other methods,
FM provided the most robust and repeatable results which has been confirmed by
other studies before (Pothoven et al. 2008; Hanson et al. 2010), and therefore | used
this method in paper IV to non-lethally predict the energetic status of carp as

potential trait predicting vulnerability to angling.

7.2 Phenotypic correlates of individual vulnerability to angling in benthivorous fish

In paper IV | used benthivorous carp as a model species to disentangle the relative

strength, direction and importance of angling-induced selection against behavioral,
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physiological, morphological and life-history traits and | found boldness in ponds to
be the most important trait under selection in angling fisheries as indicated by 1.5
times greater standardized selection gradients acting on boldness (3, = -0.655)
compared to juvenile growth (B, = -0.424). Whereas boldness observed under
laboratory conditions was unrepeatable and energetic status and body shape were
not or only weakly related to angling vulnerability, a significant correlation between
boldness in ponds and growth (Pearson's r = 0.31, P = 0.002) supported the
hypothesis that direct selection on boldness will also induce selection on growth rate
in benthivorous carp as it has also been shown for crayfish (Biro and Sampson
2015), and as it has been previously argued by Biro and Post (2008). However,
independent evolution of these traits is also possible and needs further investigation.
My negative findings for the energetic status of the fish as a predictor for angling
vulnerability are probably based on the short-term nature of this parameter. It is
known that hunger influences catchability of fish (Raat 1991; Herrman et al. 2013),
and likely the energetic state of the focal fish quickly changed after release into my
experimental ponds so that measurements of relative body fat content at the time of
stocking did not properly reflect the energetic status of the fish at the time of capture.
Morphological parameters only added little to the suite of phenotypes under selection
in my experimental fishery, likely because parameters like body shape and head size
simply act as a surrogate for behavior (Alés et al. 2014). However, comparable to the
findings of Alds et al. (2008) and Alds et al. (2014), | found weak evidence that larger
heads and mouths positively influenced vulnerability of the focal carp independently

of the fish body size.

These results are novel because paper IV revealed the relative importance of
behavioral selection in comparison to morphological and life-history traits in angling
fisheries. However, strong selection on risk-taking and energy-acquisition related
behaviors, i.e. visits at a feeding spot with the greatest distance to a save shelter,
only emerged when angling was conducted for a longer period of 20 days. By
contrast, when fishing was conducted for only seven days, the strongest selection
pressure acted on total length, albeit size of the focal fish only varied little. It can thus
be assumed that under more natural conditions with fish from different size-classes
being exploited at the same time, size selectivity is present in passive angling

fisheries. Irrespective of this, my findings clearly showed that boldness plays a major
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role in selectivity of passive angling techniques at larger temporal scales. These
results were further reinforced by angling experiments in paper VI where | compared
the vulnerability of scaled and mirror carp under both, laboratory and semi-natural
conditions within ponds. Independent of the environment, highly domesticated mirror
carp were significantly more likely to be captured than their scaled counterparts,
confirming older findings of Beukema (1969) and Raat (1985). Because mirror carp
are highly domesticated fish and these fish represent the bold end of the behavioral
spectrum (Huntingfort 2004; paper Il), behavioral traits related to risk-taking and
foraging activity can be considered dominant traits under selection in passive

fisheries with stationary baited hooks.

All carp in my studies were raised in a common garden. Therefore, results from
paper Il and paper VI reveal a genetic basis of the composite trait angling
vulnerability, as it has also been shown for other species (Dunham et al. 1986;
Philipp et al. 2009). Compared to size and growth, the heritability of boldness and
other behavioral traits is high (Mousseau and Roff 1987). Thus, under conditions of
high angling exploitation and strong selection gradients acting on boldness as
documented in paper IV, the evolutionary response of boldness-related behaviors in
response to angling-induced harvest should be strong (papers IX and X). This
should also be true for catch-and-release fisheries if cumulative hooking mortality is
high. As a consequence, intensive angling fisheries should leave behind individuals
that are more timid and harder to catch (papers IX and X). These patterns might be
further reinforced by learning and phenotypic plasticity to avoid capture as | could
show it for carp in paper VI and as is has recently been considered also for
piscivorous largemouth bass (Philipp et al. 2015). This “timidity-syndrome”, defined
as the emergence of fish populations that are consistently more timid when exploited
compared to unexploited populations of the same genotypic background (papers IX
and X) might have severe impacts at the population level. It is conceivable that the
group performances of exploited populations decreases through removal of keystone
individuals, that the decision making of these groups of fish is negatively influenced
through a reduced diversity of personality types, and that the removal of bold
individuals leads to leaderless groups of fish (paper X). Further, the ability to adapt to
environmental changes, population productivity through a lack of high foraging
performance, recovery after (over)exploitation, and food-web structures might all be

negatively influenced by this timidity-syndrome (papers IX and X). Finally, a
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population characterized by a high fraction of timid and non-vulnerable fish should
induce a mismatch between the realized catch rates and the true abundance as a
large fraction of the population remains unexploited. Reductions in catch rates
without corresponding declines of abundance, called “hyperdepletion” (Hilborn and
Walters 1992) might have strong impacts on fisheries management and
corresponding decision making as traditional surveys of fish populations will no
longer reflect the current status of the fish populations, potentially leading to

increasing failure of management decisions (paper X).

In addition to the behavioral component, angling can also select against individuals
with high standard metabolic rate, maximal metabolic rate and metabolic scope as it
is already known for largemouth bass (Redpath et al. 2010). In particular metabolic
scope, i.e. the maximal difference between standard metabolic rate and active
metabolic rate, can have severe impacts on foraging success and energy acquisition
behaviors (Redpath et al. 2010). | used a subsample of N = 12 carp with known
vulnerability to angling gear from the pond experiments described in paper IV and
compared metabolic scope between vulnerable and invulnerable fish using flow-
respirometry. Against findings from Redpath et al. (2010), mass-specific metabolic
scope did not differ between vulnerable carp and their invulnerable counterparts in
ponds (Mean = SD = 464 + 176 and 587 + 198 mg O, kg™ h™" for vulnerable and
invulnerable carp respectively, F = 1.39 ;P = 0.266; Fig. 6). Similarly, the genotype of
the fish did not affect metabolic scope (Mean + SD = 511 + 266 and 535 + 136 mg O
kg™ h™ for scaled and mirror carp respectively, F = 0.296; P = 0.598; Fig. 7) and |
could not detect any relationship between metabolic scope and boldness in ponds as
measured by the number of visits at the distant feeding spot (compare papers II, IV
and VI) (Pearson's r = -0.146, P = 0.651; Fig. 8). As summarized above, my own
research on carp (papers Il, IV, and VI) showed that boldness in the context of
foraging and energy acquisition can be considered the most important trait under
selection in passive angling fisheries. Based on the assumption that individuals with
high metabolic needs tend to take higher risks at foraging (Biro and Stamps 2010),
making them more vulnerable to angling gear as observed by Redpath et al. (2010),
this result was surprising. However, findings of recent studies trying to identify
correlations between basic behaviors of fish and metabolic parameters are
inconsistent. Whereas several studies conducted under purely laboratory conditions

were able to link risk-taking behavior and metabolic rate in numerous fish species
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including carp (Huntingford et al. 2010) and different salmonid species (summarized
in Mathot and Dingemanse 2015), other studies conducted under natural conditions
did not support these findings. For example, Farwell and McLaughlin (2009) found no
correlation between standard metabolic rate and the time spent moving in juvenile
brook charr (Salvelinus fontinalis) and Baktoft et al. (2016) were not able to correlate
the metabolic rate of European perch with swimming activity in a natural lake.
Including my own experiments, these inconsistent results might not only be based on
the known artefacts related to solely laboratory assessments, but might also be
related to insufficient incorporations of the energy management model of the study
systems (Mathot and Dingemanse 2015). Because single measurements of
metabolic rate- or scope are insufficient to infer the energetic constraints individual
fish are faced with, limited knowledge can be derived from experiments not
considering daily metabolic scopes or temporal differences in the need to acquire
energy (Mathot and Dingemanse 2015). Thus, metabolic rate- and scope are likely
associated with costly behaviors that bring in net energy like foraging activities under
the risk of predation, but changing biotic and abiotic conditions can mask correlations
between physiological and behavioral traits (Killen et al. 2013). In addition,
individuals might plastically adjust only a subset of behaviors to balance their
temporal energy budget (Mathot and Dingemanse 2015), making it difficult to derive

definite conclusions out of my energetic experiments.
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of visits at the distant feeding spot and metabolic scope.

7.3 Phenotypic correlates of individual vulnerability to angling in piscivorous fish

Similar to benthivorous carp | used omni-piscivorous amago salmon and piscivorous
largemouth bass to investigate the phenotypic correlates of vulnerability to angling in
two piscivorous species. As presented in paper V, large amago salmon were found
to be more vulnerable to angling in a low pressure stream compared to their smaller
conspecifics whereas in a high pressure stream no size-selectivity through angling
could be observed. Moreover, catch rates were significantly lower in the high
pressure stream, despite similar fish abundances within the two rivers, indicating
substantial alterations of vulnerability to angling as a consequence of high fishing
pressure for decades. These findings confirm recent studies in marine environments
(Januchowski-Hartley et al. 2011; 2013; 2014; Alos et al. 2015a; b) and are likely
based on behavioral alterations of the fish as a consequence of angling activities as
described in papers IX and X. In difference to papers Il and VI, plastic responses of
fish could not be distinguished from genetic responses in paper V, but wild offspring
from both rivers showed remarkable differences in boldness in the presence of a

simulated predator with significantly more shy fish originating from the high pressure
46



stream. Fish from the high pressure stream also grew less, but only when predation-
risk was simulated, confirming findings from my experiments in carp where
genetically based differences in boldness (and potentially correlated growth) were
only expressed in stressed situations (paper Il). In salmonids like amago salmon,
angling-induced selection has been shown repeatedly to favor timid and low
explorative individuals (Mezzera and Largiadér 2001; Harkonen et al. 2014),
supporting my general findings of high selection pressures acting on boldness-
related traits in passive fisheries. Further, the assumption of hyperdepletion as a
potential consequence of intense selective harvest (papers IX and X) was supported
in paper V. Vulnerability to angling increased with the size of the fish in a low
pressure environment whereas vulnerability to angling of fish from the high pressure
stream initially increased with increasing size and subsequently decreased with
further increases in body size albeit similar fish densities in both streams. Thus, in
accordance with Alds et al. (2015b), decreasing catch rates as a result of plastic
and/or genetic alterations in behavior of fished populations can be expected despite
similar fish abundances, potentially safeguarding fish populations against collapse,
but also lowering fishing quality and values of fisheries data as a basis for

management decisions in general (papers IX and X).

The general findings shown above were further reinforced by experiments using the
two lines of largemouth selected for high and low vulnerability in paper VIII. These
fish showed significant differences in aggression towards hook-less artificial lures
during the spawning season in ponds with high vulnerable fish hitting the lure more
frequently (paper VIII). This result is in line with findings from Cooke et al. (2007)
who angled fish from the same selection lines off their nests and found high
vulnerable fish to be captured after 1.6 £ 0.2 casts, whereas low vulnerable fish
needed 4.3 £ 0.9 casts to get hooked. It can be assumed that these differences in
vulnerability between the two selected lines are mainly based on aggression rather
than boldness, because Binder et al. (2012) found similar swimming activities for the
two selection lines of fish and Nannini et al. (2011) found higher foraging efficiencies
for low vulnerable fish. Thus, traits usually correlated with boldness did not differ
between the two selected lines of piscivorous largemouth bass or were inversely
related compared to expectations when assuming boldness to be the main predictor

of angling vulnerability. However, depending on the lure used, angling on largemouth
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bass can also be selective along the shy-bold continuum (Wilson et al. 2015) with
more nature-like lures targeting the shy end of the vulnerable population. All together
my results indicate that there are not only differences in behavior between vulnerable
and invulnerable fish (papers IV, V, VI and VIII), but that there are also differences in
behavioral traits determining the vulnerability of benthivorous and piscivorous
species. Whereas in benthivorous carp and omni-piscivorous amago salmon caught
with natural baits, angling mainly selects against boldness in the context of energy-
acquisition, vulnerability of solely piscivorous species like largemouth bass seems to

be largely dependent on aggression.

7.4 The mechanistic basis of vulnerability to angling

The main findings of paper IV already indicate the paramount importance of
boldness in explaining individual vulnerability towards angling gear in carp. More
individual characteristics of fish likely attribute to the complex trait of angling-
vulnerability (compare Fig. 1). From a mechanistic perspective, individual- and social
learning abilities (Beukema 1970; Raat 1985), food ingestion rates (Matsuzaki et al.
2009; Nannini et al. 2011), food preferences (Suzuki et al. 1978) and environmental
conditions in combination with genotype x environment interactions (paper Il) may
impact behavior and therefore vulnerability of fish. In paper VI | found mirror carp to
be significantly more active during foraging, faster in ingesting the first food item, and
mirror carp also ingested a higher total number of food items within replicated trials.
These findings from paper VI mechanistically show that intrinsically high foraging
activity- and speed likely explains why explicitly bold carp are caught more often even
if several fish are within close vicinity of the baited hook as it was the case during
experiments in paper IV. Albeit carp in paper VI showed clear signs of individual and
social learning abilities as indicated by declining catch rates over time and increasing
visual and tactile hook avoidance, these effects did not differ between scaled and
mirror carp. Similarly, food preferences did not differ between the two genotypes,
again highlighting boldness and underlying traits like intrinsic foraging activity- and
speed to be the main factors determining individual vulnerability of carp in passive

angling fisheries.

A certain fraction of carp was completely invulnerable to capture (45% and 15% of
mirror carp and 68% and 45% of scaled carp within ponds and the laboratory,

respectively) in paper VI and relatively more fish of both genotypes were caught
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within the laboratory. These findings are comparable to Beukema (1969) who found
18% of domesticated mirror carp and 33% of less domesticated scaled carp to be
invulnerable to angling. However, the differences in catch rate between the two
environments in paper VI also indicate environmental factors to significantly impact
vulnerability of fish. Based on paper VII where experimental pike fishing in the
natural Dolinsee was conducted, | could identify five environmental parameters that
significantly impacted capture success. The catch rate was dependent on the past
two days fishing effort, time of the day, average daily water temperature, wind speed,
and moon phase, together explaining about 21.4% of the variability in catch per unit
effort. The past two days fishing effort affected capture success of anglers much
more than abiotic or meteorological variables, indicating a short-term behavioral
response of fish towards angling activities or cumulative responses towards catch
and release events (Arlinghaus et al. 2008; Klefoth et al. 2008; 2011; Baktoft et al.
2013). Comparable to my findings in paper VI, learned hook avoidance with
increasing fishing time might have added to this finding, although vulnerability of pike
was only impacted two days back, the test environment was much larger and no
sudden drop of capture success could be observed as it has been reported in other
studies (Raat 1985; van Poorten and Post 2005; Askey et al. 2006). Irrespective of
species my findings show that the composite trait vulnerability to angling is not solely
dependent on the behavioral expressions of the individual fish, but also on
environmental factors, angler behavior, learning abilities and genotype x environment
interactions, potentially influencing selection strength on phenotypic expressions in

dependence of the environment and its complexity.

7.5 Fitness consequences of angling-induced selection

It is generally assumed that natural predation of juvenile fish will favor relatively slow
growing and timid individuals so that a directional selection against boldness and
growth can be assumed under both, natural and artificial selection (Edeline et al.
2007; 2009). In my additional experiments on carp | experimentally tested the
hypothesis that natural selection of juvenile fish points into the same direction than
artificial selection through angling. | used carp with known vulnerability to angling
from papers IV and VI and stocked them into replicated ponds with large pike and

two control ponds without pike over winter and additionally stocked them into the
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natural Déllnsee which is known to have a high density of predatory pike (Kobler et

al. 2008). In both cases survival of the fish was measured.

Within the ponds natural mortality without pike predation was 14% whereas natural
mortality in the vicinity of pike predation was 65%. In agreement with the hypothesis,
the likelihood of mortality was significantly higher for juvenile carp that have been
vulnerable to angling gear in previous experiments and also for smaller fish,

independent of vulnerability (Tab. 1; Fig. 9).

Tab 1: Generalized linear mixed model with pike predator nested within ponds as a
random factor to determine survival fitness of vulnerable and angling-invulnerable

carp towards natural predation-risk.

Variable Coefficient SE  Z-value P Pseudo R2
0.33

Intercept 4.11 2.77 1.49 0.138

Captured (yes) 1.04 0.51 2.07 0.039

TL (mm) -0.03 0.01 -1.83 0.068
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Fig. 9: Relative survival probability of previously angling-caught and angling-uncaught

carp in the vicinity of a natural pike predator in ponds.

Similarly, survival probability of juvenile carp stocked into the natural Ddlinsee was
higher for fish previously invulnerable to angling in ponds. Mean survival time
between previously caught and uncaught fish strongly differed (mean survival days in
Doélinsee of previously caught and uncaught fish + SD 7.8 £ 7.5 and 174.6 + 210.1;
range 1 — 25 and 1 — 400, respectively), although this finding was not significant,
probably as a result of low sample size (N = 16; ANOVA, df =1, F =2.47, P = 0.139).
Whether mortality always occurred as a consequence of predation by predatory fish
is unknown, but during the experiment two pike were caught by angling with a
transmitter of carp in their stomach. It can therefore be assumed that natural

predation of pike caused a majority of mortalities.

My findings from the two experiments under both, replicated semi-natural conditions
in ponds and fully natural conditions in Ddlinsee were in line with the hypothesis that

angling induced selection and natural selection in juvenile fish point into the same
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direction. Thus, angling can be seen as additional predation-risk within a high-risk
environment where explicitly bold and fast growing individuals show the lowest
survival probability. However, it can also be assumed that after reaching maturation
additional fithess components like reproductive success override survival as superior
fithess component (Edeline et al. 2007) and in such cases, angling-induced selection
might act against natural selection. To test this hypothesis in adult fish, experiments
on nest-guarding largemouth bass were conducted in paper VIII. Using males from
two lines of largemouth bass selectively bred over three generations for either high
(HV) or low (LV) vulnerability to angling as a model system, we could show that the
composite trait “vulnerability to angling” positively correlated with aggression,
intensity of parental care, and reproductive fithess. HV males spent relatively and
absolute more time guarding their nests and fanning their eggs than did LV fish and
they showed higher aggression towards potential brood predators that were
simulated by hookless fishing lures. Similarly, larger fish from both groups showed
higher parental care intensities. The selected line and size of the male had a
significant interactive influence on individual reproductive success in terms of
offspring number where large HV males produced most offspring (paper VIII). Thus,
when anglers target the largest and fittest fish, angling induced selection can have
negative consequences for reproductive success in wild populations of largemouth
bass and potentially other species where behaviors like aggression and nest-
guarding intensity not only determine vulnerability to angling but also reproductive

fithess.

My results from papers IV, V, VI and VIIl, and my additional fithess experiments
collectively showed that 1) angling on piscivorous largemouth bass and potentially
other species with a comparable life-history selectively targets those individuals that
exhibit the highest reproductive fitness potential, 2) angling selects against
behavioral traits that determine vulnerability and reproductive success like
aggression in nest-guarding species, 3) angling selects against bold and fast growing
individuals with high foraging activities in benthivorous and omni-piscivorous species,
potentially causing future reductions of fecundity based on impaired growth rates and
direct selection against large and fast-growing individuals at the adult stage, 4) in
juvenile benthivorous fish like carp, natural selection and angling-induced selection
point into the same direction whereas at an adult stage selection probably acts

against natural selection, 5) independent of the species angling-induced adaptive
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changes either based on evolution or plasticity can lower general vulnerability of fish
stocks even at constant fish densities, and 6) intensive catch-and-kill type angling not
only alters age and size distributions within a population, but can also disrupt the

generally positive relationship between body size and vulnerability to angling gear.

From an evolutionary perspective (as described in papers I, IX and X), fish
populations irrespective of species and life-history will evolve towards timidity under
high fishing pressure because bold, aggressive and fast-growing individuals are
harvested. This result is in line with theoretical expectations (papers I, IX and X) and
recent studies on marine fish species (Alds et al. 2015a; b), all showing a timidity-
syndrome as a consequence of human-induced predation-risk. Following this
framework, exploitation of fish through angling will cause plastic and evolutionary
behavioral responses with increasing timidity and flight initiation distances. In this
landscape of fear (Laundré et al. 2014) lethal harvest and/or unwanted catch-and-
release mortalities will adaptively impact life-history and behavioral traits, collectively
shaping the timidity-syndrome. It currently remains open if the timidity-syndrome is of
short duration and fish will only change their behavior in direct response to an angling
event or if affects are much longer lasting (papers IX and X). However, based on the
work of Philipp et al. (2009), Alés et al. (2015a; b) and my own research in paper V,
longer lasting and evolutionary effects can be considered a real scenario, potentially
also influencing the behavior of fish towards their natural predators. Based on
increasing timidity along the food-web, influencing both bottom-up and top-down
processes, even complete ecosystem functioning might be altered (Laundré et al.
2014, papers IX and X).

My research showed that in juvenile fish angling-induced selection can strengthen
natural selection, whereas in adult fish angling-induced selection can act against
natural selection. Thus, being too bold in a juvenile stage will decrease survival
fitness, irrespective of fishing activities, whereas being bold as an adult can increase
reproductive fitness, but angling-induced selection acts against natural selection in
this life-stage. Consequently and depending on the ecological context, anglers can
negatively impact recruitment within wild populations through directional selection of
behavior when behavioral determinants of angling vulnerability like boldness and
aggression also predict reproductive success. Alternatively to this directional

approach, fisheries-induced selection on traits like boldness and growth might also
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turn disruptive as a consequence of interplays between natural selection and harvest
activities (Carlson et al. 2007; Edeline et al. 2007; 2009), i.e. when natural selection
and fishing-induced selection on adult fish strongly act in opposite directions (Edeline
et al. 2009). This approach, however, remains hypothetical and might also depend on
foraging opportunities (Edeline et al. 2007; 2009). Under non-restricted food
conditions, formerly shy fish might increase their reproductive fithess expectations as
an adult through increasing bold behavior aiming to gather more food and to grow
faster. This way, the strength of opposing natural- and fishing-induced selection
pressures might be relaxed through flexible plastic responses of the individual fish
towards the fitness landscape. The strategy of being shy as a juvenile and being bold
as an adult might pay-off under non-restricted food conditions whereas no such
plastic response might be promising when food is rare, because grow expectations
would be comparably small whereas survival expectations remain low, depending on
the fishing pressure. Thus, angling-induced selection should usually act directional
against bold and aggressive behavior and disruptive or other selection responses
might occur in extreme cases where natural selection and fishing-induced selection
strongly act in opposite directions and plastic responses of the fish cannot balance

disruption.

Another alternative perception could be based on the links between behavior,
metabolism and growth. As shown in paper IV, bold behavior can positively influence
growth rate in carp and consequently, fish might grow less if the bold individuals are
selected by anglers. However, in largemouth bass angling exhibits a decrease in
metabolic rate (Redpath et al. 2010; Hessenauer et al. 2015) and under food-
restricted conditions, these low vulnerable fish with low metabolic rate might even
grow better (Redpath et al. 2010). As a consequence and alternatively to the above,
one can also predict that fisheries-induced evolution of timidity without a necessary
response in growth can be a likely outcome in many situations (compare paper X). In
this case fitness impairments through selective harvest might be lowered, but more
research is needed to disentangle the relationships between behavioral selection and

population dynamics.
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8. Conclusions

The objective of my doctoral research was to disentangle the phenotypic correlates of
individual vulnerability to angling. Based on comprehensive phenotypic descriptions
covering several behavioral-, life-history-, morphological, and physiological traits, |
identified the potential for angling-induced evolutionary changes. In addition |
revealed that phenotypic variability within fish populations might add to the
conservation of populations under fished conditions. The main conclusions of my

research can be summarized as follows:

1. The environment used to properly evaluate behavioral correlates of
vulnerability to angling must be based on real field conditions or must reflect
nature-like conditions including explicit predation-risk. Otherwise study

outcomes can be biased

2. Boldness in the context of foraging is the most important trait under selection
in passive fisheries targeting benthivorous species whereas aggression

determines selection in piscivorous species.

3. The mechanistic basis of vulnerability to angling is based on an interplay of

species, individual behavior, learning and environmental factors.

4. Natural selection and angling-induced selection point into the same direction in
juvenile fish whereas angling-induced selection can severely impact
reproductive fitness when behavioral patterns that determine fitness, like
aggression in nest-guarding species, also affect their vulnerability to angling

gear.

| identified boldness in the context of foraging to be the most important factor in
determining vulnerability of benthivorous carp whereas aggression can be considered
to be the most important trait in piscivorous largemouth bass. Based on similarities in
life-history and behavior of many benthivorous and piscivorous fish, these results can
likely be transferred to many other species. As a consequence of my findings, an
exploitation-induced timidity syndrome can be assumed in highly exploited fish stocks
leading to increasing shyness and an overall reduced vulnerability of the individual
fish with negative consequences for the number of trophy fish, management decision

making based on poor data and angler satisfaction in general.
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In the future and to better understand the consequences of timidity-syndromes, fish
populations should be routinely monitored for changes in boldness and other
behavioral characteristics over time. In clear water conditions, camera systems might
help to identify behavioral changes as a consequence of selective harvest.
Alternatively, novel tracking systems like CDMA technology, phenotypic correlates of
behavior like morphological characteristics or the development of functioning and
standardized rapid behavioral assays under laboratory conditions can potentially be

used for this purpose.

9. Management implications

From a management perspective my findings call for a promotion of behavioral
diversity. This may be achieved through reduced harvest, relocation or stocking of
naive fish or through well designed protected areas where highly vulnerable
phenotypes can migrate into the fished areas, thereby obtaining phenotypic diversity.
All of these management tools will differ in their applicability and functionality and
based on the managed ecosystem, managers will be faced with various trade-off
decisions. For example, many fished freshwater ecosystems in Germany are small
and not connected, casting protected areas into doubt as many ecosystems are
simply not big enough to establish a management scenario comparable to the
common marine protected areas. Further, the potentially easiest and best solution, a
general reduction of harvest through intensified release of large, bold, and fast-
growing individuals is often hampered by legal concerns in Germany. Thus,
alternatives like fish relocation or stocking of domesticated and highly vulnerable
individuals might be a better choice to maintain angler satisfaction, but potential
negative effects of unwanted gene transfer, reduced reproductive ability, and high
mortality rates cannot be ruled out. Finally, aquaculture companies might develop a
market where wild-like fish originating from natural lake and pond-ecosystems are
increasingly produced as stocking material. This would mean a change of common
aquaculture because the ponds would need to consist of diverse species and
habitats to maintain phenotypic diversity and parental fish for reproduction would
ideally origin from the stocked water body. After draining, these fish from all size
classes could be simply transferred to the fished water-body, comparable to a

translocation experiment. Because | am currently working as a fisheries manager, |
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will try to transfer my own research results directly into practice, aiming to establish

biologically sustainable fisheries.

57



10. Acknowledgements

Financial support for my research was provided by the Deutsche Bundesstiftung
Umwelt (DBU, No AZ20007 / 924), the Gottfried-Wilhelm-Leibniz Community through
the Adaptfish Project (www.adaptfish.igb-berlin.de) and the German Ministry for
Education and Research (BMBF) through the Program for Social-Ecological
Research Besatzfisch-Project (www.besatz-fisch.de). Furthermore, | would like to
thank the Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB), Berlin,
Germany, the Humboldt-Universitdt zu Berlin, Faculty of Life Sciences, Berlin,
Germany, the Department of Natural Resources and Environmental Science,
University of lllinois at Urbana-Champaign, Urbana, USA, and the National Research
Institute of Aquaculture, Fisheries Research Agency, Nikko, Tochigi, Japan for their

comprehensive support during all my studies.

| would like to thank all people that helped and assisted me during my studies. In
particular | would like to thank my supervisor, mentor and friend Prof. Dr. Robert
Arlinghaus who gave me the opportunity to work scientifically over many years in his
outstanding research group. This way | highly benefited from his knowledge and
sense which has always been an inspiration for me. Thank you for all the fruitful
discussions, advices, supervision, and patience that finally resulted in this thesis and
many other papers. Without you | would have never experienced the exciting world of
fisheries science and would have never met so many inspiring and outstanding
people from around the world. It is absolutely impossible to list all the pleasures and

benefits | experienced with you. Thank you very much!

| would like to thank my supervisor Dr. Christian Wolter. Thank you for providing me
the opportunity to work in an EU-project at the onset of my thesis and for the
extremely qualified guidance during all my time at IGB. It has been a pleasure to

discuss and work with you.

Thanks to my supervisor Prof. Dr. Jens Krause. Your knowledge about fish behavior
and behavioral study designs truly improved my thesis which was essential for being

successful. Thank you very much!

Thanks to my colleagues at IGB and all around the world for discussion, help and
support. Particularly | would like to thank Dr. Josep Alés, Dr. Fiona Johnston, and Dr.

Matthias Emmrich for proof reading of my final thesis, fruitful discussions and great
58


http://www.adaptfish.igb-berlin.de/
http://www.besatz-fisch.de/

leisure time. Christian Baal for his outstanding technical support and coffee breaks,
Dr. Silva Uusi-Heikkila, Prof. Dr. Shuichi Matsumura, Dr. Malte Dorow, Dr. Jorn
Gessner, Daniel Huhn, Thilo Pagel, Eva-Maria Cyrus, Dr. Ben Beardmore, Christian
Schomaker, Jan Hallermann, Alexander Tlrck and Dr. Katrin Daedlow for their help
during data collection and all administrative workers at IGB for their extremely helpful

flexibility.

Thanks to my colleagues and chair members at the Angling Association of Lower
Saxony. Starting in 2012 | tried to combine a full-time fisheries-management job with
writing up papers for my thesis. Without the support of Dr. Matthias Emmrich, Ralf
Gerken, and Florian Mdllers, this would not have been possible. Similarly, Werner
Klasing, Matthias Jaep, and Heinz Pyka supported me through flexible working times,

finally allowing me to finish my thesis.

Last but not least, | would like to thank my family. Thanks to my parents, brother and
sister who always supported me. | never could have done this thesis without your
help and continuous familiar support throughout my life. Most important | would like to
thank my girlfriend Julia. You accompany me for almost 20 years of my life, you
always encourage me and you always resigned when it was helpful for me. Without

you this thesis would not exist.

59



11.References

Adriaenssens, B., Johnsson, J.l., 2013. Natural selection, plasticity and the emergence

of a behavioural syndrome in the wild. Ecology Letters 16, 47-55.

Alados, C.L., Escos, J.M., Emlen, J.M., 1996. Fractal structure of sequential behaviour

patterns: an indicator of stress. Animal Behaviour 51, 437—443.

Allendorf, F.W., Hard, J.J., 2009. Human-induced evolution caused by unnatural
selection through harvest of wild animals. Proceedings of the National Academy of
Sciences of the United States of America 106, 9987-9994.

Alés, J., Cerda, M., Deudero, S., Grau, A.M., 2008. Influence of hook size and type on
short-term mortality, hooking location and size selectivity in a Spanish recreational
fishery. Journal of Applied Ichthyology 24, 658—663.

Alés, J., Palmer, M., Arlinghaus, R., 2012. Consistent selection towards low activity
phenotypes when catchability depends on encounters among human predators and
fish. PloS ONE 7, e48030.

Alés, J., Palmer, M., Linde-Medina, M., Arlinghaus, R., 2014. Consistent size-
independent harvest selection on fish body shape in two recreationally exploited

marine species. Ecology and Evolution 4, 2154-2164.

Alés, J., Palmer, M., Trias, P., Diaz-Gil, C., Arlinghaus, R., Rochet, M.-J., 2015a.
Recreational angling intensity correlates with alteration of vulnerability to fishing in a

carnivorous coastal fish species. Canadian Journal of Fisheries and Aquatic
Sciences 72, 217-225.

Alés, J., Puiggrés, A., Diaz-Gil, C., Palmer, M., Rossell6, R., Arlinghaus, R., 2015b.
Empirical evidence for species-specific export of fish naiveté from a no-take marine

protected area in a coastal recreational hook and line fishery. PloS ONE 10,
e0135348.

Anderson, R.O., LeRoy Heman, M., 1969. Angling as a factor influencing catchability of

largemouth bass. Transactions of the American Fisheries Society 98, 317-320.

60



Arlinghaus, R., 2007. Voluntary catch-and-release can generate conflict within the
recreational angling community: a qualitative case study of specialised carp,
Cyprinus carpio, angling in Germany. Fisheries Management and Ecology 14, 161—
171.

Arlinghaus, R., 2006. On the apparently striking disconnect between motivation and
satisfaction in recreational fishing: the case of catch orientation of German anglers.

North American Journal of Fisheries Management 26, 592—605.

Arlinghaus, R., Klefoth, T., Gingerich, A.J., Donaldson, M.R., Hanson, K.C., Cooke,
S.J., 2008b. Behaviour and survival of pike, Esox lucius, with a retained lure in the

lower jaw. Fisheries Management and Ecology 15, 459—466.

Arlinghaus, R., Klefoth, T., Kobler, A., Cooke, S.J., 2008a. Size selectivity, injury,
handling time, and determinants of initial hooking mortality in recreational angling for
northern pike: the influence of type and size of bait. North American Journal of
Fisheries Management 28, 123—-134.

Arlinghaus, R., Matsumura, S., Dieckmann, U., 2009. Quantifying selection differentials
caused by recreational fishing: development of modeling framework and application
to reproductive investment in pike (Esox lucius). Evolutionary Applications 2, 335-
355.

Arlinghaus, R., Mehner, T., 2003. Socio-economic characterisation of specialised
common carp (Cyprinus carpio L.) anglers in Germany, and implications for inland

fisheries management and eutrophication control. Fisheries Research 61, 19-33.

Armstrong, J.D., Einum, S., Fleming, |.A., Rycroft, P., 2001. A method for tracking the
behaviour of mature and immature salmon parr around nests during spawning.
Journal of Fish Biology 59, 1023-1032.

Arreguin-Sanchez, F., 1996. Catchability: a key parameter for fish stock assessment.

Reviews in Fish Biology and Fisheries 6, 221-242.

Askey, P.J., Richards, S.A., Post, J.R., Parkinson, E.A., 2006. Linking angling catch
rates and fish learning under catch-and-release regulations. North American Journal
of Fisheries Management 26, 1020-1029.

61



Atema, J., 1980. Chemical senses, chemical signals and feeding behavior in fishes in:
Fish Behaviour and its Use in the Capture and Culture of Fishes, Bardach, J.E.,
Magnuson, J.J., May, R.C., Reinhart, J.M. (eds.), Iclarm Conference Proceedings 5,
57-101.

Baktoft, H., Aarestrup, K., Berg, S., Boel, M., Jacobsen, L., Koed, A., Pedersen, MW,
Svendsen, J.C., Skov, C., 2013. Effects of angling and manual handling on pike

behaviour investigated by high-resolution positional telemetry. Fisheries Management
and Ecology 20, 518-525.

Baktoft, H., Jacobsen, L., Skov, C., Koed, A., Jepsen, N., Berg, S., Boel, M., Aarestrup,
K., Svendsen, J.C., 2016. Phenotypic variation in metabolism and morphology
correlating with animal swimming activity in the wild: relevance for the OCLTT
(oxygen and capacity limitation of thermal tolerance), allocation and performance

models. Conservation Physiology 4, cov055.

Baktoft, H., Zajicek, P., Klefoth, T., Svendsen, J.C., Jacobsen, L., Pedersen, MW,
Morla, D.M., Skov, C., Nakayama, S., Arlinghaus, R., 2015. Performance
assessment of two whole-lake acoustic positional telemetry systems - is reality
mining of free-ranging aquatic animals technologically possible? PloS ONE 10,
e0126534.

Balon, E.K., 2004. About the oldest domesticates among fishes. Journal of Fish Biology
65, 1-27.

Bates, D., Machler, M., Bolker, B., Walker, S., 2015. Fitting linear mixed-effects models

using ,Ime4*“. Journal of Statistical Software 67, 1-48.

Beardmore, B., Hunt, L.M., Haider, W., Dorow, M., Arlinghaus, R., Ramcharan, C.,
2015. Effectively managing angler satisfaction in recreational fisheries requires
understanding the fish species and the anglers. Canadian Journal of Fisheries and
Aquatic Sciences 72, 500-513.

Bell, A.M., Hankison, S.J., Laskowski, K.L., 2009. The repeatability of behaviour: a

meta-analysis. Animal Behaviour 77, 771-783.

62



Berst, A.H., 1961. Selectivity and efficiency of experimental gill nets in South Bay and
Georgian Bay of Lake Huron. Transactions of the American Fisheries Society 90,
413-418.

Beukema, J.J., 1970. Acquired hook-avoidance in the pike Esox lucius L. fished with

artificial and natural baits. Journal of Fish Biology 2, 155-160.

Beukema, J.J., 1969. Angling experiments with carp (Cyprinus carpio L.). Netherlands
Journal of Zoology 20, 81-92.

Beukema, J.J., de Vos, G.J., 1974. Experimental tests of a basic assumption of the
capture-recapture method in pond populations of carp Cyprinus carpio L. Journal of
Fish Biology 6, 317-329.

Bigelow, K.A., Boggs, C.H., He, X.I., 1999. Environmental effects on swordfish and blue
shark catch rates in the US North Pacific longline fishery. Fisheries Oceanography 8,
178-198.

Binder, T.R., Nannini, M.A., Wahl, D.H., Arlinghaus, R., Klefoth, T., Philipp, D.P.,
Cooke, S.J., 2012. Largemouth bass selected for differential vulnerability to angling
exhibit similar routine locomotory activity in experimental ponds. Transactions of the
American Fisheries Society 141, 1252—1259.

Biro, P.A., 2012. Do rapid assays predict repeatability in labile (behavioural) traits?
Animal Behaviour 83, 1295-1300.

Biro, P.A., Abrahams, M.V., Post, J.R., Parkinson, E.A., 2006. Behavioural trade-offs
between growth and mortality explain evolution of submaximal growth rates. Journal
of Animal Ecology 75, 1165-1171.

Biro, P.A., Abrahams, M.V., Post, J.R., Parkinson, E.A., 2004. Predators select against
high growth rates and risk—taking behaviour in domestic trout populations.

Proceedings of the Royal Society of London B: Biological Sciences 271, 2233-2237.

Biro, P.A., Beckmann, C., Stamps, J.A.,, 2010. Small within-day increases in
temperature affects boldness and alters personality in coral reef fish. Proceedings of

the Royal Society of London B: Biological Sciences 277, 71-77.

63



Biro, P.A., Post, J.R., 2008. Rapid depletion of genotypes with fast growth and bold
personality traits from harvested fish populations. Proceedings of the National
Academy of Sciences of the United States of America 105, 2919-2922.

Biro, P.A., Post, J.R., Booth, D.J., 2007. Mechanisms for climate-induced mortality of
fish populations in whole-lake experiments. Proceedings of the National Academy of
Sciences of the United States of America 104, 9715-9719.

Biro, P.A., Sampson, P., 2015. Fishing directly selects on growth rate via behaviour:
implications of growth-selection that is independent of size. Proceedings of the Royal
Society of London B: Biological Sciences 282, 20142283.

Biro, P.A., Stamps, J.A., 2010. Do consistent individual differences in metabolic rate
promote consistent individual differences in behavior? Trends in Ecology & Evolution
25, 653-659.

Boulétreau, S., Verdeyroux, P., Lorthiois, E., Azémar, F., Compin, A., Santoul, F., 2016.
Do you eat or not? Predation behaviour of European catfish (Silurus glanis) toward

live bait on a hook. The Open Fish Science Journal 9, 8-14.

Bracciali, C., Campobello, D., Giacoma, C., Sara, G., 2012. Effects of nautical traffic
and noise on foraging patterns of Mediterranean damselfish (Chromis chromis). PloS
ONE 7, e40582.

Brannas, E., Alanara, A., 1993. Monitoring the feeding activity of individual fish with a

demand feeding system. Journal of Fish Biology 42, 209-215.

Brannas, E., Lundqvist, H., Prentice, E., Schmitz, M., Brannas, K., Wiklund, B.-S., 1994.
Use of the passive integrated transponder (PIT) in a fish identification and monitoring
system for fish behavioral studies. Transactions of the American Fisheries Society
123, 395-401.

Breck, J.E., Gitter, M.J., 1983. Effect of fish size on the reactive distance of bluedgill
(Lepomis macrochirus) sunfish. Canadian Journal of Fisheries and Aquatic Sciences
40, 162-167.

Brown, C., Burgess, F., Braithwaite, V.A., 2007. Heritable and experiential effects on
boldness in a tropical poeciliid. Behavioral Ecology and Sociobiology 62, 237-243.

64



Brown, C., Gardner, C., Braithwaite, V.A., 2005. Differential stress responses in fish
from areas of high-and low-predation pressure. Journal of Comparative Physiology B
175, 305-312.

Brown, G.E., Elvidge, C.K., Ramnarine, |., Chivers, D.P., Ferrari, M.C., 2014.
Personality and the response to predation risk: effects of information quantity and
quality. Animal Cognition 17, 1063—-1069.

Budaev, S.V., 1997. Alternative styles in the European wrasse, Symphodus ocellatus:

boldness-related schooling tendency. Environmental Biology of Fishes 49, 71-78.

Careau, V., Garland Jr, T., 2012. Performance, personality, and energetics: correlation,

causation, and mechanism. Physiological and Biochemical Zoology 85, 543-571.

Careau, V., Thomas, D., Humphries, M.M., Réale, D., 2008. Energy metabolism and
animal personality. Oikos 117, 641-653.

Carlson, S.M., Edeline, E., Asbjern Vgllestad, L., Haugen, T., Winfield, |.J., Fletcher,
J.M., Ben James, J., Stenseth, N.C., others, 2007. Four decades of opposing natural
and human-induced artificial selection acting on Windermere pike (Esox lucius).
Ecology Letters 10, 512-521.

Castro-Santos, T., Haro, A., Walk, S., 1996. A passive integrated transponder (PIT) tag

system for monitoring fishways. Fisheries Research 28, 253-261.

Caulton, M.S., Bursell, E., 1977. The relationship between changes in condition and
body composition in young Tilapia rendalli Boulenger. Journal of Fish Biology 11,
143-150.

Chervet, N., Zottl, M., Schirch, R., Taborsky, M., Heg, D., 2011. Repeatability and
heritability of behavioural types in a social cichlid. International Journal of

Evolutionary Biology 2011.

Ciuti, S., Northrup, J.M., Muhly, T.B., Simi, S., Musiani, M., Pitt, J.A., Boyce, M.S., 2012.
Effects of humans on behaviour of wildlife exceed those of natural predators in a
landscape of fear. PloS ONE 7, e50611.

Clarke, A., Johnston, N.M., 1999. Scaling of metabolic rate with body mass and
temperature in teleost fish. Journal of Animal Ecology 68, 893—-905.

65



Cone, R.S., 1989. The need to reconsider the use of condition indices in fishery

science. Transactions of the American Fisheries Society 118, 510-514.

Cooke, S.J., Donaldson, M.R., Hinch, S.G., Crossin, G.T., Patterson, D.A., Hanson,
K.C., English, K.K., Shrimpton, J.M., Farrell, A.P., 2009. Is fishing selective for
physiological and energetic characteristics in migratory adult sockeye salmon?

Evolutionary Applications 2, 299-311.

Cooke, S.J., Steinmetz, J., Degner, J.F., Grant, E.C., Philipp, D.P., 2003. Metabolic
fright responses of different-sized largemouth bass (Micropterus salmoides) to two

avian predators show variations in nonlethal energetic costs. Canadian Journal of
Zoology 81, 699-709.

Cooke, S.J., Suski, C.D., Ostrand, K.G., Wahl, D.H., Philipp, D.P., 2007. Physiological
and behavioral consequences of long-term artificial selection for vulnerability to
recreational angling in a teleost fish. Physiological and Biochemical Zoology 80, 480—
490.

Cox, M.K., Hartman, K.J., 2005. Nonlethal estimation of proximate composition in fish.

Canadian Journal of Fisheries and Aquatic Sciences 62, 269-275.

Craig, J.F., Fletcher, J.M., 1982. The variability in the catches of charr, Salvelinus
alpinus L., and perch, Perca fluviatilis L., from multi-mesh gill nets. Journal of Fish
Biology 20, 517-526.

Craig, J.F., Sharma, A., Smile, K., 1986. The variability in catches from multi-mesh
gilinets fished in three Canadian lakes. Journal of Fish Biology 28, 671-678.

Creque, S.M., Raffenberg, M.J., Brofka, W.A., Dettmers, J.M., 2006. If you build it, will
they come? Fish and angler use at a freshwater artificial reef. North American

Journal of Fisheries Management 26, 702—-713.

Crossin, G.T., Hinch, S.G., 2005. A nonlethal, rapid method for assessing the somatic
energy content of migrating adult Pacific salmon. Transactions of the American
Fisheries Society 134, 184—191.

66



Cull, F., Suski, C.D., Shultz, A., Danylchuk, A.J., O’Connor, C.M., Murchie, K.J., Cooke,
S.J., 2015. Consequences of experimental cortisol manipulations on the thermal
biology of the checkered puffer (Sphoeroides testudineus) in laboratory and field

environments. Journal of Thermal Biology 47, 63—74.

Cutts, C.J., Betcalfe, N.B., Caylor, A.C., 1998. Aggression and growth depression in
juvenile Atlantic salmon: the consequences of individual variation in standard
metabolic rate. Journal of Fish Biology 52, 1026—1037.

Damalas, D., Megalofonou, P., Apostolopoulou, M., 2007. Environmental, spatial,
temporal and operational effects on swordfish (Xiphias gladius) catch rates of eastern

Mediterranean Sea longline fisheries. Fisheries Research 84, 233-246.

Diaz Pauli, B., Wiech, M., Heino, M., Utne-Palm, A.C., 2015. Opposite selection on
behavioural types by active and passive fishing gears in a simulated guppy Poecilia
reticulata fishery. Journal of Fish Biology 86, 1030—1045.

Dorow, M., Arlinghaus, R., 2011. A telephone-diary-mail approach to survey
recreational fisheries on large geographic scales, with a note on annual landings
estimates by anglers in northern Germany. American Fisheries Society Symposium
75, 319-344.

Dunham, R.A., Smitherman, R.O., Goodman, R.K., Kemp, P., 1986. Comparison of
strains, crossbreeds and hybrids of channel catfish for vulnerability to angling.
Aquaculture 57, 193-201.

Edeline, E., Carlson, S.M., Stige, L.C., Winfield, I.J., Fletcher, J.M., James, J.B.,
Haugen, T.O., Vgllestad, L.A., Stenseth, N.C., 2007. Trait changes in a harvested
population are driven by a dynamic tug-of-war between natural and harvest selection.
Proceedings of the National Academy of Sciences of the United States of America
104, 15799-15804.

Edeline, E., Haugen, T.O., Weltzien, F.-A., Claessen, D., Winfield, I.J., Stenseth, N.C.,
Vgllestad, L.A., 2009. Body downsizing caused by non-consumptive social stress
severely depresses population growth rate. Proceedings of the Royal Society of
London B: Biological Sciences, rspb20091724.

67



Elvidge, C.K., Chuard, P.J., Brown, G.E., 2016 Local predation risk shapes spatial and
foraging neophobia patterns in Trinidadian guppies. Current Zoology, doi:
10.1093/cz/zow013

Enberg, K., Jargensen, C., Dunlop, E.S., Varpe, @., Boukal, D.S., Baulier, L., Eliassen,
S., Heino, M., 2012. Fishing-induced evolution of growth: concepts, mechanisms and

the empirical evidence. Marine Ecology 33, 1-25.

Farwell, M., McLaughlin, R.L., 2009. Alternative foraging tactics and risk taking in brook
charr (Salvelinus fontinalis). Behavioral Ecology 20, 913-921.

Fernd, A., Huse, |, 1983. The effect of experience on the behaviour of cod (Gadus

morhua L.) towards a baited hook. Fisheries Research 2, 19-28.

Fernd, A., Solemdal, P., Tilseth, S., 1986. Field studies on the behaviour of whiting
(Gadus merlangus L.) towards baited hooks. FiskDir. Skr. Ser. HavUnders 18, 83-95.

Flores, M.S.Z., Ortega-Garcia, S., Klett-Traulsen, A., 2008. Interannual and seasonal
variation of dolphinfish (Coryphaena hippurus) catch rates in the southern Gulf of

California, Mexico. Fisheries Research 94, 13-17.

Fraser, D.F., Gilliam, J.F., Daley, M.J., Le, A.N., Skalski, G.T., 2001. Explaining
leptokurtic movement distributions: intrapopulation variation in boldness and

exploration. The American Naturalist 158, 124—-135.

Fu, S.-J., Zeng, L.-Q., Li, X.-M., Pang, X., Cao, Z.-D., Peng, J.-L., Wang, Y.-X., 2009.
The behavioural, digestive and metabolic characteristics of fishes with different

foraging strategies. Journal of Experimental Biology 212, 2296—2302.

Garcia, S.M., Kolding, J., Rice, J., Rochet, M.-J., Zhou, S., Arimoto, T., Beyer, J.E.,
Borges, L., Bundy, A., Dunn, D., others, 2012. Reconsidering the consequences of
selective fisheries. Science 335, 1045-1047.

Godin, J.-G.J., Crossman, S.L., 1994. Hunger-dependent predator inspection and
foraging behaviours in the threespine stickleback (Gasterosteus aculeatus) under

predation risk. Behavioral Ecology and Sociobiology 34, 359-366.

68



Graham, A.L., Cooke, S.J., 2008. The effects of noise disturbance from various
recreational boating activities common to inland waters on the cardiac physiology of a
freshwater fish, the largemouth bass (Micropterus salmoides). Aquatic Conservation:

Marine and Freshwater Ecosystems 18, 1315—1324.

Grant, G.C., Schwartz, Y., Weisberg, S., Schupp, D.H., 2004. Trends in abundance and
mean size of fish captured in gill nets from Minnesota lakes, 1983—1997. North

American Journal of Fisheries Management 24, 417-428.

Hackney, P.A., Linkous, T.E., 1978. Striking behavior of the largemouth bass and use of
the binomial distribution for its analysis. Transactions of the American Fisheries
Society 107, 682—688.

Hanson, K.C., Arrosa, S., Hasler, C.T., Suski, C.D., Philipp, D.P., Niezgoda, G., Cooke,
S.J., 2008. Effects of lunar cycles on the activity patterns and depth use of a
temperate sport fish, the largemouth bass, Micropterus salmoides. Fisheries

Management and Ecology 15, 357-364.

Hanson, K.C., Ostrand, K.G., Gannam, A.L., Ostrand, S.L., 2010. Comparison and
validation of nonlethal techniques for estimating condition in juvenile salmonids.

Transactions of the American Fisheries Society 139, 1733-1741.

Harkonen, L., Hyvarinen, P., Niemela, P.T., Vainikka, A., 2016. Behavioural variation in
Eurasian perch populations with respect to relative catchability. Acta Ethologica 19,
21-31.

Harkonen, L., Hyvarinen, P., Paappanen, J., Vainikka, A., Tierney, K., 2014. Explorative
behavior increases vulnerability to angling in hatchery-reared brown trout (Salmo

trutta). Canadian Journal of Fisheries and Aquatic Sciences 71, 1900—1909.

Hartman, K.J., Brandt, S.B., 1995. Estimating energy density of fish. Transactions of the
American Fisheries Society 124, 347-355.

Hayes, J.W., 1989. Comparison between a fine mesh trap net and five other fishing
gears for sampling shallow-lake fish communities in New Zealand. New Zealand
Journal of Marine and Freshwater Research 23, 321-324.

He, P., 1996. Bait loss from bottom-set longlines as determined by underwater

observations and comparative fishing trials. Fisheries Research 27, 29-36.
69



Heermann, L., Emmrich, M., Heynen, M., Dorow, M., Koénig, U., Borcherding, J.,
Arlinghaus, R., 2013. Explaining recreational angling catch rates of Eurasian perch,
Perca fluviatilis: the role of natural and fishing-related environmental factors.

Fisheries Management and Ecology 20, 187-200.

Heg, D., Schirch, R., Rothenberger, S., 2011. Behavioral type and growth rate in a
cichlid fish. Behavioral Ecology 22, 1227-1233.

Heino, M., Baulier, L., Boukal, D.S., Dunlop, E.S., Eliassen, S., Enberg, K., Jargensen,
C., Varpe, @., 2008. Evolution of growth in Gulf of St Lawrence cod? Proceedings of
the Royal Society of London B: Biological Sciences 275, 1111-1112.

Heino, M., Godg, O.R., 2002. Fisheries-induced selection pressures in the context of

sustainable fisheries. Bulletin of Marine Science 70, 639-656.

Heino, M., Diaz-Pauli, B, Dieckmann, U., 2015. Fisheries-induced evolution. Annual

Review of Ecology, Evolution, and Systematics 46, 461-480.

Hendry, A.P., Berg, O.K., Quinn, T.P., 2001. Breeding location choice in salmon:
causes (habitat, competition, body size, energy stores) and consequences (life span,
energy stores). Oikos 93, 407—418.

Hereford, J., Hansen, T.F., Houle, D., Fenster, C., 2004. Comparing strengths of

directional selection: how strong is strong? Evolution 58, 2133-2143.

Hessenauer, J.-M., Vokoun, J.C., Suski, C.D., Davis, J., Jacobs, R., O'Donnell, E.,
2015. Differences in the metabolic rates of exploited and unexploited fish

populations: a signature of recreational fisheries induced evolution? PLoS ONE 10,
e0128336.

Hilborn, R., Walters, C.J., 1992. Quantitative fisheries stock assessment: choice,

dynamics, and uncertainty. Chapman and Hall, New York, United States of America.

Hojesjo, J., Adriaenssens, B., Bohlin, T., Jonsson, C., Hellstrom, |., Johnsson, J.I.,
2011. Behavioural syndromes in juvenile brown trout (Salmo trutta); life history, family
variation and performance in the wild. Behavioral Ecology and Sociobiology 65,
1801-1810.

70



Holbrook, S.J., Schmitt, R.J., 1988. The combined effects of predation risk and food

reward on patch selection. Ecology 125-134.

Hubert, W.A., O'Shea, D.T., 1992. Use of spatial resources by fishes in Grayrocks
Reservoir, Wyoming. Journal of Freshwater Ecology 7, 219-225.

Hubert, W.A., Pope, K.L., Dettmers, J.M., 2012. Passive capture techniques in:
Fisheries techniques, 3rd edition, Zale A.V., Parrish D.L., Sutton T.M., (eds.).
American Fisheries Society, Bethesda, Maryland, pp. 223-265.

Hubert, W.A., Sandheinrich, M.B., 1983. Patterns of variation in gill-net catch and diet of
yellow perch in a stratified lowa lake. North American Journal of Fisheries
Management 3, 156-162.

Huhn, D., Klefoth, T., Pagel, T., Zajicek, P., Arlinghaus, R., 2014. Impacts of external
and surgery-based tagging techniques on small northern pike under field conditions.

North American Journal of Fisheries Management 34, 322-334.

Huntingford, F.A., 2004. Implications of domestication and rearing conditions for the

behaviour of cultivated fishes. Journal of Fish Biology 65, 122-142.

Huntingford, F.A., Andrew, G., Mackenzie, S., Morera, D., Coyle, S.M., Pilarczyk, M.,
Kadri, S., 2010. Coping strategies in a strongly schooling fish, the common carp

Cyprinus carpio. Journal of Fish Biology 76, 1576—1591.

Huntingford, F.A., Wright, P.J., 1992. Inherited population differences in avoidance
conditioning in three-spined sticklebacks, Gasterosteus aculeatus. Behaviour 122,
264-273.

Jacobsen, L., Baktoft, H., Jepsen, N., Aarestrup, K., Berg, S., Skov, C., 2014. Effect of
boat noise and angling on lake fish behaviour. Journal of Fish Biology 84, 1768—
1780.

Januchowski-Hartley, F.A., Cinner, J.E., Graham, N.A.J., 2014. Fishery benefits from
behavioural modification of fishes in periodically harvested fisheries closures. Aquatic

Conservation: Marine and Freshwater Ecosystems 24, 777-790.

Januchowski-Hartley, F.A., Graham, N.A., Cinner, J.E., Russ, G.R., 2013. Spillover of

fish naivete from marine reserves. Ecology Letters 16, 191-197.

71



Januchowski-Hartley, F.A., Graham, N.A., Feary, D.A., Morove, T., Cinner, J.E., 2011.
Fear of fishers: human predation explains behavioral changes in coral reef fishes.
PLoS ONE 6, e22761.

Jenjan, H., Mesquita, F., Huntingford, F., Adams, C., 2013. Respiratory function in
common carp with different stress coping styles: a hidden cost of personality traits?
Animal Behaviour 85, 1245—-1249.

Jenkins, T.M., 1969. Social structure, position choice and micro-distribution of two trout
species (Salmo trutta and Salmo gairdneri) resident in mountain streams. Animal

Behaviour Monographs 2, 55-123.

Johnsson, J.l., Abrahams, M.V., 1991. Interbreeding with domestic strain increases
foraging under threat of predation in juvenile steelhead trout (Oncorhynchus mykiss):
an experimental study. Canadian Journal of Fisheries and Aquatic Sciences 48, 243—
247.

Johnsson, J.l., Petersson, E., Jonsson, E., Bjornsson, B.T., Jarvi, T., 1996.
Domestication and growth hormone alter antipredator behaviour and growth patterns
in juvenile brown trout, Salmo trutta. Canadian Journal of Fisheries and Aquatic
Sciences 53, 1546—1554.

Jorgensen, C., Enberg, K., Dunlop, E.S., Arlinghaus, R., Boukal, D.S., Brander, K.,
Ernande, B., Gardmark, A., Johnston, F., Matsumura, S., others, 2007. Managing
evolving fish stocks. Science 318, 1247-1248.

Kaimmer, S.M., 1999. Direct observations on the hooking behavior of Pacific halibut,

Hippoglossus stenolepis. Fishery Bulletin 97, 873—883.

Kawecki, T.J., Ebert, D., 2004. Conceptual issues in local adaptation. Ecology Letters 7,
1225-1241.

Kekalainen, J., Podgorniak, T., Puolakka, T., Hyvarinen, P., Vainikka, A., 2014.
Individually assessed boldness predicts Perca fluviatilis behaviour in shoals, but is

not associated with the capture order or angling method. Journal of Fish Biology 85,
1603-1616.

Kent, M., 1990. Hand-held instrument for fat/water determination in whole fish. Food

Control 1, 47-53.
72



Killen, S.S., Costa, I., Brown, J.A., Gamperl, A.K., 2007. Little left in the tank: metabolic
scaling in marine teleosts and its implications for aerobic scope. Proceedings of the
Royal Society of London B: Biological Sciences 274, 431-438.

Killen, S.S., Marras, S., Metcalfe, N.B., McKenzie, D.J., Domenici, P., 2013.
Environmental stressors alter relationships between physiology and behaviour.
Trends in Ecology & Evolution 28, 651-658.

Killen, S.S., Marras, S., Ryan, M.R., Domenici, P., McKenzie, D.J., 2012. A relationship
between metabolic rate and risk-taking behaviour is revealed during hypoxia in

juvenile European sea bass. Functional Ecology 26, 134—-143.

Killen, S.S., Nati, J.J., Suski, C.D., 2015. Vulnerability of individual fish to capture by
trawling is influenced by capacity for anaerobic metabolism, Proceedings of the Royal
Society of London B: Biological Sciences 282, 20150603.

Kingsolver, J.G., Pfennig, D.W., 2007. Patterns and power of phenotypic selection in
nature. Bioscience 57, 561-572.

Kirpichnikov, V.S., Billard, R., 1999. Genetics and breeding of common carp.
Hydrobiologie et Aquaculture, INRA, Paris.

Klefoth, T., Kobler, A., Arlinghaus, R., 2011. Behavioural and fitness consequences of
direct and indirect non-lethal disturbances in a catch-and-release northern pike (Esox

lucius) fishery. Knowledge and Management of Aquatic Ecosystems 403, 11.

Klefoth, T., Kobler, A., Arlinghaus, R., 2008. The impact of catch-and-release angling on
short-term behaviour and habitat choice of northern pike (Esox lucius L.).
Hydrobiologia 601, 99-110.

Kobler, A., Klefoth, T., Wolter, C., Fredrich, F., Arlinghaus, R., 2008. Contrasting pike
(Esox lucius L.) movement and habitat choice between summer and winter in a small
lake. Hydrobiologia 601, 17-27.

Krause, J., Krause, S., Arlinghaus, R., Psorakis, I., Roberts, S., Rutz, C., 2013. Reality

mining of animal social systems. Trends in Ecology & Evolution 28, 541-551.

Kuparinen, A., Merila, J., 2007. Detecting and managing fisheries-induced evolution.
Trends in Ecology & Evolution 22, 652—659.

73



Landi, P., Hui, C., Dieckmann, U., 2015. Fisheries-induced disruptive selection. Journal
of Theoretical Biology 365, 204-216.

Laundré, J.W., Hernandez, L., Medina, P.L., Campanella, A., Loépez-Portillo, J.,
Gonzalez-Romero, A., Grajales-Tam, K.M., Burke, A.M., Gronemeyer, P., Browning,
D.M., 2014. The landscape of fear: the missing link to understand top-down and

bottom-up controls of prey abundance? Ecology 95, 1141-1152.

Law, R., 2000. Fishing, selection, and phenotypic evolution. ICES Journal of Marine
Science: Journal du Conseil 57, 659-668.

Le Cren, E.D., 1951. The length-weight relationship and seasonal cycle in gonad weight
and condition in the perch (Perca fluviatilis). The Journal of Animal Ecology 20, 201-
219.

Lester, N.P., Shuter, B.J., Venturelli, P., Nadeau, D., 2014. Life-history plasticity and
sustainable exploitation: a theory of growth compensation applied to walleye

management. Ecological Applications 24, 38-54.

Lewin, W.C., Arlinghaus, R., Mehner, T., 2006. Documented and potential biological
impacts of recreational fishing: insights for management and conservation. Reviews
in Fisheries Science 14, 305-367.

Lima, S.L., Dill, L.M., 1990. Behavioral decisions made under the risk of predation: a

review and prospectus. Canadian Journal of Zoology 68, 619-640.

Lakkeborg, S., 1990. Reduced catch of under-sized cod (Gadus morhua) in longlining
by using artificial bait. Canadian Journal of Fisheries and Aquatic Sciences 47, 1112—
1115.

Lokkeborg, S., Bjordal, A., Fernd, A., 1989. Responses of cod (Gadus morhua) and
haddock (Melanogrammus aeglefinus) to baited hooks in the natural environment.

Canadian Journal of Fisheries and Aquatic Sciences 46, 1478-1483.

Lokkeborg, S., Fernd, A., Humborstad, O.-B., 2010. Fish behavior in relation to
longlines in: Behavior of Marine Fishes: Capture Processes and Conservation
Challenges, He, P. (ed.), Wiley-Blackwell, Oxford, UK, 105-141.

74



Lgkkeborg, S., Olla, B.L., Pearson, W.H., Davis, M.W., 1995. Behavioural responses of
sablefish, Anoplopoma fimbria, to bait odour. Journal of Fish Biology 46, 142—155.

Lakkeborg, S., Siikavuopio, S.I., Humborstad, O.-B., Utne-Palm, A.C., Ferter, K., 2014.
Towards more efficient longline fisheries: fish feeding behaviour, bait characteristics
and development of alternative baits. Reviews in Fish Biology and Fisheries 24, 985—
1003.

Lowry, M., Williams, D., Metti, Y., 2007. Lunar landings—Relationship between lunar
phase and catch rates for an Australian gamefish-tournament fishery. Fisheries
Research 88, 15-23.

Lucas, M.C., Mercer, T., Armstrong, J.D., McGinty, S., Rycroft, P., 1999. Use of a flat-
bed passive integrated transponder antenna array to study the migration and

behaviour of lowland river fishes at a fish pass. Fisheries Research 44, 183—-191.

Madden, J.R., Whiteside, M.A., 2014. Selection on behavioural traits during
“‘unselective” harvesting means that shy pheasants better survive a hunting season.
Animal Behaviour 87, 129-135.

Mangel, M., Stamps, J., 2001. Trade-offs between growth and mortality and the
maintenance of individual variation in growth. Evolutionary Ecology Research 3, 611-
632.

Margenau, T.L., Gilbert, S.J., Hatzenbeler, G.R., 2003. Angler catch and harvest of
northern pike in northern Wisconsin lakes. North American Journal of Fisheries
Management 23, 307-312.

Mathot, K.J., Dingemanse, N.J., 2015. Energetics and behavior: unrequited needs and

new directions. Trends in Ecology & Evolution 30, 199-206.

Matsumura, S., Arlinghaus, R., Dieckmann, U., 2012. Standardizing selection strengths
to study selection in the wild: a critical comparison and suggestions for the future.
BioScience 62, 1039-1054.

Matsuzaki, S.S., Mabuchi, K., Takamura, N., Nishida, M., Washitani, |., 2009.
Behavioural and morphological differences between feral and domesticated strains of
common carp Cyprinus carpio. Journal of Fish Biology 75, 1206—1220.

75



Maunder, M.N., Sibert, J.R., Fonteneau, A., Hampton, J., Kleiber, P., Harley, S.J., 2006.
Interpreting catch per unit effort data to assess the status of individual stocks and

communities. ICES Journal of Marine Science: Journal du Conseil 63, 1373—-1385.

McClanahan, T.R., Mangi, S.C., 2004. Gear-based management of a tropical artisanal
fishery based on species selectivity and capture size. Fisheries Management and
Ecology 11, 51-60.

Mesquita, F.O., Borcato, F.L., Huntingford, F.A., 2015. Cue-based and algorithmic
learning in common carp: A possible link to stress coping style. Behavioural

processes 115, 25-29.

Mezzera, M., Largiader, C.R., 2001. Evidence for selective angling of introduced trout
and their hybrids in a stocked brown trout population. Journal of Fish Biology 59,
287-301.

Miranda, L.E., Dorr, B.S., 2000. Size selectivity of crappie angling. North American
Journal of Fisheries Management 20, 706—-710.

Mittelbach, G.G., Ballew, N.G., Kjelvik, M.K., Fraser, D., 2014. Fish behavioral types
and their ecological consequences. Canadian Journal of Fisheries and Aquatic
Sciences 71, 927-944.

Mogensen, S., Post, J.R., Sullivan, M.G., 2014. Vulnerability to harvest by anglers
differs across climate, productivity, and diversity clines. Canadian Journal of
Fisheries and Aquatic Sciences 71, 416—426.

Mousseau, T.A., Roff, D.A., others, 1987. Natural selection and the heritability of fitness
components. Heredity 59, 181-197.

Murren, C.J., 2012. The integrated phenotype. Integrative and Comparative Biology 52,
64-76.

Myles-Gonzalez, E., Burness, G., Yavno, S., Rooke, A., Fox, M.G., 2015. To boldly go
where no goby has gone before: boldness, dispersal tendency, and metabolism at

the invasion front. Behavioral Ecology 26: 1083—1090.

76



Nakayama, S., Laskowski, K.L., Klefoth, T., Arlinghaus, R., 2016. Between- and within-
individual variation in activity increases with water temperature in wild perch.
Behavioral Ecology, doi:10.1093/beheco/arw090.

Nannini, M.A., Wahl, D.H., Philipp, D.P., Cooke, S.J., 2011. The influence of selection
for vulnerability to angling on foraging ecology in largemouth bass Micropterus
salmoides. Journal of Fish Biology 79, 1017-1028.

Nash, K.L., Welsh, J.Q., Graham, N.A., Bellwood, D.R., 2015. Home-range allometry in
coral reef fishes: comparison to other vertebrates, methodological issues and

management implications. Oecologia 177, 73-83.

Naslund, J., Bererhi, B., Johnsson, J.l., 2015. Design of emergence test arenas can

affect the results of boldness assays. Ethology 121, 556-565.

Niemela, P.T., Dingemanse, N.J., 2014. Artificial environments and the study of

“adaptive” personalities. Trends in Ecology & Evolution 29, 245-247.

Nilsson, P.A., Bronmark, C., 2000. Prey vulnerability to a gape-size limited predator:
behavioural and morphological impacts on northern pike piscivory. Oikos 88, 539—
546.

Nyqvist, M.J., Gozlan, R.E., Cucherousset, J., Britton, J.R., 2012. Behavioural
syndrome in a solitary predator is independent of body size and growth rate. PloS
ONE 7, e31619.

O’Grady, K.T., Hughes, P.C.R., 1980. Factorial analysis of an experimental comparison
of three methods of fishing for rainbow trout, Salmo gairdneri Richardson, in still
water. Journal of Fish Biology 16, 257—-264.

Ohlberger, J., Staaks, G., van Dijk, P.L., Holker, F., 2005. Modelling energetic costs of
fish swimming. Journal of Experimental Zoology Part A: Comparative Experimental
Biology 303, 657—664.

Olla, B.L., Katz, H.M., Studholme, A.L. 1970. Prey capture and feeding motivation in the
bluefish, Pomatomus saltatrix. Copeia 2, 360-362.

77



Olsen, E.M., Heino, M., Lilly, G.R., Morgan, M.J., Brattey, J., Ernande, B., Dieckmann,
U., 2004. Maturation trends indicative of rapid evolution preceded the collapse of
northern cod. Nature 428, 932-935.

Olsen, E.M., Heupel, M.R., Simpfendorfer, C.A., Moland, E., 2012. Harvest selection on
Atlantic cod behavioral traits: implications for spatial management. Ecology and
Evolution 2, 1549-1562.

Ortega-Garcia, S., Ponce-Diaz, G., O’Hara, R., Merila, J., 2008. The relative importance
of lunar phase and environmental conditions on striped marlin (Tetrapturus audax)

catches in sport fishing. Fisheries Research 93, 190-194.

Paviov, D.S., 1962. Some data on sense of smell of nalima (Gaidropsarus
mediterraneus L.) and its significance in searching for food. Voprosy lkhtyologii 2,
361-366.

Philipp, D.P., Claussen, J.E., Koppelman, J.B., Stein, J.A., Cooke, S.J., Suski, C.D.,
Wahl, D.H., Sutter, D.A.H., Arlinghaus, R., 2015. Fisheries-Induced Evolution in
Largemouth Bass: Linking Vulnerability to Angling, Parental Care, and Fitness.

American Fisheries Society Symposium 82, 223—-234.

Philipp, D.P., Cooke, S.J., Claussen, J.E., Koppelman, J.B., Suski, C.D., Burkett, D.P.,
2009. Selection for vulnerability to angling in largemouth bass. Transactions of the
American Fisheries Society 138, 189—-199.

Philipp, D.P., Toline, C.A., Kubacki, M.F., Philipp, D.B., Phelan, F.J., 1997. The impact
of catch-and-release angling on the reproductive success of smallmouth bass and

largemouth bass. North American Journal of Fisheries Management 17, 557-567.

Pope, K.L., Willis, D.W., 1996. Seasonal influences on freshwater fisheries sampling

data. Reviews in Fisheries Science 4, 57-73.

Pothoven, S.A., Ludsin, S.A., H60k, T.O., Fanslow, D.L., Mason, D.M., Collingsworth,
P.D., Van Tassell, J.J., 2008. Reliability of bioelectrical impedance analysis for
estimating whole-fish energy density and percent lipids. Transactions of the American
Fisheries Society 137, 1519-1529.

Priede, I.G., 1985. Metabolic scope in fishes in: Fish Energetics, Tytler, P., Calow, P.

(eds.). Springer, Netherlands, pp. 33—64.
78



Prosser, C.L., 1991. Comparative animal physiology, environmental and metabolic

animal physiology. John Wiley & Sons, New York, USA.

Purser, J., Radford, A.N., 2011. Acoustic noise induces attention shifts and reduces
foraging performance in three-spined sticklebacks (Gasterosteus aculeatus). PLoS
ONE 6, e17478.

R Development Core Team, 2008. R: A language and environment for statistical

computing. R Foundation for Statistical Computing, Vienna, Austria.

Raat, A.J.P., 1991. Production, growth, condition and angling vulnerability of zander,
Stizostedion lucioperca (L.), in relation to the availability of prey fish in ponds.
Aquaculture Research 22, 93-104.

Raat, A.J.P., 1985. Analysis of angling vulnerability of common carp, Cyprinus carpio L.,

in catch-and-release angling in ponds. Aquaculture Research 16, 171-187.

Rapp, T., Cooke, S.J., Arlinghaus, R., 2008. Exploitation of specialised fisheries
resources: The importance of hook size in recreational angling for large common

carp (Cyprinus carpio L.). Fisheries Research 94, 79-83.

Réale, D., Garant, D., Humphries, M.M., Bergeron, P., Careau, V., Montiglio, P.-O.,
2010. Personality and the emergence of the pace-of-life syndrome concept at the
population level. Philosophical Transactions of the Royal Society of London B:
Biological Sciences 365, 4051-4063.

Réale, D., Reader, S.M., Sol, D., McDougall, P.T., Dingemanse, N.J., 2007. Integrating

animal temperament within ecology and evolution. Biological Reviews 82, 291-318.

Redpath, T.D., Cooke, S.J., Arlinghaus, R., Wahl, D.H., Philipp, D.P., 2009. Life-history
traits and energetic status in relation to vulnerability to angling in an experimentally

selected teleost fish. Evolutionary Applications 2, 312-323.

Redpath, T.D., Cooke, S.J., Suski, C.D., Arlinghaus, R., Couture, P., Wahl, D.H.,
Philipp, D.P., 2010. The metabolic and biochemical basis of vulnerability to
recreational angling after three generations of angling-induced selection in a teleost

fish. Canadian Journal of Fisheries and Aquatic Sciences 67, 1983-1992.

79



Reilly, S.C., Quinn, J.P., Cossins, A.R., Sneddon, L.U., 2008. Behavioural analysis of a
nociceptive event in fish: Comparisons between three species demonstrate specific

responses. Applied Animal Behaviour Science 114, 248-2509.

Ricker, W.E., 1975. Computation and interpretation of biological statistics of fish

populations. Bulletin of the Fisheries Research Board of Canada 191.

Ricklefs, R.E., Wikelski, M., 2002. The physiology/life-history nexus. Trends in Ecology
& Evolution 17, 462—468.

Riebli, T., Avgan, B., Bottini, A.-M., Duc, C., Taborsky, M., Heg, D., 2011. Behavioural
type affects dominance and growth in staged encounters of cooperatively breeding
cichlids. Animal Behaviour 81, 313-323.

Rijnsdorp, A.D., 1993. Fisheries as a large-scale experiment on life-history evolution:
disentangling phenotypic and genetic effects in changes in maturation and

reproduction of North Sea plaice, Pleuronectes platessa L. Oecologia 96, 391-401.

Riley, W.D., Eagle, M.O., lves, M.J., Rycroft, P., Wilkinson, A., 2003. A portable passive
integrated transponder multi-point decoder system for monitoring habitat use and

behaviour of freshwater fish in small streams. Fisheries Management and Ecology
10, 265-268.

Rohlf, F.J., Marcus, L.F., 1993. A revolution morphometrics. Trends in Ecology &
Evolution 8, 129-132.

Rose, C.S., Stoner, A.W., Matteson, K., 2005. Use of high-frequency imaging sonar to

observe fish behaviour near baited fishing gears. Fisheries Research 76, 291-304.

Rudstam, L.G., Magnuson, J.J., Tonn, W.M., 1984. Size selectivity of passive fishing
gear: a correction for encounter probability applied to gill nets. Canadian Journal of
Fisheries and Aquatic Sciences 41, 1252—1255.

Saura, M., Moran, P., Brotherstone, S., Caballero, A., Alvarez, J., Villanueva, B., 2010.
Predictions of response to selection caused by angling in a wild population of Atlantic

salmon (Salmo salar). Freshwater Biology 55, 923-930.

Schreckenbach, K., Knésche, R., Ebert, K., 2001. Nutrient and energy content of
freshwater fishes. Journal of Applied Ichthyology 17, 142—-144.

80



Sih, A., Del Giudice, M., 2012. Linking behavioural syndromes and cognition: a
behavioural ecology perspective. Philosophical Transactions of the Royal Society of
London B: Biological Sciences 367, 2762-2772.

Skov, C., Chapman, B.B., Baktoft, H., Brodersen, J., Bronmark, C., Hansson, L.-A.,
Hulthén, K., Nilsson, P.A., 2013. Migration confers survival benefits against avian

predators for partially migratory freshwater fish. Biology Letters 9, 20121178.

Sneddon, L.U., 2003. The bold and the shy: individual differences in rainbow trout.
Journal of Fish Biology 62, 971-975.

Stamps, J.A., 2007. Growth-mortality tradeoffs and “personality traits” in animals.
Ecology Letters 10, 355-363.

Stoner, AW., 2004. Effects of environmental variables on fish feeding ecology:
implications for the performance of baited fishing gear and stock assessment. Journal
of Fish Biology 65, 1445-1471.

Stoner, A.W., 2003. Hunger and light level alter response to bait by Pacific halibut:
laboratory analysis of detection, location and attack. Journal of Fish Biology 62,
1176-1193.

Stoner, AW., Ottmar, M.L., Hurst, T.P., 2006. Temperature affects activity and feeding
motivation in Pacific halibut: implications for bait-dependent fishing. Fisheries
Research 81, 202-209.

Stoner, AW., Sturm, E.A., 2004. Temperature and hunger mediate sablefish
(Anoplopoma fimbria) feeding motivation: implications for stock assessment.

Canadian Journal of Fisheries and Aquatic Sciences 61, 238—246.

Sundstrém, L.F., Petersson, E., Hojesjo, J., Johnsson, J.I., Jarvi, T., 2004. Hatchery
selection promotes boldness in newly hatched brown trout (Salmo trutta): implications

for dominance. Behavioral Ecology 15, 192—-198.

Suski, C.D., Philipp, D.P., 2004. Factors affecting the vulnerability to angling of nesting
male largemouth and smallmouth bass. Transactions of the American Fisheries
Society 133, 1100-1106.

81



Sutter, D.A.H., Shaw, S.L., Allen, M.S., Philipp, D.P., Suski, C.D., 2014. Reproductive
investment drives capture probability in fish: an interspecific comparison. Fisheries

Management and Ecology 21, 338-342.

Suzuki, R., Yamaguchi, M., Ito, T., Toi, J., 1978. Catchability and pulling strength of
various races of the common carp caught by angling. Bulletin of the Japanese
Society of Scientific Fisheries 44, 715-718.

Swain, D.P., Sinclair, A.F., Mark Hanson, J., 2007. Evolutionary response to size-
selective mortality in an exploited fish population. Proceedings of the Royal Society of
London B: Biological Sciences 274, 1015-1022.

Toms, C.N., Echevarria, D.J., 2014. Back to basics: searching for a comprehensive
framework for exploring individual differences in zebrafish (Danio rerio) behavior.
Zebrafish 11, 325-340.

Toms, C.N., Echevarria, D.J., Jouandot, D.J., 2010. A methodological review of
personality-related studies in fish: focus on the shy-bold axis of behavior.

International Journal of Comparative Psychology 23, 1-25.

Tudorache, C., Blust, R., De Boeck, G., 2007. Swimming capacity and energetics of
migrating and non-migrating morphs of three-spined stickleback Gasterosteus

aculeatus L. and their ecological implications. Journal of Fish Biology 71, 1448—-1456.

Uusi-Heikkila, S., Whiteley, A.R., Kuparinen, A., Matsumura, S., Venturelli, P.A., Wolter,
C., Slate, J., Primmer, C.R., Meinelt, T., Killen, S.S., others, 2015. The evolutionary
legacy of size-selective harvesting extends from genes to populations. Evolutionary
Applications 8, 597-620.

Vainikka, A., Tammela, I., Hyvarinen, P., 2016. Does boldness explain vulnerability to

angling in Eurasian perch Perca fluviatilis? Current Zoology 62, 109-115.

Valentin, A.E., Penin, X., Chanut, J.-P., Sévigny, J.-M., Rohlf, F.J., 2008. Arching effect
on fish body shape in geometric morphometric studies. Journal of Fish Biology 73,
623-638.

van Poorten, B.T., Post, J.R., 2005. Seasonal fishery dynamics of a previously
unexploited rainbow trout population with contrasts to established fisheries. North

American Journal of Fisheries Management 25, 329-345.
82



Vinson, M.R., Angradi, T.R., 2014. Muskie Lunacy: does the lunar cycle influence angler

catch of muskellunge (Esox masquinongy)? PloS ONE 9, e98046.

Wall, C.C., Muller-Karger, F.E., Roffer, M.A., 2009. Linkages between environmental
conditions and recreational king mackerel (Scomberomorus cavalla) catch off west-

central Florida. Fisheries Oceanography 18, 185—199.

Walling, C.A., Dawnay, N., Kazem, A.J., Wright, J., 2004. Predator inspection behaviour
in three-spined sticklebacks (Gasterosteus aculeatus): body size, local predation

pressure and cooperation. Behavioral Ecology and Sociobiology 56, 164—170.

Walsh, M.R., Munch, S.B., Chiba, S., Conover, D.O., 2006. Maladaptive changes in
multiple traits caused by fishing: impediments to population recovery. Ecology Letters
9, 142-148.

Wiig, J.R., Moland, E., Haugen, T.O., Olsen, E.M., Jech, J.M., 2013. Spatially structured
interactions between lobsters and lobster fishers in a coastal habitat: fine-scale
behaviour and survival estimated from acoustic telemetry. Canadian Journal of
Fisheries and Aquatic Sciences 70, 1468-1476.

Wilson, A.D., Binder, T.R., McGrath, K.P., Cooke, S.J., Godin, J.-G.J., Kraft, C., 2011.
Capture technique and fish personality: angling targets timid bluegill sunfish, Lepomis

macrochirus. Canadian Journal of Fisheries and Aquatic Sciences 68, 749-757.

Wilson, A.D., Brownscombe, J.W., Sullivan, B., Jain-Schlaepfer, S., Cooke, S.J., 2015.
Does angling technique selectively target fishes based on their behavioural type?
PloS ONE 10, e0135848.

Wilson, D.S., Coleman, K., Clark, A.B., Biederman, L., 1993. Shy-bold continuum in
pumpkinseed sunfish (Lepomis gibbosus): An ecological study of a psychological

trait. Journal of Comparative Psychology 107, 250-260.

Wohlfarth, G., Moav, R., Hulata, G., Beiles, A., 1975. Genetic variation in seine

escapability of the common carp. Aquaculture 5, 375-387.

Wolf, M., Van Doorn, G.S., Leimar, O., Weissing, F.J., 2007. Life-history trade-offs

favour the evolution of animal personalities. Nature 447, 581-584.

83



Zydlewski, G. B., G., Haro, A., Whalen, K.G., McCormick, S.D., 2001. Performance of
stationary and portable passive transponder detection systems for monitoring of fish

movements. Journal of Fish Biology 58, 1471-1475.

84



Declaration of authorship

| do hereby solemnly declare that | have completed the preceding PhD thesis
independently, and have not used any other sources or aids apart from those listed.

Hiermit erklare ich, die vorliegende Dissertation selbststandig verfasst und keine
anderen als die angegebenen Quellen und Hilfsmittel benutzt zu haben.

Hannover, 27.09.2016

Thomas Klefoth

85



Appendices

Paper |

Silva Uusi-Heikkila, Christian Wolter, Thomas Klefoth, Robert Arlinghaus, 2008. A
behavioral perspective on fishing-induced evolution. Trends in Ecology & Evolution,
23:419-421.

86



| Letters

A behavioral perspective on fishing-induced evolution

Silva Uusi-Heikkila', Christian Wolter', Thomas Klefoth’ and Robert Arlinghaus™?

i Department of Biology and Ecology of Fishes, Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Mliiggelseedamm 310,

12587 Berlin, Germany

2|nland Fisheries Management Laboratory, Faculty of Agriculture and Horticulture, Humboldt-University at Berlin, Invalidenstrasse

42, 10115 Berlin, Germany

The potential for excessive and/or selective fishing to act
as an evolutionary force has been emphasized recently.
However, most studies have focused on evolution of life-
history traits in response to size-selective harvesting.
Here we draw attention to fishing-induced evolution of
behavioral and underlying physiological traits. We con-
tend that fishing-induced selection directly acting on
behavioral rather than on life-history traits per se can
be expected in all fisheries that operate with passive
gears such as trapping, angling and gill-netting. Recent
artificial selection experiments in the nest-guarding
largemouth bass Micropterus salmoides suggest that
fishing-induced evolution of behavioral traits that
reduce exposure to fishing gear might be maladaptive,
potentially reducing natural recruitment. To improve
understanding and management of fisheries-induced
evolution, we encourage greater application of methods
from behavioral ecology, physiological ecology and
behavioral genetics.

The potential for fishing-induced evolution (FIE) has been
discussed recently [1,2]. Most studies reviewed in Ref. [1]

Corresponding author: Arlinghaus, R. (arlinghaus@igb-berlin.de).
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have focused on life-history traits that directly or indirectly
determine body size. Under the common scenario of size-
selective harvesting, large fish face a fitness disadvantage
that might cause rapid evolution toward earlier matu-
ration at smaller sizes, higher reproductive investment
and lower intrinsic growth capacity and, collectively, smal-
ler size-at-age [2]. Such evolution can degrade fisheries
yield and other ecological services within decades [2].
Many studies on FIE, however, fall short in addressing
the selection pathways that drive the observed life-history
changes. For example, evolution of small body size can
result from direct selection for decreased intrinsic growth
capacity or be a consequence of selection on correlated life-
history or behavioral traits [3]. Indeed, in some passively
operated fishing gears (e.g. trapping, angling, gill-netting),
behavioral traits rather than body size per se determine a
fish’s vulnerability to capture, and thus its survival and
fitness (Figure 1) [3]. In these situations, direct selection on
behavior can drive evolutionary changes in correlated life-
history traits such as growth rate [3] because the more
active, bold and vulnerable individuals tend to also grow
faster [4,5]. Despite the important role of behavior in
influencing catchability in various fisheries [3,6—-8], the
behavioral dimension of FIE has largely been neglected.
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Figure 1. Mechanistic pathway of fishing-induced evolution by selection on fishing vulnerability. In this scheme, vulnerability to capture is considered a heritable trait as
part of the fish’s phenotype. Vulnerability to capture comprises a bundle of physiological, behavioral and life-history traits that jointly determine vulnerability to capture. In
passive fisheries, vulnerability to capture is largely determined by specific behavioral patterns rather than by body size-related life-history traits per se. Due to genetic
correlations between behavioral, physiological and life-history traits, fisheries-induced selection on behavioral traits might alter physiologies and life histories, but behavior

might also change in response to selection on correlated life-history or other traits.

Evolutionary responses to fisheries-induced selection
depend on the selection differential and the heritability
of the trait [1]. Large selection pressures on behavioral
traits can be expected when specific behavioral patterns
increase the encounter probability with the fishing gear,
thus influencing survival and fitness. For example, vulner-
ability to capture by gill-nets not only depends on body size
and shape but is also strongly related to an individual’s
activity level [3,7]. Similarly, in recreational angling,
vulnerability to capture can be size related, but most
importantly depends on a fish’s decision to attack and/or
ingest baited hooks [7-9]. In this context, bold and aggres-
sive personalities, individuals with lower cognitive abil-
ities and those with higher metabolism and growth
capacity often take more risks and hide less in structured
habitat, rendering these fish more vulnerable to capture
[3,7,8]. Thus, behavior-driven wvulnerability to fishing
might constitute an underappreciated mechanism for
selection on growth rate [3] or other life-history traits
[5]. Alternatively, due to genetic correlations between
physiological, behavioral and life-history traits
(Figure 1), evolution of behavioral traits might be an
indirect consequence of selection on body size under
strongly size-selective harvesting. Collectively, if exploita-
tion directly or indirectly induces a large selection differ-
ential on particular heritable behavioral traits, evolving
fish stocks will not only become less abundant and smaller
[2] but also harder to catch [3,6-9], which diminishes the
quality of the fishery.

Selection responses of behavioral traits to fishing can
be rapid because heritabilities of behavioral traits are
often larger than those of life-history traits [10,11].
Indeed, in largemouth bass (Micropterus salmoides), arti-
ficial selection for vulnerability to recreational angling
induced evolutionary changes in various physiological
and behavioral traits after only four generations [8].
Vulnerable individuals had higher metabolic rates and
resting cardiac activity, and provided more intense
parental care than invulnerable fish of the same body
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size [8]. Vulnerability to capture therefore was primarily
determined by physiological and behavioral traits rather
than by body size. This suggests that selective harvest of
highly vulnerable largemouth bass could impact the
population in the long term by altering parental care
activity and level of aggression [8]. Moreover, in nest-
guarding species, FIE is conceivable even in the absence
of fishing mortality, for example when recreational
anglers practice catch-and-release during the reproduc-
tive period [8]. In these situations, the fitness of more
aggressive and vulnerable individuals is reduced when
they are temporarily removed from their nests, leaving
the brood susceptible to rapid egg predation [12].
Over time, this might favor more wary and less vulner-
able genotypes that happen to also be inferior nest
guarders.

The potential for evolution of behavioral and physio-
logical traits and its consequences for life history, demo-
graphy and fishing quality constitutes a fascinating, yet
largely overlooked research area within the emerging field
of FIE. To improve understanding and management of
FIE, we encourage collaboration between fishery scientists
and evolutionary ecologists (sensu [1]), and greater appli-
cation of methods from behavioral ecology, physiological
ecology and behavioral genetics.
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Abstract To showcase the importance of genotype x environ-
ment interactions and the presence of predation risk in the
experimental assessment of boldness in fish, we investigated
boldness in terms of feeding behavior and refuge use in two
genetically different populations of juvenile carp (Cyprinus
carpio) in two replicated experimental conditions in ponds
and laboratory tanks. The populations were expected to exhibit
genetic differences in boldness due to differential evolutionary
adaptation to low-predation-risk pond aquaculture conditions.
Boldness was measured in variants of open-field trials with and
without implementation of additional predation risk-stimuli by
angling on feeding spots. Without explicit implementation of
risk, genotypes adapted to low-risk environments, i.e., domes-
ticated mirror carp behaved consistently bolder than their less
domesticated scaled conspecifics in the pond environment, but
not in the laboratory environment. When we implemented
artificial risk-stimuli by angling on previously safe feeding
spots, boldness ditferences among genotypes also emerged in
the laboratory environment, indicating strong genotype x
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environment effects on boldness behavior of carp. The
expected genetic basis of boldness differences among geno-
types was clearly supported in the pond environment, while the
laboratory study revealed these patterns only under inclusion of
explicit risk-stimuli. Our study thus underscores that boldness
may involve both a basal component that is expressed inde-
pendently of obvious predation risk (e.g., in open fields) and a
component revealed in relation to explicit predation risk, and
both dimensions may respond differently in behavioral tests.

Keywords Genotype x environment interactions - Cyprinus
carpio - Predation risk - Common garden - Angling

Introduction

Evolutionary adaptation of life-history traits in response to
predation-induced selection pressures is well documented in
several taxa ranging from insects, over birds, and fish (Saether
1988; Reznick et al. 1990; Gotthard et al. 1994). It has also
been commonly reported that behavioral traits vary consistently
within and between animal populations in response to the level
of predation risk (Seghers 1974; Cousyn et al. 2001; Stoks et al.
2003; Ghalambor et al. 2004; Herczeg et al. 2009). Such
adaptation includes behavioral traits commonly summed under
the temperament trait “boldness™ (Herczeg et al. 2009). In fish,
boldness—defined as the individual’s reaction to any risky, but
not new situation (Réale et al. 2007)—is expressed in behaviors
like use of risky habitats (Wilson and McLaughlin 2007),
exploration and activity (Wilson and Godin 2009), foraging
under risk of predation (Wilson and Stevens 2005), or school-
ing (Seghers 1974). In line with the hypothesis that boldness-
related traits should evolve in response to predation-induced
selection pressures (Seghers 1974), populations of fish adapted
to low-predation-risk conditions were found to exhibit greater

@ Springer



548

Behav Ecol Sociobiol (2012) 66:547-559

risk-taking behavior than fish adapted to high-risk conditions
(e.g., Seghers 1974; Magurran et al. 1992; O'Steen et al. 2002;
Ghalambor et al. 2004). The main explanation put forward for
these findings is that too bold behavior can be disadvantageous
in the presence of predators by increasing the probability of
deadly attacks, such that the average boldness of a population
of fish should be lower in high-predation environments relative
to low-predation conditions (Seghers 1974; Brydges et al.
2008).

Studies on genetic adaptation of behavioral traits can be
challenging and have mainly been pursued by a comparative
approach where populations supposed to be adapted to differ-
ent predatory regimes have been compared, often using fish as
a model species (Brydges et al. 2008; Conrad et al. 2011).
When properly conducted, differences in average boldness
among populations adapted to different levels of predation risk
can support inferences about an underlying genetic basis of
behavioral phenotypes. Such inferences are particularly strong
if examinations of adaptation of behavioral patterns to preda-
tion risk are conducted using common-garden reared animals
under laboratory conditions (Kawecki and Ebert 2004). Indeed,
many studies on boldness differences among populations of
fish have used common-garden reared offspring and subse-
quently applied laboratory-based boldness assessments (e.g.,
O'Steen et al. 2002; Herczeg et al. 2009). Some comparative
studies on boldness differences among fish populations used
individuals directly collected in the wild (Magnhagen 2006;
Archard and Braithwaite 2011). These studies reported that fish
from high-predation-risk environments exhibited greater (rath-
er than lower) risk-taking behavior compared to individuals
collected from low-predation-risk environments (e.g., Brown et
al. 2005; Magnhagen 2006; Archard and Braithwaite 2011).
However, in the absence of common-garden designs, study
findings may well be explained by plasticity rather than genet-
ically based evolutionary adaptation (Conover 1998; Kawecki
and Ebert 2004).

Common-garden studies can provide stronger inferences
about the potential genetic basis of behaviors, but such studies
are not free of biases when behavioral assays are conducted in
laboratory contexts (Nuismer and Gandon 2008). This is due to
uncontrolled effects of the artificial assessment environment on
the test animals and their phenotypic expressions (Kawecki and
Ebert 2004). A range of laboratory effects may potentially
explain conflicting findings in earlier among-fish population
comparisons in terms of boldness-related behaviors. For exam-
ple, Bell (2005) failed to identify expected differences in swim-
ming activity outside refuges between common-garden reared
offspring of three-spined stickleback (Gasterosteus aculeatus)
populations with different predation backgrounds, when trials
were conducted in a novel laboratory environment that lacked
explicit predation-stimuli. By contrast and being consistent
with expectations, the fish supposed to be genetically adapted
to high predation risk were indeed found to be more timid than
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those adapted to low-risk conditions when observed in the
presence of a predator. Although not specifically discussed by
Bell (2005), this study highlights the potential for genotype x
environment interactions in experiments when behavioral
responses of genetically different animals across various envi-
ronments or situations are observed. Moreover, in behavioral
tests, different components of genetic adaptation of the com-
plex frait “boldness” might be measured, and any subdimen-
sions of the supposed overarching boldness construct may have
evolved different responses in relation to predators. For exam-
ple, in the population studied by Bell (2005), local behavioral
adaptation to predation risk might not have happened on the
basal level of behavior (e.g., swimming activity in the absence
of obvious predation risk), but rather on the behavioral response
to predation risk, which would subsequently only be expressed
under test conditions including risk-stimuli. Consequently, be-
havioral phenotypes revealed in experimental trials by fish may
be strongly affected by genotype x environment interactions
and the presence or absence of predation-stimuli, highlighting
the importance of standardized experimental setups when
researchers aim to identify phenotypic differences between
differently adapted populations. Otherwise, study findings, par-
ticularly regarding the genetic basis of observed behavioral
differences and generality of these findings, need to be treated
with caution.

In a second example on the difficult issue of inferring the
genetic origin and the exact portion of the boldness axis
revealed through laboratory experiments on comparative bold-
ness differences among fish populations, Brown et al. (2007)
found laboratory-reared Brachyraphis episcope derived from
parents from high-predation sites to emerge significantly faster
from a shelter than lab-reared fish derived from low-predation
parents. These results were derived using classical open-field
tests designed to neutrally measure boldness in fish. Following
common expectations (Seghers 1974), too bold behavior
should have been outselected under high predation risk such
that one would have expected fish from high-predation sites to
emerge more slowly from shelter compared to fish from low-
predation sites. Yet, no predation risk-stimuli were imple-
mented during the open-field tests by Brown et al. (2007). It
is thus unclear whether the basal boldness expressed by the
study animals in the open field would have been different in the
presence of more explicit predation risk-stimuli as highlighted
by the study by Bell (2005). Indeed, the neutral open-field test
within the laboratory, as applied by Brown et al. (2007), was
only designed to reveal basal differences in boldness and did
not aim at testing alternative traits under selection such as
predator recognition or response to explicit predation risk.
Because all of these traits together are characteristic for the
complex composite trait “boldness,” the true underlying differ-
ences in boldness among populations should ideally be tested
to cover a greater range of plausible behavioral reactions of fish
exposed to varying predation regimes in the wild. Our
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examples highlight the necessity for explicitly accounting for
the impact of predation risk-stimuli to isolate the effects of the
genotype, the environment, and genotype x environment inter-
actions on boldness-related behavioral comparisons among
fish populations that are supposed to be evolutionarily (i.e.,
genetically) adapted to predation risk.

To elucidate the impact of the assessment environment
(pond or laboratory environment) along with the inclusion
of predation risk-stimuli on among-population differences in
boldness, in the present study, we compared the expression
of boldness-related traits among two juvenile carp (Cyprinus
carpio L.) genotypes reared in common-garden prior to
experimentation. The two populations were differentially
adapted to low-predation-risk pond aquaculture conditions
and should therefore differ in average boldness. This is
because farmed fish have been consistently found to be
bolder relative to less domesticated fish (Berejikian 1995;
Huntingford 2004; Huntingford and Adams 2005; Conrad
and Sih 2009). Therefore, we would expect our carp pop-
ulations to consistently differ in average boldness in an
open-field test in the laboratory and in the more natural
pond environment, both in the basal boldness as well as in
their response to explicit risk of predation.

Material and methods

Our experiment was designed to measure how two genotypes
of common-garden reared carp with known differences in
adaptation to predation risk differ in their expression of three
boldness-related traits (number of visits at two different feed-
ing spots and intensity of sheltering) in a non-novel environ-
ment and to assess whether there is an impact of the
assessment environment and of artificially induced predation
risk-stimuli on boldness expressions of the fish within the
different environments. First, behavior of the fish was tested
in three replicated ponds. The pond environment did not
contain any natural fish predators, but offered latent predation
risk through fish-eating birds and potentially through olfactory
cues from predators like pike (Esox lucius), because the ponds
were continuously supplied with water from a large natural
lake with known existence of several fish predators (Lewin et
al. 2004). Moreover, the ponds represented an environment
comparable to the original evolutionary environment of the
test fish (e.g., farm ponds used for aquaculture). In a second
step, the same boldness-related traits were measured in a
situation where artificially induced predation risk-stimuli were
implemented through standardized angling on feeding spots to
test for the effects of artificial risk-stimuli on boldness expres-
sions of the study fish. To further investigate the role of risk-
stimuli for the expression of adapted differences in boldness
and further to remove any potentially confounding factors that
might have existed in the outdoor ponds, similar replicated
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experiments were conducted within a large laboratory tank
without any kind of predation risk-stimuli except for the stan-
dardized angling tests. Again, fish were first observed without
any risk-stimuli, followed by observations during implemen-
tation of risk. In this way, we were able to experimentally test
for the effects of the assessment environment (semi-natural in
ponds vs. laboratory) and the effects of artificially induced
predation risk-stimuli (i.e., angling on feeding spots) within
the two different environments on boldness expressions of fish
with known differences in adaptation to risk.

Study animals

Among fish, pond-cultured carp exhibit the longest history of
artificial selection starting about 2,000 years ago (Balon
2004). Distinct carp genotypes and phenotypes have devel-
oped as a consequence of adaptation to suites of low-
predation-risk pond conditions (Steffens 1980; Balon 2004).
The most obvious phenotype indicating differential degree of
artificial selection and adaptation to pond environments is the
scale pattem of common carp, which can be broadly distin-
guished into scaled and mirror phenotypes (Balon 1995).
Scaled carp are fully scaled, reflecting the original morpho-
type of wild common carp, whereas mirror carp have much
less scales, reflecting the morphotype that is strongly domes-
ticated and highly adapted to low-risk pond conditions (Probst
1953; Balon 2004; Matsuzaki et al. 2009). All carp used in our
study were raised at a commercial fish hatchery (Fischzucht
Wegert, Ostercappeln, Germany; 52°19'52" N, 8°14'48" E) in
the same common-garden pond environment. Parental fish
descended from two selection lines: (1) a selection line with
scaled morphotypes and (2) a selection line in which scaled
morphotypes were previously crossed with strongly domesti-
cated mirror carp selection lines. Fish from both selection lines
were stocked into the same common-garden pond for repro-
duction. Young-of-the-year mirror carp could only develop as
aresult of two breeders from the strain originally crossed with
domesticated mirror carp (strain 2) (Kirpichnikov and Billard
1999). All juvenile carp were exclusively fed with standard
carp dry food in addition to any natural food ingested in the
shallow (1.5 m deep) earthen common-garden pond (40 mx*
50 m). Atan age of 10 months, the fish were transported to the
Leibniz-Institute of Freshwater Ecology and Inland Fisheries
in Berlin, Germany. There, fish were kept in tanks (1 m> I mx
1 m; 5 fish per 100 1) with tap water (mean temperature+SD
18+1.5°C, exchange rate once per day). Fish were fed with
standard carp pellets (5 mm diameter, Aller Classic, Aller
Aqua, GolBen, Germany), and the total daily food amount
was ~1.5% of the fish body wet mass. Before the behavioral
experiments started, fish were slowly acclimatized to water
temperatures within the test environments (see the following
discussion) by altering the temperature at a maximum of 1°C
per day.
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Tagging of fish

All carp (N=100 scaled carp and N=100 mirror carp) were
individually marked with passive integrated transponders
(PIT) to observe fish behavior using PIT antenna systems.
We surgically implanted PIT tags (23 mm length, 2 mm
width, Oregon RFID, OR, USA, 2% tagging mortality) into
the fish’s body cavity following the method described by
Skov et al. (2005). Before PIT implantation, fish were
anesthetized using 1 ml 1™ of 9:1 solution of ethanol:clove
oil in well aerated water at 18°C. After PIT implantation, all
fish were measured for total length (TL, to the nearest
1 mm) and wet weight (to the nearest 1 g).

Behavioral experiments under pond conditions

Stationary passive telemetry systems within three replicated
experimental ponds (12 mx5 mx1 m; LxWxH; Fig. 1)
were simultaneously used to enumerate carp behavior by
two genotypes in ponds in September 2008. To investigate
boldness parameters, each of the three ponds was stocked
with 40 similar-sized carp (20 scaled carp and 20 mirror
carp, mean TL £ SD pond 1: 1994£6.9 and 199+£12.1 mm, 7-
Test, t=0.08, P=0.936; pond 2: 199+4.7 and 200+11.9 mm,
T-Test, t=—0.26, P=0.797; pond 3: 199+6.1 and 197+
11.2 mm, T-Test, t=0.78, P=0.440), which were allowed to
acclimatize for 2 days before behavioral observations started.

The ponds were continuously supplied with water from
the nearby Miiggelsee in Berlin (800 ha; shallow; eutrophic;
52°26'57" N, 13°38'59" E). Inflow into the ponds was about
1 1s™" unfiltered lake water. Ponds were carefully cleaned
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Fig. 1 Sectup of the passive telemetry system used in the laboratory
and ponds. We installed four antenna loops recognizing individual fish
passages through the shelter entrance or when visiting the feeding
spots. Two of the antenna loops were installed in front of the shelter
to reveal the swimming direction of the fish from subsequent record-
ings. Another two antennae were used to cover the feeding spots.
These antennae consisted of a circle and were placed at the bottom,
providing detections of fish directly entering the circle. All data col-
lected by the system were stored on a datalogger (Internal datalogger
board, Texas Instruments, Dallas, TX, USA) and downloaded daily.
Food was provided at the middle of the round feeding spots. When
artificial predation risk was implemented, the baited hook was also
placed in the middle of the feeding spot circle
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before the experiment, and the bottom was covered with
clean gravel (diameter 2-5 mm). Despite the absence of fish
predators in the ponds, sources of predation risk in the pond
environment were present through fish-eating birds regular-
ly visiting the outdoor ponds and potentially through the
presence of olfactory cues by predatory fish introduced into
the ponds through the inflow of Miiggelsee. Fish in the
ponds were thus assumed to be permanently faced with
some degree of latent predation risk, reflecting the generally
mild latent risk-conditions present in commercial carp aqua-
culture ponds, i.e., the environment that the study animals
have adapted to in the past.

The ponds contained a shelter structure (2 mx5 m) made
out of black plastic material just above the water surface next
to the water inlet and close and distant feeding spots (0.5 m
diameter each) in different distances to the shelter (Fig. 1). All
of these three structures were covered by PIT antennae (Fig. 1)
so that we were able to quantify the individual number of
visits at the feedings spots and the time spent sheltering as
three measures of boldness. Because fish were allowed to
acclimatize within the pond setup, the environment was not
new to the fish, yet potentially risky, and behavioral measure-
ments were thus considered indicative of boldness (Réale et al.
2007), but not indicative of exploratory behavior (Réale et al.
2007). The shelter structure was assumed to be perceived by
the fish as the safest habitat, but lacking abundant feeding
opportunities. Thus, foraging was only possible by taking the
risk of leaving the shelter structure. All fish entering the
feeding spots had to cross the large open pond area, compa-
rable to variants of an open-field test (Budaev 1997). Open
areas are more attractive to bold fish (Sneddon 2003), and we
assumed bolder fish to show increased presence at the feeding
spots. Fish were fed on the feeding spots on seven consecutive
days to determine the foraging activity in the absence of any
experimentally induced predation risk. This provided an initial
measure of boldness. Feeding started 2 h before sunset until
2 h after sunset to control for potential impacts of daytime on
boldness measurements. Feeding was conducted on a 60-min
basis, alternating between the two feeding spots. Standard
carp pellets (5 mm diameter, see previous discussion) were
used as food, and the total daily food amount of pellets was
1% of the fish body wet mass at the time of stocking. In
addition, for every single pellet, one sweet corn (5-7 mm
diameter, Bonduelle, Reutlingen, Germany) was offered to
also provide novel, yet preferred food for carp (Klefoth et
al., unpublished data).

To test for potential behavioral changes of scaled and
mirror carp in response to artificial predation risk, angling
was conducted for another seven consecutive days. Angling
was assumed to be perceived by the fish as a standardized,
neutral, and mild form of artificially induced predation risk
because learned hook avoidance as a consequence of hooking
and subsequent live-release has been documented in
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carp (Beukema 1969; Raat 1985). Angling took place
simultaneously to the daily feeding sessions and on the
same spots. Sweet corn was used as bait, provided on a
bold-rig as described by Rapp et al. (2008). This method
ensured exclusive shallow hooking of the fish. The hook was
connected to a 13-cm multifilament soft leader. The angling
equipment consisted of a 3-kg monofilament line and a short
fishing rod. Bites were indicated by an electronic bite indicator
(Carp-Sounder Basic VR, Carp-sounder, Germany). After
hooking, the fish was landed quickly using a small rubber net
to prevent mucus abrasion (Barthel et al. 2003). Fish were then
placed into a bucket filled with fresh water for unhooking and
PIT identification (Pocket reader, Allflex, Dallas, TX, USA).
Afterwards, fish were immediately released in the middle
between the two feeding spots. Release of the fish was always
conducted within 30 s, and no mortality occurred. The whole
experimental procedure within the pond environment lasted 14
consecutive days (7 days of feeding without angling-induced
risk, followed by 7 days of feeding under angling-induced
risk).

The environmental conditions in the ponds were docu-
mented using temperature loggers (TidbiT datalogger, Onset,
Boume, MA, USA) and using data from a weather station
located 500 m away from the Miiggelsee, providing data on
an hourly basis for wind speed (m s™'), global radiation
(W m 2), light intensity (wmol m>") at 0.75-m water depth,
air pressure (mbar), humidity (%), and air temperature (°C).
Mean water temperature + SD in the ponds over the study
period was 19.0+0.5°C (range 17.0-20.2°C).

Behavioral experiments under laboratory conditions

We conducted an additional laboratory-based experiment
under controlled environmental conditions to test for the
consistency of boldness differences among the two carp
genotypes under fully controlled conditions. This experi-
ment resembled the setup established in the ponds and used
a new set of study animals (see previous discussion).
Experiments were conducted in a large laboratory tank
(10 mx4 mx1 m; LxWxH) of comparable size to the
ponds. The tank was connected to a circulating water system
and a biological filter. Water inflow was 2 Is™', and water
temperature + SD was constant at 22+1°C. To investigate
boldness parameters in the laboratory, a total of 40 similar-
sized fish (20 scaled carp and 20 mirror carp, mean TL + SD
225+20.0 and 229+16.0 mm, respectively, 7-Test, r=—0.80,
P=0.441) were stocked into the tank and allowed to accli-
matize for 2 days before behavioral observations started.
Behavioral experiments followed the same protocol de-
scribed for the pond experiment and assessed the same
behavioral variables of boldness, with the exception that
the intervals of changing the feeding spots within the daily
4-h feeding periods were 15 min instead of 60 min for
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logistical reasons. After the 7th day of angling within the
laboratory environment, experimental carp were replaced by
a new set of 40 fish (20 scaled carp and 20 mirror carp,
mean TL + SD 224+417.0 and 229+21.0 mm, respectively,
T-Test, t=—0.89, P=0.377), and the experiment was
replicated.

Data recording and statistics

From the raw PIT data, we calculated the boldness param-
eters “time spent sheltering” (min h™") and “number of visits
at the feeding spot” (# h™"), with the latter separately for the
close and distant feeding spots. We defined a fish to be
sheltering after it had passed the PIT antennae in front of
the shelter (Fig. 1) in a direction from the outside to the
inside of the shelter. Sheltering activities ended when the
fish passed the antennae in the opposite direction. If a fish
was not detected at both antennae, sheltering ended when
the fish was observed to be elsewhere than the shelter. Visits
at the feeding spots were defined by single observations of
individual fish. To prevent overestimation of visits by mul-
tiple detections within a short time frame in which the fish
did not leave the feeding spot, an interval of 30 s was
applied before a new visit was counted. Pretest experiments
showed that the maximum time fish spent within the circle
antennae was always less than 30 s (Klefoth et al., unpub-
lished data), justifying our assumption. Because the number
of visits at the close and distant feeding spots was highly
correlated (Spearman’s rho =0.88, p<0.001, in the pond
environment, and Spearman’s rho =0.78, p<0.001, within
the laboratory environment), the mean number of visits at
the close and distant feeding spots per individual and per
unit time was used for subsequent analyses, resulting in a
single variable describing the number of visits at the feeding
spots. No such strong correlations were found between the
number of visits at the feeding spots and the time spent
sheltering (all Spearman’s tho <0.5). Therefore, the time
spent sheltering was used as an additional boldness-related
parameter.

Functionality of the PIT system was tested in a first trial
prior to conducting the pond and laboratory studies with
different fish within the same general setup. This was done
because stationary PIT systems are known to be limited in
their ability to detect multiple individuals at the same time
(Zydlewski et al. 2001). We assessed the behavioral meas-
ures—“time spent under shelter” and “number of visits at
the feeding spots” estimated from the raw PIT data—and
tested for correlations with visual observations of the same
parameters. Results using Spearman correlations between
observed and calculated data for the time spent under shelter
for 10-min periods (Spearman’s rho =0.474, P=0.030, N=18)
and the number of visits at the feeding spots during 10-min
periods (Spearman’s rho =0.575, P<0.001, N=36) confirmed
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a high functional capability of the PIT system to remotely
measure boldness-related traits of carp (Klefoth et al., unpub-
lished data). All calculations of boldness parameters were
conducted for feeding and non-feeding periods for every fish
on a daily basis (two data points per fish and day). To stan-
dardize for differences in the duration of feeding periods (4 h)
and non-feeding periods (rest of the day), mean values per
hour were calculated.

We used Generalized Linear Mixed Models (GLMM) to
explain sheltering activities (min h™') and mean visits at the
feeding spots (# h™') in the pond environment and the labora-
tory. Fish ID nested within pond or tank replicate was added as
random factor to account for repeated measures and the nested
structure of the experiments. We used the dataset to test for
differences in the behavioral response of scaled and mirror
carp (Genotype) to food supply without risk (Feeding) and the
period when artificial predation risk was implemented while
feeding (Risk). Individual TL was added as covariate to all
models because no differences between within and between
subject effects were identified when centering TL within
ponds as outlined by van de Pol and Wright (2009). Previous
capture and release events (Capture) were considered in the
model as well to control for potential impacts on subsequent
behavior of the fish (Klefoth et al. 2008; 2011). All possible
two-way and three-way interactions with Genotype, Feeding,
and Risk were added to the models. In all cases, data were
overdispersed, and a quasi-Poisson error distribution was
found to be the best fit to the data. We used the software
package R and the Penalized Quasi-Likelihood method (func-
tion glmmPQL) in library MASS (R Development Core Team
2009). Variances explained by the models were calculated
using the “predict method for glmmPQL,” also provided in
library MASS. Predicted values were regressed against ob-
served values using linear regression.

To account for uncontrolled environmental conditions in the
ponds, we conducted a PCA with varimax rotation on all
environmental data collected, generating two components
[variable and factor loading, respectively: global radiation
(0.971), light intensity (0.870), humidity (—0.885), air

temperature (0.984) (PC1, explained variance: 57.1%, eigen-
value: 3.4); wind speed (—0.545), air pressure (0.802) (PC2,
explained variance: 17.3%, eigenvalue: 1.1)], together explain-
ing 74.4% of the total variance. In initial models, the estimated
variance components of factor scores for PC1, PC2, and water
temperature were generally low (< 6%). Therefore, environ-
mental parameters were removed from further analyses.

Results

Comparisons of boldness-related behaviors between scaled
and mirror carp strongly differed between the two ecological
contexts studied (Figs. 2 and 3). In the pond environment, the
main effect of Genotype was found to consistently and signif-
icantly explain visits at feeding spots independent of ecolog-
ical context. Importantly, no significant interactions between
Genotype and the environmental factors Feeding or angling-
induced Risk on feeding spots were present (Table 1; Fig. 2),
underscoring the robustness of the genotypic differences in
foraging behavior in the pond environment, even in the ab-
sence of natural fish predators. In line with expectations, the
more domesticated mirror carp were found twice as often on
the feeding spots compared to their less domesticated scaled
conspecifics (Table 1; Fig. 2). In addition to Genotype, the
fixed effects Feeding and Risk were also found to significantly
affect foraging behavior in the pond environment. According-
ly, in periods where food was supplied on feeding spots, the
number of visits by both genotypes was generally higher, and
also under these conditions, mirror carp visited the feeding
spots more frequently than scaled carp. For example, the mean
number of visits £ SD at feeding spots while feeding and
before implementation of angling-induced risk of mirror carp
and scaled carp was 3.2£3.0 and 1.6£1.8 visits h', respec-
tively (Table 1; Fig. 2). Interestingly, during periods when
angling-induced risk was present in addition to food on the
feeding spots, fish in the ponds were more often found on the
feeding spots compared to periods without risk (mean number
of visits + SD at feeding spots while feeding and after
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mirror carp in response to feed- 3 No Risk : No Feeding No Risk : Feeding 3 No Risk : No Feeding No Risk : Feeding
ing and non-feeding times with - -~ - -
and without implementation of £ 29 £ 2 . "
risk through angling A in ponds ® 14 5 ® T
and B in the laboratory. The fig- g L = %
ure shows the least squares a 0] - 2 01
means and the 95% confidence = Risk : No Feeding Risk : Feeding = Risk : No Feeding Risk : Feeding
intervals of the mean number of ES] 5
visits at feeding spots (# h"), 3;_’ g 24
Bold p-values indicate 7] s @ = D
significant effects a ! P o 8! w 7
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Scaled Mirror Scaled Mirror Scaled  Mirror Scaled  Mirror
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Fig. 3 Behavior of scaled and A
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implementation of angling-induced risk for mirror carp and
scaled carp 4.0+3.5 and 2.1+2.4 visits h ', respectively,
Table 1; Fig. 2). In addition to the aforementioned main
effects, in the ponds, we also found the size of the carp to be
positively related to the number of visits at the feeding spots
(Table 1).

A different picture was evident in the laboratory, where
the main effect Genotype was significantly interacting with
the other main effects Feeding and Risk to explain the
number of visits at feeding spots by scaled and mirror carp
in a more complex manner (Table 1; Fig. 2). Therefore, the
revealing of boldness differences of the two genotypes in

Table 1 Nested Generalized Linear Mixed Models (GLMM) to pre-
dict the effects of Genotype, Feeding, Risk (induced by angling), and
previous Capture and all relevant two-way and three-way interactions
on the mean number of visits at the feeding spots (# h™') in the pond

Genotype Genotype

terms of foraging was driven by the environment, and thus,
it is context dependent. The provision of food in the absence
of risk on feeding spots generally increased the number of
food patch visits (Fig. 2). However, in contrast to the pattern
in the pond, the onset of angling on previously risk-free
feeding spots reduced the frequency of feeding spot visits by
both genotypes in absolute terms when food was supplied in
the laboratory. In fact, the mean number of visits declined by
approximately 83% to 1.5+2.7 visits h ' for scaled carp and
by 73% to 2.6+3.5 visits h™' for mirror carp after imple-
mentation of angling-induced risk, in turn reaching levels
that were present in the pond already at the onset of the

environment (/eff) and the laboratory (right). All models included
individual fish nested within pond or laboratory replicate as a random
effect. Total length was considered as covariate

Fixed effects Estimate + DF /i P R Fixed effects Estimate + DF /4 P r
SE SD
Pond feeding spots 0.43 Lab feeding spots 0.48
Intercept —421+1.84 2,605 -23 Intercept 1.23+0.36 2,011 5.5
Genotype® 0.59+0.17 112 3.5 <0.001 Genotype® —0.06+0.07 74 -0.8 0403
Feeding” 031+0.06 2,605 49 0.001 Feeding” 0.69+0.04 2,011  19.7 <0.001
Risk® 0.16£0.07 2,605 2.5 0.013 Risk® —0.06+£0.04 2,011 -1.4 0.158
Capture® ~0.20+0.24 2,605 —0.8  0.405 Capture? ~0.23+0.09 2,011  -25 0012
Length 0.02£0.01 112 22 0.028 Length 0.00+0.00 74 0.8 0438
Genotype x Capture -0.13+£0.27 2,605 -05 0.629 Genotype x Capture 0.08+£0.11 2,011 0.7  0.502
Genotype * Feeding 0.13+0.08 2,605 1.6 0.112 Genotype x Feeding 0.12+0.05 2,011 23 0,023
Genotype x Risk -0.03+0.08 2,605 -04 0.723 Genotype * Risk 0.03+0.06 2,011 04  0.683
Feeding x Risk 0.09+£0.08 2,605 1.0 0302 Feeding x Risk -1.63+0.07 2,011 -239 <0.001
Genotype * Feeding x -0.01+0.11 2,605 —0.1 0916 Genotype x Feeding x 0.40+0.09 2,011 4.4 <0.001
Risk Risk
“Reference is scaled carp
" Reference is non-feeding times
¢ Reference is period without angling-induced risk
9 Reference is not being captured previously
41 springer

97



554

Behav Ecol Sociobiol (2012) 66:547-559

experiment in the absence of predation risk and subsequent-
ly during food supply (Fig. 2). In contrast to the situation in
the pond, in the laboratory, the number of visits at the
feeding spots was almost equal for both genotypes before
angling started, both within and outside feeding times
(Fig. 2), and it remained so after angling started in periods
lacking food supply. However, the use of feeding spots
diverged between the genotypes once fishing started in
periods when food was supplied, and the visits were then
found to be, on average, 67% higher for mirror carp relative
to scaled carp. These combined results indicate that there
were indeed genetically based differences in the propensity
to forage among scaled and mirror carp, but the revealing of
these differences in the laboratory was strongly context
dependent and only occurred under conditions of food pro-
vision and the presence of predation risk. In addition to
Genotype, Feeding, and Risk, previous capture events also
affected the future number of visits at the feeding spots by
reducing their frequency in the laboratory (Table 1).

In terms of sheltering activities, a few significant effects
were found to predict refuge use within the pond environ-
ment, and in contrast to the foraging behavior, no significant
context-independent main effect of Genotype was present.
However, in line with expectations, mirror carp spent sig-
nificantly less time under shelter compared to their scaled
conspecifics when food was supplied, as revealed by a

Table 2 Nested Generalized Linear Mixed Models to predict the
effects of Genotype, Feeding, Risk (induced by angling), and previous
Capture and all relevant two-way and three-way interactions on the
time spent sheltering (min h™') in the pond environment (feff) and the

significant Genotype * Feeding interaction (Table 2; Fig. 3),
and this pattern was unaffected by the presence or absence of
angling-induced risk (non-significant Genotype » Feeding x
Risk interaction, Table 2; Fig. 3). This result indicates that
mirror carp behaved generally bolder in terms of refuge use
during food supply within the ponds than scaled carp, irre-
spective of the existence of more explicit angling-induced
risk-stimuli.

The findings on sheltering were less conclusive in the
laboratory. Both genotypes similarly increased sheltering
activities when food was supplied during the periods of
angling-induced risk compared to feeding in the absence
of angling (significant Feeding x Risk interaction, Table 2;
Fig. 3). In terms of differences among genotypes, refuge use
by scaled carp increased in a somewhat more pronounced
fashion in response to the onset of angling-induced risk
relative to the similarly expressed average increase in shel-
tering shown by their mirror carp conspecifics, resulting in a
significant Genotype * Risk interaction. However, absolute
and relative differences among genotypes in terms of refuge
use in the laboratory were small and statistically indepen-
dent of feeding (non-significant Genotype * Feeding * Risk
interaction, Table 2; Fig. 3), although descriptively they
were most clearly expressed in the absence of feeding.
These results overall reveal that the generally small differ-
ences in sheltering activities between scaled and mirror carp

laboratory (right). All models included individual fish nested within
pond or laboratory replicate as a random effect. Total length was
considered as covariate

Fixed effects Estimate + DF T P R Fixed effects Estimate + DF T P R?
sD SD
Pond shelter structure 0.19 Lab shelter structure 0.38
Intercept 2.64+0.88 2,605 3.0 Intercept 246+027 2,011 9.1
Genotype" -0.07+£0.09 112 -0.8 0445 Genotype" 0.18+0.06 74 2.8 0.006
Feeding” —0.05£0.05 2,605 1.1 0.281 Feeding” —0.18+£0.05 2,011 -3.3 <0.001
Risk® —0.01+0.05 2,605 -0.2 0.847 Risk® 0.48+0.05 2,011 102 <0.001
Capture! 0.17£02 2,605 0.8 0402 Capture? —0.04+0.07 2,011 -0.6 0.568
Length 0.00+0.0 112 0.2 0.868 Length -0.01+0.00 74 -0.2 0.841
Genotype * Capture 0.01+0.24 2,605 0.0 0,979 Genotype x Capture 0.06+£0.08 2,011 0.7 0472
Genotype * Feeding -0.21£0.07 2,605 -2.9 0.004 Genotype * Feeding 0.02+0.07 2,011 0.3  0.768
Genotype * Risk 0.04+0.07 2,605 0.6 0.581 Genotype = Risk —0.14+0.07 2,011 -2.1  0.035
Feeding x Risk -0.01+£0.07 2,605 0.2 0.836 Feeding x Risk 0.79+0.07 2,011 12.1 <0.001
Genotype » Feeding x —0.04+0.10 2,605 -0.4 0.684 Genotype * Feeding x —0.10+0.09 2,011 -1.1  0.289

Risk

Risk

“Reference is scaled carp

b Reference is non-feeding times

“Reference is period without angling-induced risk
9Reference is not being captured previously
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within the laboratory mainly depended on the implementa-
tion of angling-induced predation risk and that there were no
differences in behavioral expressions of scaled and mirror
carp regarding their basal level of refuge seeking in the
laboratory in the absence of risk.

Discussion

Our study revealed the expected difference in boldness-related
behaviors among two genotypes of differently domesticated
carp in terms of a higher average boldness of the more strongly
domesticated mirror carp relative to scaled carp, particularly in
relation to feeding behavior in the presence of predation risk by
angling on feeding spots and to some degree also in relation to
refuge use as a second dimension of boldness. However, this
conclusion was only unambiguous when the two genotypes of
carp were tested under pond conditions. In the laboratory, the
addition of artificial predation risk to the test trials was needed
to more clearly reveal boldness differences among the two carp
populations, and again, this was mainly the case for feeding-
related behaviors and less pronounced for refuge use. The
importance of tests conducted in tank versus pond environ-
ments and the impact of predation risk-stimuli on study out-
comes in the laboratory indicated the existence of genotype x
environment interactions as it relates to boldness expressed by
genetically distinct populations of carp. Simply applying a
variant of a classical open-field test, which is often assumed
to reliably measure boldness in fish (e.g., Budaev et al. 1999;
Brown et al. 2007), in a large laboratory tank would thus have
provided inconclusive or even misleading results in terms of
adapted boldness differences among the two carp strains. Most
importantly, one would probably not have concluded a genetic
basis of boldness differences among the two carp genotypes
using a laboratory experiment alone, without addition of arti-
ficial predation risk to the behavioral assay. This is because an
open-field test without additional risk-stimuli under laboratory
conditions may not separate the effects of the genotype from
potentially important genotype x environment interactions.
Furthermore, by only applying open-field tests without behav-
ioral observations under risk, one may not be able to distin-
guish between adapted behavioral responses towards predation
risk and genetic adaptations of basal boldness as, for example,
measured by exploration of a non-novel, yet potentially risky
open area between the refuge and the feeding spots, and our
study underscores that carp genotypes may express these traits
differently depending on ecological contexts. The general sim-
ilarity of our tank and pond experimental setups (e.g., both
were lacking fish predators) gave rise to important differences
in study findings as it relates to boldness differences of carp.
We raise to mind to not prematurely discard the possibility for
genetic adaptation of fish populations in terms of boldness,
even if this pattermn is not immediately revealed in an open-field
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laboratory study that controls all other potentially “confound-
ing” environmental factors. Potentially, one then needs to
implement some form of predation risk to reveal genetic var-
iance in non-basal dimensions of boldness.

Our study showed large effects of the ecological context
(pond vs. laboratory environment) and ecological factors (ex-
istence of predation risk-stimuli within the laboratory environ-
ment) on the expression of boldness-related traits of two
genotypes of carp that were expected to generally differ in
basal boldness due to genetic adaptation to low-risk aquacul-
ture conditions. Because consistent and context-independent
behavioral differences between scaled and mirror carp were
only found in the pond environment, our study underscores
earlier recommendations on the design of comparative studies
in fish if these are aimed at revealing the genetic adaptation of
behaviors to key local ecological factors. Either such studies
are to be conducted using common-garden reared offspring in
the laboratory, which allows the removal of confounding en-
vironmental variation and the “clean™ testing of individual
environmental factors (e.g., risk of predation or food supply).
However, as our study showed, experimenters may not reveal
the true picture of boldness adaptation if the correct environ-
mental stimuli are missing. An alternative perspective may be,
in light of the lack of clear boldness differences among our
carp strains, that selection has not been strong enough to
change basal boldness expected to be expressed in an open-
field test in the absence of explicit predation risk (Brown et al.
2007). However, we contend that studies on genetic adaptation
of behavior should also be conducted under less controlled
conditions by exposing test populations to a range of natural
environmental factors supposed to be involved in their evolu-
tion. If technically feasible, such studies may be conducted
within the original evolutionary environment using reciprocal
transplant approaches (Kawecki and Ebert 2004; Walling et al.
2004) or in ecological conditions reasonably close to those of
the original evolutionary environment. We contend that the
experimental ponds that we used in our carp studies repre-
sented a reasonable approximation of the original evolutionary
environment, and maybe not surprisingly, the differences in
boldness among mirror and scaled carp were robust and clear
in this pond environment, even in the absence of any additional
predation risk (e.g., also in basal levels of boldness).

Results of our study suggest that when comparative popu-
lation studies on the genetic variance of boldness of fish are
conducted in the laboratory, careful choice of the ecological
context and the appropriate predation risk-stimuli may be
needed to reveal robust results. Ideally, the laboratory may
also mimic the original environmental conditions as close as
possible (Kawecki and Ebert 2004), although researchers
should keep in mind that with increasing complexity of the
experimental setup, uncontrolled environmental effects or
complex genotype X environment interactions might compli-
cate study results. Thus, standardized experimental protocols
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and setups allowing isolation of the behavioral responses of
interest should generally be favored over trying to mimic
nature in laboratory environments. Thereby, the benefits of
laboratory trials (designed to isolate cause and effects) may
ideally be combined with the strength of more natural environ-
ments (designed to study individual responses to a suite of
correlated or uncorrelated natural factors) using common-
garden reared individuals if studies are indented to reveal
patterns of local adaptation. We urge, however, to be careful
about implicating about the lack of genetic adaptation if
laboratory results do not reveal the expected patterns. One
might have missed to include the appropriate test stimulus or
generally measured the wrong trait that has not been under
divergent selection in nature.

Our findings showed that consistency of boldness-related
traits in fish can be impacted by the presence or absence of
stressful situations like those induced by predation risk. Earlier
studies have shown that randomness of behavioral expressions
tends to be predominantly pronounced in non-threatening sit-
uations (Alados et al. 1996; Budaev et al. 1999), and in our
study, the lack of boldness differences among carp strains in the
absence of angling in the laboratory shows that the large open
field was likely not perceived as threatening by the fish, pre-
sumably facilitated by rapid learning and habituation as no
other predators were present in the fully controlled laboratory
tank. Therefore, we contend that one should attempt to measure
several dimensions of boldness in laboratory studies to avoid
inappropriate conclusions based on a restricted set of measures
that may capture different dimensions of the composite trait
boldness. Thus, the internal validity of boldness-related meas-
ures under laboratory conditions should be highest by incorpo-
rating several different measures of boldness, including
observations under predation risk (Toms et al. 2010), thereby
considering potential interaction effects of the genotype and the
environment (Gerlai and Csanyi 1990) and also distinguishing
between adaptation of boldness-related traits on the basal level
(as, for example, revealed in open-field tests) and in relation to
more explicit risk of predation (as, for example, revealed in our
experiment by using angling on previously safe feeding spots).

In the pond environment, we revealed mirror carp to be
generally and consistently bolder than scaled carp. Though
no natural predatory events were observed during the study
period, the presence of fish-eating birds in the pond area was
observed repeatedly—a factor that is known to influence the
foraging behavior and sheltering activity of fish (Allouche
and Gaudin 2001). Sources of latent predation risk in the
pond environment might have also been based on olfactory
cues by predatory fish despite the absence of fish predators
in the experimental ponds. This is because all ponds were
provided with water from a large natural lake, potentially
containing chemical cues from predatory fish such as pike.
Aquatic animals evolve sensitive receptors for detecting
these cues for the assessment of predation risk (Wisenden
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2000), and prey can smell chemical cues of their predators,
even if they have never encountered the predator (Chivers and
Smith 1998; Kats and Dill 1998). We thus assume that the
existence of latent predation risk was responsible for consistent
differences in boldness among our carp populations, also in the
absence of artificial predation risk by angling. This conclusion
was reinforced by our laboratory findings, where boldness
differences among carp populations were only evident when
risk-stimuli were introduced into the experiment and where the
number of visits at the feeding spots and the time spent
sheltering significantly changed after implementation of risk.
Furthermore, in the laboratory, the number of visits of carp at
the feeding spots reached comparable levels to those within the
pond environment, but only when predation risk in the form of
angling was introduced. This suggests that the less frequent use
of feeding spots in the pond compared to the laboratory in the
absence of angling may reflect the “standard” behavior of carp
when latent predation risk is present.

Generally, our findings, particularly those from the ponds,
were in agreement with a wide range of other studies compar-
ing the behavior of common-garden reared fish from high-and
low-predation sites in the laboratory (e.g., Huntingford and
Wright 1992; Magurran et al. 1992; Bell and Stamps 2004;
Ghalambor et al. 2004). In line with our results, all of these
studies showed that fish adapted to low-risk conditions were,
on average, bolder than their high-risk conspecifics when faced
with artificially implemented or natural risk-stimuli. Opposing
findings in the literature (Brown et al. 2007) might be related to
locally different selection pressures or have a methodological
cause by only measuring boldness-related traits on the basal
level and omission of tests with more explicit risk of predation.
Moreover, fish tend to exhibit high plasticity in terms of
expression of behavioral phenotypes (Dingemanse et al.
2010; Stamps and Groothuis 2010) such that testing of wild-
captured fish with a life-time experience in a high-predation
environment may exhibit greater boldness compared to low-
predation conspecifics. The most robust information about the
genetic basis of behavioral traits can be expected by using
common-garden reared fish (Kawecki and Ebert 2004), and
thus, we consider our findings on the differences in boldness
among our two carp strains to have a genetic origin.

In addition to the importance of common-garden protocols,
our study also highlights the importance of considering poten-
tial effects of genotype * environment interactions in labora-
tory protocols designed for among-population comparisons of
boldness in fish. However, in much of the current fish behav-
ioral literature, the importance of standardized risk-stimuli in
assessments of boldness seems to be underappreciated, and
various researchers employ different predation-stimuli in their
boldness tests (Toms et al. 2010; Conrad et al. 2011), poten-
tially influencing study outcomes. The absence of a standard-
ized experimental protocol for boldness-related measurements
also constrains the comparability of studies and may affect the
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reliability of study findings in potentially important ways.
Brown et al. (2007) argued that perception of predation threats
might differ between fish adapted to high-risk and low-risk
conditions. This makes it difficult to distinguish if observed
behavioral differences in the presence of predators are based on
adapted differences in boldness or adapted differences in threat
recognition, in turn motivating the use of open-field tests as a
clean measure of basal boldness of fish (Brown et al. 2007).
However, as our laboratory experiment has shown, genetic
variance in basal boldness in an open-field test may only
emerge in the presence of latent predation risk. Thus, the
expression of basal boldness might be a function of the per-
ception of some level of predation risk, and open-field tests
might not necessarily offer this degree of functionally impor-
tant level of risk, at least not within the laboratory in common
carp. Thus, to generate robust findings in studies on adaptation
of populations, we recommend inclusion of different setups,
including different behavioral measurements with and without
explicit risk to more fully elucidate the genetic adaptation of
the behavioral repertoire of fish populations to predation risk in
the wild. In this way, the effects of genotype, environments,
and genotype x environment interactions can be better under-
stood, leading to an improved understanding of the adaptive
divergence of the focal trait.

We choose to implement angling on feeding spots as an
experimental inclusion of predatory threat to avoid using
real predators or predator models, thereby circumventing the
issue of differential threat recognition evolution to natural
predators (Brown et al. 2007). We assumed angling to
constitute a neutral risk-stimulus as hook avoidance learning
was previously documented in carp angled in pond environ-
ments (Beukema 1969; Raat 1985). The fact that we could
observe behavioral alterations towards angling-induced risk
only within the laboratory environment (as indicated by a
reduced frequency of visiting feeding spots) suggested two
implications. First, angling was perceived as threatening in
the laboratory, leading to a reduced usage of feeding spots,
and the level of threat for carp in the pond environment was
not strong enough to further reduce a basal level of visits at
feeding spots. The very similar level of visits on feeding
spots per individual and hour was also reached in the labo-
ratory after angling started, collectively indicating that while
angling was surely perceived as a threat, feeding spots did
not completely lose their attraction to our study fish.

We found that the experience of previous capture signifi-
cantly reduced the number of visits at the feeding spots in the
laboratory. This can be explained by learning effects as de-
scribed previously (Beukema 1969), which may have been
more pronounced in the cognitively simpler tank environment
(Girvan and Braithwaite 1998) and be facilitated by greater
water clarity that may have helped carp to identity angling
gear and avoid being hooked. However, capture was also a
covariate in the pond model so that any capture-related effects

on boldness-related behaviors were statistically controlled,
and the overall study findings were robust.

There were few differences in the experimental setup be-
tween the tank and pond environments, and this might have
influenced the study findings (e.g., different temperature, envi-
ronmental exposure, and water clarity). Moreover, fish used in
the laboratory approach were slightly larger in size than those
used within the ponds. However, size of the fish did not differ
between the two genotypes in any of the ponds or tank repli-
cates. In addition, we used total length of individual fish as a
covariate in our statistical models, and thus, we are certain that
any behavioral differences between scaled and mirror carp on
the population level were not caused by the size of study
animals. However, we found a significant and positive relation-
ship between the size of the fish and the number of visits at the
feeding spots within the pond environment. It has been repeat-
edly shown that the basal levels of boldness in fish are inde-
pendent of the size of the fish (Sundstrom et al. 2004; Brown et
al. 2005), but instead larger size attained by a given fish can be
a consequence of bold behavior (Johnsson 1993). Because our
fish were raised within a natural pond with regular food supply
prior to experimentation, among-individual differences in size
might correlate with boldness and related higher feed intake
rates, potentially explaining why larger fish were more often
found on the feeding spots within the pond environment.

In conclusion, our study revealed interactions between the
genotype of carp and the ecological environment in which
boldness was measured. The genetic basis of boldness differ-
ences among the two populations of carp was unambiguous in
the more natural pond environment, even in the absence of fish
predators and angling-induced predation risk. Similar behav-
ioral differences between our two genotypes of carp were also
found in the laboratory when tested under risk of predation,
highlighting the potential for adapted behavioral responses
towards predation risk rather than basal boldness expressions
per se. Due to the common-garden approach, our study pro-
vides evidence about genetic adaptation of boldness in camp
(particularly in response to predation risk). From a methodo-
logical perspective, our study underscores the suggestions by
Kawecki and Ebert (2004) that robust local adaptation studies
should ideally be conducted under natural conditions or in
laboratory conditions involving a range of experimental stim-
uli. Reciprocal transplant studies in the wild are one possible
way for the future that can also take advantage of modermn
tracking technologies like PIT systems, as applied in our ex-
perimental study. This may also help in eliminating the poten-
tial for observer bias effects through remote observation of
individual behavioral patterns. In this way, evolution of behav-
ioral traits in response to different predator regimes or other
ecological factors can more realistically be studied without the
potential for experimentally induced complications through
genotype X environment interactions that may lead to eroge-
nous conclusions. Alternatively, boldness-related measures
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under laboratory conditions should incorporate various bold-
ness measures, including observations with and without ex-
plicit predation risk, thereby considering potential interaction
effects of the genotype and the environment and also distin-
guishing between adaptation of boldness-related traits on the
basal level and in response to explicit predation risk.
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Non-lethal assessments of proximate body composition of fish can help unravelling the physiological
and condition-dependent mechanisms of individual responses to ecological challenges. Common non-
lethal methods designed to index nutrient composition in fish include the relative condition factor (K,),
bioelectric impedance-based assessments of body composition (BIA), and microwave-based “fat” meters
(FM). Previous studies have revealed mixed findings as to the reliability of each of these. We compared the

K?ywords.; . performance of K, BIA and FM at different temperatures to predict energetic status of the whole bodies
Bioelectric impedance analyses : . : . 3 2 .

Fat meter of live eel (Anguilla anguilla) and carp (Cyprinus carpio) and the dorsal white muscle of carp. Homogenized
Relative condition fish flesh was used for calibration. Relative dry mass was strongly correlated with relative fat content
Dry mass (R? up to 96.7%) and energy density (R? up to 99.1%). Thus, calibrations were only conducted for relative

dry mass as an index of energetic status of a fish. FM readings were found to predict relative dry mass of
whole body in eel (R? =0.707) and carp (R? =0.676), and dorsal white muscle of carp (R? =0.814) well. By
contrast, BIA measurements and K, were much less suited to identify variation in relative dry mass. BIA-
based models were also temperature-dependent. As a result, a regression model calibrated at 10°C and
applied to BIA measurements at 20 °C was found to underestimate energetic status of a fish. By contrast,
no effects of temperature on FM calibration results were found. Based on our study, the FM approach is
the most suitable method to non-lethally estimate energetic status in both, carp and eel, whereas BIA is of
limited use for energetic measurements in the same species, in contrast to other reports in the literature,

Energy density

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Proximate body composition of fish, usually measured as the
relative amount of moisture, lipid, protein, and ash within fish
flesh, is influenced by a range of exogenous and endogenous factors
(Shearer, 1994). Macronutrient composition in fish flesh consti-
tutes an integrative endpoint of complex ecological processes that
involve catabolism and anabolism and is also a key determinant
of behaviour, maturation and survival, e.g., over winter (Ursin,
1967; Gardiner and Geddes, 1980; Post and Parkinson, 2001; Biro
et al.,, 2005). Nutrient content and the composition of nutrients in
fish flesh thus provides important insights into the physiological

* Corresponding author. Present address: Angling Association of Lower Saxony,
Buergermeister-Stuempel-Weg 1, 30457 Hannover, Germany.
Tel.: +49 30 64181 657/511 357 266 20; fax: +49 30 64181 750/511 357 266 70.
E-mail addresses: klefoth@igb-berlin.de, t.klefoth@lsfv-nds.de (T. Klefoth).

0165-7836/$ — see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.fishres.2013.03.010

and energetic status of fish, which in turn can help predicting an
individual's condition for wintering (Schreckenbach et al., 2001)
or its propensity to engage in migration (Larsson et al., 1990) or
spawning (Ludsin and DeVries, 1997). The proximate body com-
position of fish is usually measured in tissue samples taken from
sacrificed fish (e.g., Hendry et al., 1999; Mathes et al., 2010). Such
studies can only offer a snap-shot picture at the population-level,
because individual fish cannot be tracked over time. Non-lethal
assessment techniques of body composition in fish were devel-
oped to offer an alternative that allows for repeated measures
on individual fish to study fitness in the wild or in aquaculture
conditions.

A range of non-lethal methods have been developed. The ear-
liest were length-weight-regression-based condition indices such
as Fulton’s condition factor (Ricker, 1975) or the relative condition
factor (Ky), which relates an individual's actual weight to a standard
average weight in the studied fish population (Le Cren, 1951). How-
ever, length-weight relationships are not without problems when
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used to index condition, because relationships change through
ontogeny and seasonally, e.g. during spawning periods (Vallestad
and Jonsson, 1986; Froese, 2006). Thus, length-weight-based
condition indices should only be used after careful examina-
tion of their underlying assumptions (Bolger and Connolly, 1989;
Cone, 1989).

A further opportunity is to analyze the ratio of dry mass to
wet mass of an individual (Hartman and Brandt, 1995). Due to
strongly inverse relations of water and lipid contents in fish flesh
(Schreckenbach et al., 2001) a higher dry mass should correlate
positively with energetic density and hence condition (Caulton and
Bursell, 1977). Indeed, dry mass has been found to constitute a use-
ful surrogate of energetic status of fish (Shearer, 1994). However,
analysis of dry mass still requires obtaining a flesh sample of the
fish, either by sacrificing the fish or by muscle biopsy as a non-lethal
alternative approach (Hendry et al., 2001).

The latest technical developments for estimating proximate
body composition and/or energetic status of fish were based on
the inverse correlation of lipid content and water content. In
these applications water content in fish flesh is measured using
electric currents [bioelectric impedance analysis, BIA, Cox and
Hartman (2005)] or microwaves in handheld devices [fat meters,
FM, Crossin and Hinch (2005)]. Calibration studies using BIA devices
regressed various nutrients in fish flesh against BIA readings, in
particular total body water, body fat, body fat-free mass, pro-
tein, and ash across a range of species (brook trout Salvelinus
fontinalis Cox and Hartman, 2005; Rasmussen et al., 2012; steel-
head Oncorhynchus mykiss Hanson et al., 2010; yellow perch Perca
flavescens, walleye Sander vitreus, lake whitefish Coregonus clu-
peaformis Pothoven et al., 2008; channel catfish Ictalurus punctatus
Bosworth and Wolters, 2001). It is worth noting that BIA can-
not measure any of these variables directly (Schoeller, 2000).
In fact, BIA measures the resistance and its inverse, reactance,
of an animal's body to an electrical current where resistance is
dependent on the quantity (and not the properties) of intracel-
lular and extracellular water. Thus, the quantity of water within
fish flesh mainly influences the degree of resistance (Schoeller,
2000). Because body water is inversely related to body fat con-
tent as mentioned before (Craig, 1977; Schreckenbach et al., 2001)
and hence water relates inversely to energy density (Chellappa
et al, 1995), BIA measures have been found to correlate well
with a range of body composition metrics in fish (e.g., Bosworth
and Wolters, 2001; Pothoven et al.,, 2008; Hanson et al., 2010;
Rasmussen et al., 2012).

FM devices are an alternative to BIA, and they are based on a
sensor for microwave moisture measurements (Kent, 1992). The
sensor is directly placed on the tissue of interest (e.g., fish mus-
cle). Because materials with polar constituents like water can be
described by complex dielectric permittivity where the material
is able to store energy (Kent, 1992), the loss of energy in the sen-
sor can be used to predict the water content of the material (Kent,
1992). Thus, similar to BIA, FM is supposed to measure the water
content of the tissue of interest. FM readings have been regressed
on species-specific nutrient composition values for calibration pur-
poses of the device (Pacific salmon Oncoriiynchus spp. Crossin and
Hinch, 2005; North Sea herring Clupea harengus Davidson and
Marshall, 2010). Using such calibration results, the commercially
available FM device displays the result of the regression using a
species-specific regression of FM readings and relative lipid con-
tent, and not what the device actually measured (i.e., energy loss).
FM has been applied to study lipid levels in live fish (Crossin et al.,
2008), dead fish (Quillet et al., 2005), and fillets (van Sang et al.,
2009). Because FM assesses the water content of this tissue, regres-
sions on dry mass in fish flesh should generate the most robust
results, similar to BIA. All other predictions of BIA or FM out-
puts with body constituents such as protein, fat or ash, are likely
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to be more spurious and variable across species and ecological
contexts.

Previous calibration studies that developed BIA reported corre-
lations of device outputs (e.g., impedance measurements in BIA)
with total (e.g., absolute g per individual) rather than relative
nutrient levels [e.g., g per g fish flesh; Cox and Hartman (2005)].
However, the total mass of a proximate component should be
strongly related to the size of the fish (Caulton and Bursell, 1977;
Weatherley and Gill, 1983) and is therefore less suitable to discern
inter-individual differences in relative body composition levels
of fish that are of similar size. Ecologically it is often the rel-
ative differences among individuals that are of interest to the
researcher (Beamish and Mahnken, 2001) and thus, it is important
to calibrate BIA and FM devices also to relative measures of body
composition.

So far, the effect of temperature on calibration quality of BIA
in fish has only been considered in a single study (Hartman et al.,
2011). However, the temperature dependency of impedance (BIA)
is well known from studies on mammals (Slanger and Marchello,
1994; Gudivaka et al., 1996). Assuming that the benefits of non-
lethal body composition estimates are related to the possibility of
repeated measurements on individual fish over time at fluctuating
temperatures, there is a need for temperature-dependent calibra-
tion of the assessment methods. The reliability of calibration results
derived at a given temperature should ideally be high when applied
to a different temperature in the field (Hartman et al., 2011).

The objectives of our study were to (i) compare the performance
of Ky, BIA, and FM, to predict dry mass content as an indicator
of energetic status using carp (Cyprinus carpio) and European eel
(Anguilla anguilla) as model species, and (ii) to test for the effects
of temperature on the functionality of BIA and FM. We choose carp
as a recreationally and commercially important species in Euro-
pean fisheries and aquaculture (Arlinghaus and Mehner, 2003) and
eel due toits currently declining status, which demands non-lethal
assessments of energetic status to help understanding migration
propensity or failure (Larsson et al., 1990). Both of these species
have not undergone rigorous testing as to the suitability of BIA and
FM. The only study published so far in carp has used FM readings
and has reported positive correlations (Oberle, 2008), which under-
lines the hypothesis that at least FM should provide robust results
in carp.

2. Materials and methods

Calibration for K, BIA and FM readings was conducted using
N=80 farmed scaled carp (Nordhauser Miihle, Ostercappeln,
Germany,52°19'53"” N, 8°14'51” E) and N =40 wild-captured yellow
eel (Carl Peter Brasen eel export, Hemmet, Denmark). To increase
the among-individual contrast in body composition of carp and eel
and thus to increase the power of the calibration procedure, dif-
ferent feeding regimes were applied to the fish. Carp were kept
under four different feeding regimes in aquaria (N=20 carp in each
treatment) for 117 days before measurements [@ 5 mm commer-
cial carp pellets, Trouw Nutrition carp pellets C-5, Trouw Nutrition,
Burgheim, Germany; 0.2%, 1%, 2% and 4% of total body weight per
day]. The aquaria (110cm x 60 cm x 80cm) were placed in a cli-
mate chamber with a standardized temperature of 20 °C and a light
regime of 12:12h. One third of the aquaria water was exchanged
weekly and all tanks were continuously filtered using external fil-
ters (Eheim professional 3 type 2080, Eheim, Deizisau, Germany).
Eel were kept in a circular laboratory tank (diameter 2 m). The tank
was connected to a circulating water system and a biological fil-
ter. Light regime was 12:12 h. Water inflow was 11s~! and water
temperature £SD was 154 2°C. After delivery, N=20 individual
eel were directly measured for their proximate body composition
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using BIA and FM. Another N=20 eel were starved within the cir-
cular tank for 45 days before subsequent analyses.

Prior to measurements, each fish was anaesthetized usinga 1:9
clove oil/ethanol solution (0.75mll~! water), excess water was
removed with a paper towel and fish were then measured for
their total length (TL, nearest mm) and weight (nearest g). Using
length-weight relationships at the time of delivery for eel and
after the feeding experiment for carp as reference (carp: mean
TL 207.8 £18.5mm, mean weight 126.8 £39.2¢g; eel: mean TL
586.1 +93.1 mm, mean weight 318.9 + 177.6 g), relative condition
factors as described by Le Cren (1951) were calculated for each
individual to test for the reliability of K;, to predict proximate body
composition.

2.1. Sampling procedure BIA

For BIA measurements (serial resistance and reactance) a bio-
electrical impedance analyzer was used (Quantum II; RJL Systems,
Detroit, Michigan). The BIA system consisted of two sets of 3-gauge
10 mm long hypodermic needles. Each set included an outer trans-
mitting and an inner detecting electrode held 1 cm apartin a plastic
housing that allowed each needle to penetrate about 3 mm into the
fish muscle. Electrodes were placed in the dorsal region of the fish
following instructions by Cox and Hartman (2005). If necessary,
1-2 scales on the needle positions were removed in carp. Mea-
surements took place on a non-conductive plastic board to avoid
any current flow potentially biasing measurements (Cox et al.,
2011). All BIA measurements were triplicated, and the distance
between the two sets of needles was measured. Raw BIA measure-
ments (resistance and reactance) and parallel-transformed raw BIA
measurements (Pothoven et al., 2008) are cross-sectional measure-
ments and should relate to relative tissue properties like relative
dry mass (Rasmussen et al., 2012), whereas volumetric measure-
ments (e.g. needle distance?/parallel-transformed reactance, Cox
and Hartman, 2005; Hanson et al., 2010) are three dimensional
measurements and should reflect whole organism properties like
total body water (Rasmussen et al., 2012). We calculated all of
these parameters. Because there is no agreement whether parallel-
transformed (Pothoven et al., 2008) or series-based (Rasmussen
etal., 2012) measures of resistance and reactance should be used for
calibration, mean values of the triplicated measures of both were
used for analyses.

2.2. Sampling procedure fat meter

After BIA measurements, the microwave fat meter (MFM 992;
Distell Inc., West Lothian, Scotland) was applied on the same region
of the dorsal muscle. The FM sensor (frequency 2 GHz, power 2 mW)
was placed along the dorsal surface of the fish at four positions for
eel, and at one position for carp on both sides of the fish’'s body.
Additional measurements on carp were not possible, because the
FM microstrip sensor already covered most of the dorsal region.
For measurements, the “carp-1" calibration and the “eel-1" cali-
bration provided by the manufacturer were used. The manufacturer
had previously conducted species-specific calibrations by chemical
analyses of relative fat content of dorsal muscle tissue, which were
then regressed against the FM readings (Distell, 2003). The device
displays the result of this calibration as % lipids. Thus, species-
specific settings provided by the manufacturer are most likely to
provide the best results for dorsal muscle tissue, rather than for
the whole body’s nutrient composition (Crossin and Hinch, 2005).
We applied the FM readings to predict individual's relative dry
mass similar to the BIA approach. All measurements were tripli-
cated on all positions. Mean values were then used in subsequent
analyses.

2.3. Assessment of temperature-dependency

To test for the effects of temperature on the performance of
BIA and FM in predicting relative dry mass, individuals were first
measured at temperatures of the holding tanks and subsequently
cooled down using iced water. Eel were initially measured at 15°C
and cooled down to 10 °C. Carp were initially measured at 20 °Cand
cooled down to 10°C. While cooling, temperature of the fish within
the body cavity was scanned using a digital slate thermometer (GTH
175/Pt, Greisinger electronic GmbH, Regenstauf, Germany), and
BIA and FM readings were repeated once the target temperature
was reached. During repeated BIA measurements, needle distances
were held constant.

2.4. Laboratory analyses of proximate body composition

After BIA and FM measurements, anaesthetized fish were killed
with an overdose of the anaesthetic (5mll~! water) and whole
bodies of N=40 eel and N=40 carp were homogenized using an
electrical meat grinder (Krefft R-70, Krefft, Solingen, Germany) fol-
lowed by grinding using a stirring staff (ESGE Zauberstab M100,
ESGE AG, Mettlen, Switzerland). The remaining carp (N =40) were
filleted and the white dorsal muscle was separated from bones and
skin before homogenization to also calibrate BIA, FM and K, for
the dorsal muscle of carp. This was done to test if calibration of
BIA and FM would in principle be possible using dorsal muscle
tissue only. If so, non-lethal FM and BIA measurements could be
taken in future applications in the field. Afterwards in the same fish,
non-lethal muscle biopsies could be taken for calibration purposes,
instead of killing the fish for subsequent laboratory analyses. Using
this approach, few fish would die during the calibration process on
purpose, which could be necessary if studies were to be conducted
on protected species or rare specimens. Triplicated subsamples of
homogenized tissue (4.3 0.8 g) were used for laboratory analy-
ses of dry mass, individual nutrients (lipids) and energy density
(see for procedures below). Replicated homogenates were sepa-
rately packed into plastic screw cap containers (40ml) and stored
at —80°C until analyses.

To quantify water content and its inverse, dry mass, tissues were
dried in a vacuum dryer (Zirbus technology GmbH, Bad Grunz,
Germany) for 24 h at —20°C and relative dry mass per individual
wet mass was calculated. Due to malfunction of the vacuum dryer
N=18 samples of whole body carp and N=2 samples of white dor-
sal muscle of carp were corrupted, resulting in a final sample size
of N=22 for whole body carp and N=38 for white dorsal mus-
cle of carp. Dry matter tissue lipids were extracted following the
procedure outlined in Folch et al. (1957), and lipid content was
calculated as percentage of dry mass. In addition, energy content of
dry mass was estimated by bomb calorimetry (Parr 6400 Calorime-
ter, Parr, Frankfurt M., Germany) and energy density (kj g~!) of wet
mass was then re-calculated considering the water content initially
estimated per sample tissue.

2.5. Statistics

Initially, we conducted correlations between relative lipid con-
tent, energy density and relative dry mass in whole body samples
of eel and carp and dorsal white muscle of carp using linear
regressions. Subsequently, to derive relationships between our
non-lethal measurements and observed relative dry mass of the
sampled fish at 10°C, 12 different multiple regression models
were used. As independent variables the models contained (1) BIA
derived serial resistance, serial reactance and needle distance, (2)
BIA derived parallel-transformed resistance, parallel-transformed
reactance and needle distance, (3) BIA derived volumetric reac-
tance based on serial values, (4) BIA derived volumetric reactance
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Fig. 1. Observed and predicted relative dry mass values for dorsal white muscle of carp derived from fat meter, cross-sectional parallel-transformed bioelectric impedance

analyses (BIA) and relative condition factor.

based on parallel-transformed values, (5) FM readings, and (6) rel-
ative condition factor only. Models 7-12 were similar to models
1-6, but additionally included relative condition and total length
(TL) as a covariate. To select the most parsimonious model, i.e. the
best methodology to non-lethally assess dry mass of fish, second
order Akaike information criteria for small sample sizes (AIC. ) were
calculated (Burnham and Anderson, 1998). Afterwards the lowest
AIC. value was subtracted from the other AIC. of alternative mod-
els to create a rank index referred to as A; — AlC(yin), where the
best model has an index value of A; — AIC (yn)=0. To test for the
dependency of needle distances on size of the fish in BIA measure-
ments, measured needle distances were correlated with TL of the
fish using Pearson’s correlations.

To test for the effects of temperature on BIA and FM measure-
ments in whole body carp we first compared BIA and FM outputs
at 10°C and 20°C using paired T-tests. In addition, measurements
taken at 20°C were used to predict relative dry mass of the fish
based on the calibrated regression model results at 10°C. Thereby,
we simulated researchers using calibrations from low temperature
to predict dry mass of fish from samples taken at a higher temper-
ature (20 °C). These predicted values for relative dry mass at 20°C
were then compared with laboratory-derived values using paired T-
tests. Further, the same values for relative dry mass were tested for
their rank order consistency using Spearman correlations. Statis-
tics were conducted using SPSS 15.0 with an error probability of
alpha=0.05.

3. Results

3.1. Correlations between dry mass, lipid, and energy density in
eel and carp

We found relative dry mass in whole bodies of eel and carp and
in dorsal white muscle of carp to be significantly correlated with
both relative fat content and energy density (all P<0.05). Linear
regression models explained 96.7% (whole body eel), 76.7% (whole
body carp) and 88.9% (dorsal white muscle of carp) of the variance
in relationships between relative dry mass and relative fat content,
and 99.1% (whole body eel), 96.4% (whole body carp) and 97.2%
(dorsal white muscle of carp) in relationships between relative dry
mass and energy density (k] g~ !). Thus, relative dry mass is a very
useful proxy of the whole energetic status of eel and carp.

3.2. Suitability of non-lethal assessment methods for dry mass

The regression models used to calibrate BIA and FM for carp and
eel without inclusion of TL and K, revealed FM readings perform-
ing better in all cases and for both species compared to either BIA
or the relative condition factor K, (Table 1). Differences between
models using series-based and parallel-transformed BIA measure-
ments as independent variables were negligible and therefore, only
results based on parallel-transformed values are presented. Signif-
icant linear relationships with high predictive power (67.6-81.4%)
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Fig. 2. Observed and predicted relative dry mass values for whole body eel derived from fat meter, cross-sectional parallel-transformed bioelectric impedance analyses (BIA)

and relative condition factor.
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Table 1

Regression models derived from calibration of FM, BIA and K, for predicting relative dry mass (DM) at 10°C. Predictor variables are fat meter readings (FM), relative condition factor (K,), parallel-transformed resistance

parallel-transformed reactance (Xp), needle distance (Dy), volumetric reactance based on parallel-transformed values (D3 /Xp), and total length (TL).

),

Species Model Standardized coefficients R P AAIC:
Cyprinus carpio DM = 16.66+0.70(FM)’ 0.91(FM) 0814 <0.001 0.0
dorsal muscle DM =9.24+15.18(K, )' 0.75(Ky) 0.544 <0.001 249
DM =20.81+1.37(D3 /X, )’ 0.43(D2 /Xp) 0.161 0.008 51.1
DM =20.13-0.10(R») + 0.00(Xp) +0.15(Dn ) —0.11(Rp). ~0.01(Xp), 047(Dw) 0.124 0061 720
2.84+0.59(FM) +3.20(K, )+ 0.01(TL) 0.76(FM), 0.16(K,), 0.07(TL) 0820 <0.001 32
DM =-9.35 — 0.01(Rg) + 0.00(Xp) — 0.11(Dy) + 14.57(K, )" +0.08(TL) 0.15(Re), 021(Xz), —0.33(Dy), 0.72(Ky ), 0.58(TL) 0576 <0.001 395
DM =4.92+13.77(K,)" +0.03(TL) 0.68(K, ), 0.22(TL) 0.575 <0.001 289
DM =3.99 - 0.16(DZ /Xp) +13.82(K, ) +0.03(TL) ~0.05(D% /Xp), 0.68(Ky), 0.26(TL) 0.562 <0.001 289
Anguilla anguilla DM =23.10+061(FM) 0.85(FM) 0.707 <0.001 5.1
whole body DM =8.14+0.00(R;) +0.00(Xs) + 1.45(Dy)’ 0.04(Re), 059(Xz), 0.68(Dy) 0285 0.002 566
DM =23.65+16.65(Ky )" 0.41(Ky) 0.143 0.009 339
DM =37.87+71.87(D% /Xp) 0.23(D3 /Xp) 0.028 0.152 335
75+ 0.55(FM) + 7.98(K, ) +0.01(TL)’ 0.77(FM), 0.19(Kx), 0.19(TL) 0.763 <0.001 00
DM =—49.57 +0.01(Rp) +0.00(Xp)" — 2.64(Dn) +23.42(Ka) +0.14(TL)’ 0.50(Rp). 0.51(Xp), ~1.24(Dx), 0.57(K, ) 2.17(TL) 0.665 <0.001 292
DM =—23.53 — 369.6(D2 /X ) +24.61(K,)" + 0.09(TL) —1.19(DZ /Xp) + 0.60(K, ) + 1.40(TL) 0342 <0.001 175
DM = 12.76+16.49(K, )’ +0.02(TL)" 0.40(K, ), 0.30(TL) 0212 0.005 414
Cyprinus carpio DM =21.04+1.07(FM) 0.83(FM) 0676 <0.001 3.1
whole body DM = 1.80+0.14(Rp)’ — 0.01(X;) +0.01(Dy) 0.73(Rr), ~0.35(X¢), 0.01(Dy) 0552 <0.001 240
DM =24.65+3.38(D2 /Xp) 054(D2 /Xr) 0261 0.007 145
DM =6.66+27.56(K, )" 0.52(K;) 0234 0.011 13.7
DI 1.07+ 1.12(FM)’ — 16.49(K, ) +0.07(TL) 0.87(FM), —0.31(K,), 0.30(TL) 0.707 <0.001 0.0
DM =-58.72+0.17(Rp)’ — 0.02(Xp) — 0.68(D)’ +10.03(K, )+0.32(TL)’ 074(Rp), ~0.05(Xs), ~1.05(Dy). 0.19(Ky). 1.36(TL} 0661 <0.001 150
DM =-21.56 — 3.74(DZ /Xp )+ 14.26(K,) + 0.23(TL) —0.60(DZ /Xp)+0.27(K, )+ 0.99(TL) 0330 0014 79
DM = —0.56+9.93(K,) + 0.11(TL) 0.19(K, ). 0.48(TL) 0330 0.007 148

Bold P values indicate significant regression models.
" Significant coefficients (P<0.05).
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Fig. 3. Observed and predicted relative dry mass values for whole body carp derived from fat meter, cross-sectional parallel-transformed bioelectric impedance analyses

(BIA) and relative condition factor.

were found between FM readings and laboratory-derived values
for relative dry mass in all cases (Table 1, Figs. 1-3). Significant
relationships were also found between K, and relative dry mass
of the fish, but the degree of variances explained was comparably
low (14.3-54.4%; Table 1, Figs. 1-3). Compared to FM, all BIA out-
puts were found to perform similarly to K,-based models when
predicting dry mass of eel and carp (Table 1, Figs. 1-3). Com-
parisons of volumetric BIA measurements and cross-sectional BIA
measurements revealed inconsistent results (Table 1). However,
in most cases, parallel-transformed cross-sectional BIA measure-
ments were not significant (Table 1), indicating a low contribution
of these variables to the degree of explained variances. By contrast,
needle distance and volumetric measurements including needle
distances were found to be significant in most cases (Table 1), and
needle distances were highly correlated with the size of the fish
(Pearson correlation, r=0.964, P< 0.001). This suggests that length
of the fish rather than BIA measurements itself might have been
responsible for the somewhat small predictive power of the BIA
device. This assumption was supported by the models including TL
and K. Explained variances in BIA models increased substantially
after inclusion of these variables (57.1-66.5%; Table 1), whereas FM
and Kj, models only slightly changed (Table 1). In addition, AIC, val-
ues of BIA and K, models differed substantially from those of the FM
models, indicating generally higher reliability of FM measurements
compared to both K; and BIA measurements.

3.3. Effects of temperature on non-lethal dry mass assessments

We found BIA measurements to be significantly temperature-
dependent using whole body carp (mean parallel-transformed
resistance at 10 and 20°C+SD 305.3+23.0 and 257.94+36.7
and mean parallel-transformed reactance at 10 and 20°C+SD
965.0+124.7 and 809.4 + 137.1, respectively, paired T-tests, N=22,
T=7.4, P<0.001 and N=22, T=14.1, P<0.001), whereas FM read-
ings did not differ between 10 and 20°C (mean FM readings at 10
and 20°C+SD 9.9+ 3.1 and 10.0 +3.4 respectively, paired T-test,
T=0.3, P=0.875). Predicted values of mean relative dry mass were
found to be significantly lower than those achieved under labora-
tory conditions when applying BIA measurements at 20°C for dry
mass content estimation using the model calibrated to 10 °C (mean
relative dry mass measured under laboratory conditions and mean
calculated relative dry mass for measurementsat 20°C31.7% + 4.3%
and 29.7% + 3.1% respectively, paired T-test, T=2.7, P=0.013; Fig. 4).
Therefore, one would underestimate dry matter content at warm
water if a model calibrated to cooler water is used. This systematic
bias did not change the rank order of dry matter content across indi-
viduals (Spearman correlation, Spearman’s rho=0.498, P=0.016),

but biased the absolute estimated value downwards. No such con-
trast was conducted for whole body eel and dorsal white muscle
of carp because the initial calibration results for BIA measurements
were not significant, suggesting no predictive power.

4. Discussion

Our analyses showed that FM consistently performed better
than BIA and K, to predict relative dry mass as an index of energetic
density in whole body eel and carp and dorsal white muscle of carp.
These results confirmed that highly reliable non-lethal dry mass
estimations are possible using a FM in fish species that are compa-
rably rich in lipids such as eel and carp. Due to the correlation of
dry mass and lipid content, and particularly energy density, the FM
approach can thus be considered useful for predicting the energetic
status of eel and carp. Our results, however, raise a cautionary note
as to the usefulness of relative condition metrics and BIA assess-
ments to infer insights about the energetic status in these species.
We are not claiming that the use of BIA and K, is superfluous in fish
in general, asindeed some weak correlation between measures and
relative dry mass were found in our study species. Instead, we con-
tent that in carp and eel, FM based models will outperform BIA
models, and thus, BIA is inferior to FM in these species.

45

40
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30 1
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Predicted relative dry mass

20 T T T -
20 25 30 35 40 45

Observed relative dry mass

Fig. 4. Temperature dependency of cross-sectional parallel-transformed BIA mea-
surements for whole body carp. Black dots indicate calibration results at 10°C and
white dots indicate calculated values of relative dry mass at 20°C based on calibra-
tion results at 10°C.
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Our study was confined to predict relative dry mass, based on
the fact that both BIA and FM directly measure water content as
the inverse of dry mass (Schoeller, 2000). Dry mass is a suitable
index of the energetic status of fish if it is strongly correlated with
energy density or with stored energy, which is closely related to
lipid content in most species that are rich in fat (Chellappa et al.,
1995; Schreckenbach et al., 2001). As expected, we found relative
fat content and energy density to be highly correlated with rela-
tive dry mass. Thus, relative dry mass can be used as a proxy for
relative fat content and energy density in fish. We propose that the
simplest index value of energetic status that may be estimated even
from small tissue samples (such as those stemming from non-lethal
muscle biopsies) is tissue dry matter. In this context, FM is useful
as a non-lethal assessment tool to infer dry mass of fish. Therefore,
future calibration studies could be confined to relative dry mass
only without loss of information (see also Jonas et al., 1996). It is
straightforward to conduct FM on a live fish and then a rapid muscle
biopsy that is later dried in the laboratory to assess dry mass. This
way, potentially spurious and more variable correlations between
specific body constituents such as protein and ash and BIA and FM
readings are avoided and more importantly, time and cost intensive
laboratory analyses can be cut down and the fish remains alive.

Our findings contrast with previous work in several fish species
using BIA who reported strong relationships between BIA outputs
and proximate body composition (e.g., Cox and Hartman, 2005;
Duncan et al., 2007; Hanson et al., 2010). In contrast to our work,
these studies involved the regression of BIA measurements on abso-
lute values of proximate body composition rather than relative
values. Pothoven et al. (2008) compared calibration results for BIA
measurements between total and relative body composition val-
ues. Similar to our work, they found weak relationships for relative
values of body composition, and strong ones for absolute values. All
above mentioned studies used volumetric impedance measures in
theirregression analyses. Because this three-dimensional approach
reflects the mass of water within the electric field induced by BIA
(Liedtke, 1997), strong correlations between total mass of body
constituents and volumetric BIA measurements are to be expected
(Rasmussen et al., 2012). However, the volumetric approach is con-
founded by the TL of the fish or needle distances (Cox and Hartman,
2005; Hanson et al., 2010). We found both variables to be highly
correlated, if needles are placed along morphological landmarks as
outlined in Cox and Hartman (2005). Therefore, needle distances
are just a proxy of fish size and strong correlations between BIA and
proximate body composition may just be caused by the co-variance
of absolute body composition with fish length. Similar to the volu-
metric approach, analyses using cross-sectional BIA measurements
commonly include measures of size (Pothoven et al., 2008) or
weight (Bosworth and Wolters, 2001) of the fish as co-variate.
Due to the strong relationship between size and absolute values
of nutrients carried by an individual (Caulton and Bursell, 1977;
Weatherley and Gill, 1983), strong relationships can be expected
in joint models involving size or weight and cross-sectional BIA
outputs. Non-lethal assessments of proximate body composition
can be considered most valuable if measurements directly corre-
late with relative dry mass of the fish. Although the inclusion of
TL and K,, in regression models strongly increased the explanatory
power of BIA in our study, high variance explanation seems to be
unrelated to the BIA measurements per se. Consequently, BIA might
be of less use than claimed before, and it was indeed found to be of
low utility in carp and eel in our study.

From an ecological perspective it is most important to dis-
cern among-individual differences in relative body constitution,
because this reflects the potential for fitness differences or past
foraging success. In this context, in our study BIA measurements
did not work to a degree that renders the device of use in the field.
This finding contrasts with the results presented by Hartman et al.

(2011) and Rasmussen et al. (2012). Hartman et al. (2011) com-
bined dorsal and ventral BIA measurements in their analyses, and
they used several electrical equations to calculate a broad range of
candidate predictor variables for explaining relative dry mass of the
fish. This approach led to up to ten variables within the same model,
most of them relying on the same two measurements of resistance
and reactance. Further, variables included in the regression models
of Hartman et al. (2011) strongly differed between different size
classes of the fish and with different temperatures at measure-
ment. Thus, calibration results created by Hartman et al. (2011)
cannot easily be compared with other studies without additional
calibration work for the size classes of interest at a specific temper-
ature. By contrast, measurement techniques between our study and
Rasmussen et al. (2012) did not differ. Using parallel-transformed
reactance as independent variable, Rasmussen et al. (2012) also
found similarly weak relationships between BIA values and rela-
tive body water content as we did in carp and eel. Rasmussen et al.
(2012) only observed strong relationships between relative body
constituent values and BIA measurements when applying serial-
based (i.e. raw) BIA measurements. This finding was not supported
in our study where usage of serial-based and parallel-transformed
values created negligible differences in the results of regression
analyses. However, Rasmussen et al. (2012) used brook trout as a
model species and calibration of BIA for relative body constituents
might be species-specific. Although our study did not support the
usefulness of simple BIA assessments to predict dry mass in eel
or carp, it cannot be ruled out that combined dorsal and ven-
tral BIA measurements, as conducted by Hartman et al. (2011),
and/or application to different species can be a way to substantially
improve the performance of BIA applications.

We found FM readings to be highly correlated with relative
dry mass in all our investigated cases in both species, whereas
the predictive power of relative condition-factor-only models for
predicting relative dry mass was comparably low. Although lin-
ear regressions with K, as independent variable were found to be
highly significant, the degree of variance in dry mass explained by
the condition-factor-only models were found to be substantially
lower than those using FM as explanatory variable. Also, AIC, val-
ues were much higher compared to regression models based on FM
indicating less supported models. Both, high reliability of FM read-
ings for predicting energetic status of fish, and high uncertainty of
relative condition factors for doing the same job are in agreement
with previous studies (Kent, 1992; Vogt et al., 2002; Crossin and
Hinch, 2005; Davidson and Marshall, 2010; Hanson et al., 2010).
However, other studies found strong relationships between rela-
tive body composition values and relative condition factors (e.g.
Perca fluviatilis Craig, 1977; Morone saxatilis Brown and Murphy,
1991), which contrasts with our results. Reasons for the lack of
reliability of relative condition factors to predict energetic status in
carp and eel in our study might have been caused by imprecision in
calculating relative condition factors. Commonly, relative condition
factors relate the actual weight to a calculated average weight using
reference fish other than the subsample used for experimentation
(Le Cren, 1951; Cone, 1989), whereas we used the same fish. Thus,
our study does not generally discount the use of relative condition
factors.

BIA measurements were significantly influenced by tempera-
ture, and measurements at 20°C resulted in significantly different
predictions for relative dry mass when calculated based on the
calibration at 10°C. No such dependency of FM measurements on
temperature was observed, confirming previous studies that used
energy meters on fresh and iced fish without any differences in FM
readings (Vogt et al., 2002). Susceptibility of BIA measurements to
fluctuating temperatures is known (Slanger and Marchello, 1994;
Cox et al,, 2011; Hartman et al., 2011), and reasons for this are
likely based on differences in blood flow and velocity at different
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Table 2

25

Strength and weaknesses of using bioelectric impedance analyses (BIA), fat meter (FM) and relative condition factor (K, ) to non-lethally assess the body composition of fish.
“+" indicates strong support, “~" indicates low support, “NA" indicates insufficient knowledge.

Challenge/functionality BIA FM Kn References
Assessment of body moisture (water content) + + — Caulton and Bursell (1977), Kent (1992), and Schoeller (2000)
rather than direct assessment of proximate
body constituents
Reliability of measurements - + — Crossin and Hinch (2005), Pothoven et al. (2008), Hanson et al. (2010), and this study
Reliability at very high water levels NA — + Caulton and Bursell (1977), Distell (2003), and Crossin and Hinch (2005)
Reliability against temperature fluctuations + + Kushner et al. (1996), Vogt et al. (2002), and this study
Calibration using muscle biopsy possible + + Hendry and Beall (2004), and this study
Application to very small fish NA - Caulton and Bursell (1977) and Kent (1992)
User experience needed + NA Coxetal.(2011)

temperatures as it is known for humans (Kushner et al., 1996). Thus,
even if BIA measurements can be calibrated successfully to other
species than eel and carp as suggested by Hartman et al. (2011)
and Rasmussen et al. (2012), application of the resulting regres-
sions to the field would need to be done for a large gradient of
temperature. This is particularly true if researchers want to ben-
efit from the advantage of multiple measurements on the same
individual over time and seasons, which usually will involve dif-
ferences in ambient temperature. As shown in our study, predicted
values for proximate body composition will be biased if researchers
use calibration models from temperatures above or below actual
measurements. Such biased estimates can be a source of concern if
certain thresholds of lipid and energy density are ecologically rel-
evant. For example, fish like carp are generally assumed to be in
poor condition and likely do not survive harsh winters if energy
density falls below 4 M]/kg (Schreckenbach et al., 2001). Managers
applying such threshold values might draw wrong conclusions, if
measurements were taken at temperatures other than at calibra-
tion. The temperature-dependency is another argument to reject
usage of BIA and to favour FM in species like eel and carp.

We showed that FM readings can be used to predict relative dry
mass values of white dorsal muscle in carp, and calibration results
were even better in this tissue than those for whole body of carp.
Considering that FM only interacts with somatic tissue at a given
location (Vogt et al., 2002), better calibration results in the white
dorsal muscle are not surprising (Distell, 2003). Because we found
FM readings to be highly correlated with relative dry mass, and rel-
ative dry mass to be strongly related to energy density in carp, high
FM readings are indeed indicative of high energetic status of fish.
Further, because lipids stored in white muscle can be correlated
with whole body lipid content in fish (Viola et al., 1988; Regost
et al., 2001), future calibration of FM readings might sometimes
also be done using muscle biopsy without killing the fish (Hendry
and Beall, 2004). This can be beneficial if the study objects belong
to a protected species or killing of individuals is impossible. How-
ever, in cases where body constituents are stored along a head-tail
gradient, as it is known for some migrating salmon (Herbinger and
Friars, 1991), multiple biopsy samples might be necessary.

Arangeof authors have discussed advantages and disadvantages
of BIA and FM to non-lethally infer indices of condition and ener-
getic status, or even proximate body composition in fish (Table 2).
Based on the existing literature (Table 2) and the results of our
study, we conclude that FM provides the most robust and repeat-
able results, unless lipid contents are too low [~2.5% body fat
content (Crossin and Hinch, 2005); Table 2]. Also, compared to BIA,
the FM device is less prone for misapplication based on inexperi-
ence (Cox etal., 2011). Nevertheless, applicants are recommended
to test the data generation in the field, and pay attention to the
angle by which the FM device is placed on the tissue of inter-
est. Correct angles can be trained using a calibration tool that is
provided with the device. Also, triplicated readings are encour-
aged to minimize measurement error. However, in cases where the

reading head of the FM is bigger than the dorsal region of the fish,
the FM technique cannot be used anymore (Table 2). For such cases
we propose relative condition factors as an alternative (Table 2).
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Towards a mechanistic understanding of vulnerability to hook-and-line fishing —
the role of behavior as a basis for understanding angling-induced evolution

Abstract

In passive fisheries, boldness-related behaviors might fundamentally affect vulnerability
of fish. Hence, boldness should be under strong selection. We used juvenile common-garden
reared carp (Cyprinus carpio) within a narrow size-range to investigate the mechanistic basis
of selection caused by angling. We focused on one key personality trait (boldness; measured
individually within the laboratory and in groups in ponds), two morphological traits (body-
shape and head-shape), one life-history trait (growth capacity), and intrinsic hunger levels
(energetic status). Carp behavior within the laboratory was unrepeatable, but highly consistent
within ponds. Laboratory boldness, energetic status and body-shape were not or only weakly
related to angling vulnerability. Contrary, boldness in ponds turned out to be the most
important trait under selection, followed by juvenile growth. We found juvenile growth to be
only moderately correlated with boldness in ponds. Hence, direct selection on boldness will
also induce indirect selection on juvenile growth, but independent evolution of both traits is
also possible. Our study is among the first to mechanistically reveal that energy-acquisition
related behaviors, and not growth rate per se, are key factors determining the probability of
capture and subsequent death by removal. We predict an evolutionary response towards
reduced boldness in highly angling-exploited fish stocks.

Introduction

A growing body of literature has drawn attention to the potential for intensive and/or
size-selective fisheries to act as an evolutionary force altering a range of life-history traits
such as reproductive investment, size and age at maturation and genetic growth capacity
(reviewed in Law 2000, Heino and Godg 2002, Jgrgensen et al. 2007, Kuparinen and Merilid
2007, Laugen et al. 2014). Most work on harvesting-induced evolution in a fisheries context
has focused on experimentally harvested fishes under laboratory conditions (e.g., Conover
and Munch 2002, Uusi-Heikkili et al. 2015) and on time series analyses of phenotypic data in
commercial fisheries settings (e.g., Olsen et al. 2004, Swain et al. 2007). Some recent studies
have also addressed the question of fisheries-induced adaptive changes in the context of
recreational fishing, largely confirming the findings of expected changes in life-history traits.
Accordingly, intensive and/or size-selective recreational fishing has been found to lead to
increased reproductive investment and reduced age and size at maturation, which collectively
reduces adult size-at-age (Arlinghaus et al. 2009, Saura et al. 2010, Matsumura et al. 2011,
Al6s et al. 2014a). Moreover, work in largemouth bass (Micropterus salmoides) selected for
high and low vulnerability to angling has revealed genetically based changes in behavioral
traits such as aggression and vigilance during parental care (Philipp et al. 2009, Sutter et al.
2012). It is likely that other fishes will also evolutionary adapt to high angling pressure by
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modifying life-history and behavioral traits, but other than for life-history traits, clear
documentation of evolution of behavioral traits is still missing (Heino et al. in press).

The use of passive fishing gear such as hook-and-line, gill nets or traps is common
worldwide in recreational fisheries (Arlinghaus and Cooke 2009). Passive fishing gear should
directly select on behavioral traits related to exploration, activity, boldness or aggression
because these traits directly affect exposure of individual fish to the fishing gear by increasing
encounter probabilities (Heino and Godg 2002, Biro and Post 2008, Uusi-Heikkili et al. 2008,
Phillip et al. 2009, Enberg et al. 2012, Olsen et al. 2012, Diaz Pauli et al. 2015). Direct
selection on behavioral traits can also indirectly change growth rate and other life-history
traits as long as these traits are heritable and positively correlated with the behavioral trait
under selection (Biro and Post 2008, Uusi-Heikkili et al. 2008, Enberg et al. 2012). Although
strong selection pressures acting on behavioral traits in recreational fisheries are clearly
supported by theoretical arguments and simulation models (Uusi-Heikkili et al. 2008, Alds et
al. 2012, Enberg et al. 2012), only few experimental studies on this topic exist so far. The
majority of these support the assumption of positive correlations between exploration,
aggression or boldness and vulnerability to the passively operated hook-and-line fisheries
(Cooke et al. 2007, Sutter et al. 2012, Klefoth et al. 2013a, Héarkonen et al. 2014, 2015, Alds
et al. 2015). In other passively operated gear types, such as traps or gill nets, a greater
vulnerability of active and bold individuals has also been reported (Wilson et al. 1993, Biro
and Sampson 2015). We thus expected a very pronounced relationship of fish personality and
vulnerability to hook-and-line fisheries.

Most fishing gears typically operate positively size-selective for physical (gape size) and
managerial reasons (size-based harvest limits) (Lewin et al. 2006, Garcia et al. 2012). Size-
selective harvesting as it is common in most fisheries has prompted the “intuition” (Walters
and Martell 2004) that fisheries-induced evolution of slow growth should be expected in most
exploited situations. Indeed, the heritability of growth rate is at least moderate in fishes
(Gjedrem 1983, Garcia de Leaniz et al. 2007) and therefore, selective harvesting of the fast
growing portion of a fish population over several generations could lead to evolutionary
downsizing (Conover and Munch 2002, Edeline et al. 2007, Swain et al. 2007, Matsumura et
al. 2011, Alés et al. 2014a). However, depending on the local fitness landscape and the
relationship of size and/or growth rate and natural fitness (Carlson et al. 2007), strong natural
selection pressures favoring large body size can nullify any negative selection differentials
induced by fisheries (Dunlop et al. 2009, Matsumura et al. 2011, Enberg et al. 2012) and
maintain fast growing fishes in the face of exploitation (Edeline et al. 2007). Moreover, adult
body size will not only be influenced by growth because adult growth is strongly affected by
changes in maturation timing. Changes in adult body size may thus mechanistically be caused
by alterations of the age and size at maturation and the investment into reproduction (Heino et
al. 2008). Modelling of recreationally exploited stocks also showed that the selection
differentials on growth rate can range from negative to positive depending on the selective
properties and the intensity of harvesting (Matsumura et al. 2011). However, the strength and
direction of selection acting on multiple life-history traits will likely be stock- and fishery-
specific, which makes general predictions about expected phenotypic changes induced by
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harvesting inherently difficult (Dunlop et al. 2009, Matsumura et al. 2011, Enberg et al. 2012,
Laugen et al. 2014).

There is some conceptual confusion in the fisheries literature with regard to the
underlying mechanistic basis of observed changes in adult growth rate in time-series analysis
(Enberg et al. 2012). Mechanistically, observed changes in adult growth rate can be a
consequence of altered maturation schedules due to fisheries evolution of lower age and size
at maturation and elevated reproductive investment, changes in genetic growth capacity must
not be involved (Heino et al. 2008, Enberg et al. 2012, Alés et al. 2014a). Obviously, changes
in adult growth rate may also be caused by fisheries-induced evolution of juvenile growth
rate, but it is important to understand the mechanistic basis of changes in juvenile growth rate
(Enberg et al. 2012). Key processes involved in energy budgeting are behavior-based energy
acquisition, surplus energy allocation and somatic growth (Enberg et al. 2012). High energy
acquisition caused by intensive foraging will foster fast somatic growth rates in juvenile fish
(Heino et al. 2008, Lester et al. 2014). Because no energy is channelized into gonad tissue in
juveniles, their growth rate constitutes a clean measure of growth capacity in fishes. However
there is limited evidence for fisheries-induced evolution of slow juvenile growth rate in the
wild (Enberg et al. 2012, but see Evangelista et al. 2015). A recent study in experimentally
fished crayfish showed that trapping selectively captured fast growing juvenile crayfish and
that fast growth was strongly correlated with boldness (Biro and Sampson 2015). Hence,
selection on juvenile growth may be directly caused by selection acting on behavior.

Energy-acquisition related behaviors are likely to play a fundamental role in determining
vulnerability to recreational fishing because the probability of capture is strongly related to
the amount and location of food ingestion as well as the propensity to find, approach, attack
or ingest a lure or bait. Therefore, evolutionary changes in adult growth rate reported in
response to intensive recreational angling (e.g., Saura et al. 2010) might be an indirect
consequence of direct selection acting on resource-acquisition-related behaviors (e.g., sensing
and finding food, searching for food, feeding in the presence of predators, Biro and Post 2008,
Uusi-Heikkild et al. 2008, Enberg et al. 2012). One of the key resource-acquisition related
behaviors in fishes is boldness, which is considered a personality trait defined as risk-taking
behavior in non-novel environments (Réale et al. 2007). Although one would expect
recreational angling to directly select on boldness-related behaviors in fish, the evidence for
this is mixed in the literature (for a negative finding see Wilson et al. 2011, for a positive
finding see Klefoth et al. 2013a).

Consistent variation in behavior within and among individuals is defined as personality or
temperament (Realé et al. 2007), which has been shown to have a strong genetic basis in
fishes (Dochterman et al. 2015). . However, revealing the personality of individual fish in
standardized laboratory test environment has proved to be challenging in some species (e.g.,
Toms et al. 2010, Klefoth et al. 2012, Biro and Stamps 2015). For example, genotype by
environment interactions, housing induced stress as well as strong habituation effects can
significantly bias the behavioral expressions shown by individual fish and obscure any
personality differences that might in fact be present in the wild (Klefoth et al. 2012). Hence,
between individual variation may not always translate from the wild into the test environment
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in the laboratory (Niemeld and Dingemanse 2014). When assessing the correlation of
behaviors and vulnerability to capture, behavioral measurements taken within controlled
laboratory environments should thus be interpreted with caution, and ideally laboratory
assessments should be paired with field validations to infer the presence of personality
(Klefoth et al. 2012, Niemeld and Dingemanse 2014) and robustly test the relationship of
personality and vulnerability to fishing.

In addition to behavior and potentially life-history, morphological and a range of state
variables (e.g., hunger level) can also affect the likelihood of capture and therefore contribute
to the selective properties of recreational fishing. For example, Alés et al. (2014b) found that
more streamlined coastal fish and fish with larger mouth gaps were more likely to be captured
by rod and reel angling than deeper bodied fish and fish with small mouth gaps. These
findings could represent correlations of body shape and swimming activity (Haas et al. 2015)
or relate to physical aspects of foraging in relation to hook size and gape-size limitations.
Klefoth et al. (2013a) and Mezzera and Largiadér (2001) also reported that more domesticated
carp (Cyprinus carpio) and rainbow trout (Oncorhynchus mykiss) showed higher propensities
of recapture after release compared to wild fish. In carp, domestication is related to increased
body depth (Matsuzaki et al. 2009), which is also known to be a morphological surrogate for
the many changes in physiology and behavior that are related to the domestication process
(Suzuki et al. 1978, Huntingford 2004).

In addition to morphological variables that integrate the ecology of the fish over longer
periods of time, also state variables will influence vulnerability to capture. For example,
poorly nourished and generally hungry fish are more likely to take risks (Godin and Crossman
1994) and thus should be more likely captured by hook-and-line fisheries like longlining
(Lokkeborg et al. 2014) and angling (Heermann et al. 2013) than satiated fish. Hungry fish
will have a higher feeding motivation and a lower degree of wariness (Godin and Crossman
1994, Stoner 2004). Based on this background we expected that behavioral, morphological
and life-history traits as well as energetic status should jointly determine the vulnerability of
individual fish to passively operating angling gear.

In the present study, we used juvenile carp (Cyprinus carpio) of identical age and a
narrow size range as a model species to test for the strength and direction of selection acting
on boldness-related behaviors, growth, morphological characteristics and nutritional status of
the fish in a passive angling fishery. Our specific objective was to shed light on the behavior-
based mechanisms underlying vulnerability to angling and to disentangle the relative
importance of behavior and growth. From a mechanistic perspective, it was hypothesized that
resource-acquisition related behaviors constitute key traits under selection in passively
operating angling fisheries for carp and that accounting for boldness captures a relevant
portion of direct selection acting on body size or growth rate similar to the crayfish study by
Biro and Sampson (2015). Our research differed from Biro and Sampson (2015) due to the
use of comparatively large semi-natural pond environments where the encounter rates of the
individual carp with the angling gear should be less direct than in laboratory-based studies.
Our study thus bridged the link between controlled laboratory studies and wild-like
conditions, thereby improving the transferability of study findings to real fisheries.
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Material and Methods

We performed two experiments aimed at quantifying capture-probability related selection
gradients on key behavioral and morphological traits as well as juvenile growth rate and
nutritional status in recreational angling using juvenile carp as a model species. To derive
consistent behavioral traits that characterize the personality (e.g., boldness) of individual carp,
in experiment 1 N = 96 fish were tested for their behavior within different experimental
contexts in a controlled laboratory setting as it is typical in fish personality research (Toms et
al. 2010). Afterwards, standardized pictures were taken for analyses of geometric
morphometrics, and non-lethal measurements of body lipid content were conducted using a
validated energy meter (Klefoth et al. 2013b). Afterwards, boldness-related behavioral traits
were re-assessed after release in three replicated semi-natural ponds in a group context,
followed by seven days of angling (experiment 1). To further investigate the vulnerability of
our test fish to passive angling tactics in a longer term, pond experiments were repeated using
N = 120 new fish from the same cohort (experiment 2), but with a longer angling period (7
and 20 days of angling rather than only 7 days of angling in experiment 1). Given the longer
angling duration in experiment 2, we also measured growth rate of the experimental fish in
the ponds.

Experimental fish

All carp were raised at a commercial fish hatchery (Fischzucht Wegert, Ostercappeln,
Germany, 52°19°52°" N, 8°14’48’” E) in the same common garden pond environment. About
40 phenotypically scaled parental carp were stocked into a monoculture pond in spring.
Spawning and breeding occurred naturally. The emerging young-of-the-year carp consisted of
scaled and mirror carp phenotypes and were fed with standard carp dry food (1-3 mm
diameter, Aller Classic, Aller Aqua, GolBen, Germany) in addition to natural food ingested in
the shallow (1.5 m deep) earthen breeding pond (40 m x 50 m). This pond was fed with water
from a nearby creek (Caldenhofer Graben). When the fish reached an age of about 10 months,
the pond was drained and a random sample of scaled and mirror carp phenotypes was
transported to the Leibniz-Institute of Freshwater Ecology and Inland Fisheries in Berlin,
Germany. There, fish were initially kept in indoor tanks (1 m x 1 m x 1 m, 5 fish per 100 1)
fed with tap water (mean temperature + SD 18 + 1.5° C, exchange rate once per day) for five
weeks until experiments started. Fish were exclusively fed with standard carp pellets (5 mm
diameter, Aller Classic, Aller Aqua, GolBen, Germany) at a maintenance ratio of about ~1.5
% of fish body wet mass per day. Before experiments started, fish were slowly acclimatized to
water temperatures within the test environments (aquaria or ponds) by altering the
temperature at a maximum of 1 °C per day (Pitt et al. 1956). The maximal total change in
temperature the fish experienced over the acclimatization period was 3 °C.

Individual assessment of personality of carp in the laboratory (experiment 1)

In an attempt to derive robust measures of the personality of individual carp, variants of
an open field test known to measure boldness in fish were conducted (Fig. 1). We used
individual focal fish under fully standardized conditions as it has been done successfully with
juvenile carp before (Huntingford et al. 2010). Experimental carp were investigated for their
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exploration behavior, boldness and sociability within four different setups, which were
replicated once per individual. The exploration test was conducted first at the beginning of a
week (Monday) followed by a random order of the other three contextual trials where one trial
was performed per day (Tuesday-Thursday) (see Appendix 1 for full description). The
exploration trial was similar to an open-field test (Walsh and Cummins 1976). Here the time
elapsed until the fish left the refuge was measured (Fig. 1). In addition, the time spent within
the upper water zone was assessed as an initial boldness predictor. Within the other three
contexts, boldness was supposed to be indicated by the time until feeding in an open field and
after disturbance, the time spent exploring a novel object and the time spent shoaling with
conspecifics (Fig. 1, Appendix 1). In every test, fish were given 60 minutes to leave the
refuge. Afterwards a 10 minute observation period started (see Appendix 1 for full
description).

The assessment of carp personality under laboratory conditions was conducted in two
steps. First, a randomly selected subsample of the fish (N = 36, mean TL £ SD 136 + 8 mm)
was tested within all four contextual trials twice. In order to test for the consistency of any
among individual variation in behavior, all four trials were repeated exactly six weeks after
the first trials, because between trial periods can affect the repeatability of behaviors in fish
and longer periods are more reliable and reduce issues of covariance of behaviors when
assessed in short time periods (e.g., two days apart) among trials (Bell et al. 2009).
Afterwards, the initial data were analyzed for evidence of the existence of repeatable and
consistent personality traits within the first N = 36 focal carp. Unfortunately, these analyses
revealed strong evidence for habituation effects leading to inconsistent and unrepeatable
behavior culminating in the inability to identify robust signals for personality in our carp
under laboratory conditions (Appendix 1). Based on this initially unexpected outcome (but see
Klefoth et al. 2012 for supporting evidence that laboratory trials are not able to identify
personality in carp in group settings), the remaining fish (N = 60, mean TL + SD 171 + 15
mm) were only tested once in a second step, and experiments were not repeated anymore after
six weeks. The second subsample of fish was tested for their exploration behavior in a novel
environment and their boldness-related behaviors in the context of foraging (time until
feeding in an open field and after disturbance). We thereby strictly followed the previously
established protocols for these two trials (Appendix 1). We focused on these two traits
because both exploration and boldness should relate to vulnerability to angling (Uusi-Heikkild
et al. 2008).

All laboratory experiments were conducted within a temperature-controlled climate
chamber (ILKAZELL, inner dimensions: 276 ¢cm x 210 cm x 176 cm, ILKAZELL
Isoliertechnik GmbH, Zwickau, Germany) at 20 °C to standardize environmental conditions
and to control for effects of temperature on the expression of personality in fish (Biro et al.
2009). Two weeks before experimentation, all fish were equipped with a PIT tag (12 mm,
Trovan, Weilerswist, Germany) for individual identification following the procedure outlined
in Skov et al. (2005).

Assessment of personality, morphology, energetic status and vulnerability to intensive short-
term angling in ponds (experiment 1)
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After the personality assessment in the laboratory, new behavioral observations with
the same laboratory fish released in randomly selected groups into three replicated
experimental ponds were conducted. These experiments were designed to assess the boldness-
related personality of angling-naive carp in a semi-natural environment in groups, which has
previously been found to yield reliable data in carp (Klefoth et al. 2012). Before release, we
surgically implanted a new set of PIT tags (23 mm length, 2 mm width, Oregon RFID,
Oregon, USA) into the fish's body cavity. All ponds were equipped with PIT tag antenna
loops (Oregon RFID, Oregon, USA) that were able to detect the newly inserted PIT tags (Fig.
1, Appendix 2). During PIT tag surgery, fish were anaesthetized using 1 ml 1" of 9:1 solution
of ethanol:clove oil in well aerated water at 18° C. After surgery, fish were measured for total
length (TL, to the nearest 1 mm), and standardized pictures were taken from both sides of the
fish’s body for geometric morphometrics analyses (Nikon DX40 mounted approximately 45
cm above the fish on a fix stand). Before pictures were taken, fish were placed in a straight
position and the fins were stretched. Further, the body lipid content of the fish was non-
lethally assessed using a validated energy meter (MFM 992, Distell Inc., West Lothian,
Scotland, frequency 2 GHz, power 2 mW, setting “carp-1") following the procedures outlined
by Klefoth et al. (2013b) to estimate the energetic status of the fish at release.

Stationary passive telemetry systems within 3 replicated experimental ponds (12 m x 5
mx I m, L x W x H, Fig. 1) were simultaneously used to enumerate carp behavior in groups.
Each of three ponds were stocked with 32 randomly selected carp (mean TL + SD pond 1:
178 £+ 17 mm, pond 2: 176 £ 15 mm, pond 3: 177 £ 21 mm) tested for their behavioral
consistency in the laboratory two month before release into the ponds. Carp were held in
monoculture with no fish predators, but ponds were regularly visited by fish-eating birds. The
ponds were continuously supplied with unfiltered lake water (about 1 1 s from the nearby
Miiggelsee in Berlin (52°26°57°" N, 13°38°59"" E). A shelter structure [rectangular area of the
pond (2 m x 5 m)] made out of black plastic and two open feeding spots (0.5 m diameter) in
different distances to the shelter were installed (see Fig. 1 and Klefoth et al. 2012 for the full
description of the experimental setup). The feedings spots were later also used as angling
sites. As argued in Klefoth et al. (2012), the shelter structure was assumed to be the safest
habitat within each pond as it provided shelter and no possibility for bird predation events. To
reach the feeding spots, the fish had to cross a comparably large open area, similar to a
standard open-field test used to measure boldness in laboratory environments with fishes
(Budaev 1997). Both shelter and feedings spots were covered by PIT antennae (Fig. 1)
enabling the quantification of the individual number of visits at the two feeding spots and the
time spent sheltering as three measures of boldness (Klefoth et al. 2012). Low scores of the
refuge time and large numbers of visits on feedings spots were assumed to indicate boldness.
Functionality of the PIT system was confirmed prior to pond experiments (Appendix 2). Fish
were allowed to acclimatize for two days before a behavioral observation period of six days
started. During the six day initial personality assessment period, fish were fed daily (5 mm
carp pellets, Aller Classic, Aller Aqua, Gollen, Germany) with a total amount of 1% of the
pond’s population mass (assessed at the release time) from 2 h before sunset until 2 h after
sunset on an hourly basis while alternating between the two feeding spots to control for
potential impacts of daytime on boldness measurements.
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To assess the angling-vulnerability of individual carp carrying specific phenotypes,
experimental carp angling was conducted for seven consecutive days after the initial six day
observation period. Carp were angled every day for four consecutive hours, and the angling
location alternated between the close and the distant feeding spot on an hourly basis. The
complete procedure followed the angling protocol described by Klefoth et al. (2013a). Sweet
corn was used as bait offered on a standard bolt-rig, which is known to result in 100 % of
shallow hooking in the mouth region (Rapp et al. 2008). Materials used for angling followed
standard practice in specialized carp angling (Arlinghaus and Mehner 2003). Hooked fish
were identified by the PIT tag (Pocket reader, Allflex, Dallas, Texas, USA). Afterwards fish
were immediately released back into the pond. This procedure lasted a maximum of 30 s.

The whole experimental procedure within the pond environment lasted 13 consecutive
days (six days of behavioral observations without angling, followed by seven days of
angling). Mean water temperature + SD in the ponds over the study period was 21.3 + 1.0 °C
(range: 19.0 — 23.3 °C), and all other environmental variables were within the optimal range
for carp. During the study period of experiment 1 two carp disappeared from the ponds likely
due to bird predation. The remaining N = 94 carp were used for analyses.

Assessment of personality, morphology, energetic status and vulnerability to longer term
angling in ponds (experiment 2)

To further investigate selection pressures on carp phenotypes over a longer fishing
period, the pond angling experiment was repeated using a new set of carp (N = 120, mean TL
+ SD 199 + 9 mm) from the same cohort. The second pond experiment followed the same
protocol as described for experiment 1 with the exception that angling was conducted on 20
days and additionally growth rate of carp was assessed over a total of 58 days within ponds,
which was not possible in experiment 1. No attempt was made to measure personality in the
laboratory again, given the low reliability of the assessments in the first trial (Appendix 1).
Moreover, we omitted the assessment of the energetic status prior to release into the ponds
because of the little predictive power of this variable in relation to angling vulnerability in
experiment 1. After the 20 day angling period ended, we continued to feed the fish with 1 %
of their initial population body mass per day for another 30 days to determine growth of the
fish. The feeding procedure followed the same protocol as described for experiment 1 during
undisturbed behavioral observations. Then ponds were drained and fish were again measured
for their total length to assess growth increment. Mean water temperature + SD in the ponds
during undisturbed behavioral observations and the first seven days of angling in experiment
2 was 19.0 £ 0.5 °C (range: 17.0 — 20.2 °C), which was similar to experiment 1. Mean water
temperature + SD during angling days 8 - 20 dropped and was 14.9 + 0.9 °C (range: 13.9 -
17.0 °C). The temperature was 13.3 = 1.3 °C (range: 11.2 - 16.2 °C) during the subsequent
feeding period without angling. After draining the ponds, N = 94 carp provided a full dataset
starting with PIT implantation until completed growth measurements. The other 26
individuals presumably disappeared due to predation (N = 11) or lost their PIT tags (N = 15),
which is known to be a problem in carp tagging studies (@kland et al. 2003). As indicated by
our PIT system data, mortalities and tag loss mainly occurred during the last two weeks of the
additional feeding period, and mortalities were randomly distributed between the ponds
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(either three or four individuals died in each pond). Therefore, food distribution among
individuals remained constant over the duration of experiment 2.

Statistical analyses
Personality in the laboratory (experiment 1)

To identify the potential of consistent personality traits measured under standardized
environmental conditions in the laboratory all behavioral variables measured in the first four
trials using N = 36 carp were included in a principal component analysis (PCA) with varimax
rotation (Appendix 1). This was done to identify suites of correlated behaviors that would
load strongly on distinct axes, which in turn would be interpretable as distinct personality
traits. We repeated the PCA for all behavioral metrics in the second set of trials measured six
weeks later. Behavioral measures with a minimum factor loading of 0.5 were considered
meaningful for component interpretation (Peres-Neto et al. 2003). Although we failed to
identify a stable solution with respect to the principal components capturing an identical set of
behavioral metrics, repeatability of behaviors following Lessells and Boag (1987) and rank
order consistency over time (Spearman rank correlations) of principal components were
nevertheless calculated using results of the first PCA from the first repeat. To that end, we
summed z-scores of individual variables shown to load heavily on the same factor in PCA
analyses of the first trial, and correspondingly used summed z-scores of the same variables
from the second trial to calculate repeatability. Because the initial repeatability analyses
provided weak evidence of repeatable behavior, exploration behavior and boldness related
behavior for all N = 94 individuals were included in PCA analyses with varimax rotation
(Tab. 3). We used data from the resulting two principal components, which explained 50.7 %
(PCA 1-boldness) and 25.6 % (PCA 2-exploration) of the variation for further analyses. The
resulting PCA-scores were used to test whether laboratory behavior would be predictive of
angling vulnerability in ponds and to test for correlations between laboratory behavior and
comparable (z-standardized) measurements within the ponds (use of shelter structure and
visits at the close and the distant feeding spot) using Pearson’s correlations.

Pond behavior (experiments 1+2)

Using the raw PIT detection data three boldness related measures characterizing
individual carp were derived following the protocols described in Klefoth et al. (2012). For
each individual fish, the mean “time spent sheltering” per day (expressed as mean minutes h™')
and the mean “number of visits at the feeding spots” per day (expressed as mean # h™') were
estimated, the latter separately for the close and the distant feeding spot. The repeatability of
behaviors within ponds was estimated following Lessels and Boag (1987) using mean values
from the first week (behavioral observation without angling) and the second week (seven days
of angling) for both experiments separately. For subsequent analyses of angling-induced
selection on behavior, mean values for each of the three boldness measures per individual fish
during the first week of pond behavior undisrupted by angling were estimated. A correlation
matrix for all variables included in analyses in both experiments and comprising the
correlation of boldness prior to the onset of angling and growth as determined over 58 days in
experiment 2 was calculated using Pearson’s correlations.
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Morphological traits (experiments 1+2)

The body shape and the shape of the head of each individual were examined as
morphological traits potentially correlated with angling vulnerability using a landmark-based
assessment approach (Rohlf and Marcus 1993). To that end, we digitized a total of 16
landmarks on the left side of each specimen using the tpsDig2 software
(http://life.bio.sunysb.edu/morph) (Fig. 2). The landmarks were: 1) tip of the upper jaw, 2)
posterior corner of the upper jaw, 3) corner of the insertion of the pectoral fin, 4) insertion of
the pelvic fin, 5) anterior insertion of the anal fin, 6) posterior insertion of the anal fin, 7)
ventral point of maximum curvature of the peduncle, 8) posterior extremity of the lateral line,
9) dorsal point of maximum curvature of the peduncle, 10) posterior insertion of the dorsal
fin, 11) anterior insertion of the dorsal fin, 12) dorsal insertion of the head, 13) dorsal edge of
head perpendicular, 14) center of the eye, 15) ventral edge of head perpendicular, 16)
posterior end of operculum (Fig. 2). Raw coordinates were superimposed using general
Procrustes superimposition in software Morphol 1.03 (Klingenberg 2011). To eliminate
potential effects of dorsoventral bending (called arching effect), Burnaby's orthogonal
projection following Valentin et al. (2008) was applied to remove the arching effect. Arching
effects were found to be low. Explained variances of the subsequent PCA analyses were
reduced by less than 5 % as a consequence of the correction procedure, indicating low
bending of the photographed fish. Arching-free shape descriptors were used for subsequent
analyses. Principal component analyses (PCA) of Procrustes shape co-ordinates were
performed separately using Morphol. To further investigate potential impacts of the head
morphology on angling vulnerability (Alos et al. 2014b), landmarks 1, 2, 12, 13, 15 and 16
were separately analyzed (Fig. 2). We used data from the resulting first principal components,
which explained 34.5 % (full body shape) and 18.0 % (head shape) of the variation in
experiment 1 and 13.4 % and 43.6 % in experiment 2, respectively. To control for the effect
of size on morphology, residuals of linear regressions between factor scores of the first
principal components and total length were calculated and used for further analyses.

Growth (experiments 1+2)

All fish used during the two experiments were raised in the same common garden
under natural conditions and were descendants of the same pool of parental fish. Afterwards,
all fish experienced the same holdings conditions and the same food levels. Because
environmental conditions were equal for all fish prior to experimentation, differences in size
between individuals at the onset of experiment 1 reflected differences in growth over the life-
span. Thus, size of the fish (TL, mm) was interpreted as a surrogate for growth and used as a
predictor variable to calculate fitness in the angling fishery in experiment 1. Further, absolute
growth increments (mm) over a 58 day period were calculated for fish in experiment 2.
Because fishing may select on growth via behavior (Biro and Sampson 2015), potentially
correlated effects of boldness on growth were separated by using residuals of a linear
regression between growth increment and boldness in ponds (visits at the distant feeding spot)
for further analyses.

Mean standardized selection gradients (B,) induced by angling on adaptive traits (experiments
142)
10
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In a fishing context, the survival component of fitness is defined by the capture event.
Accordingly, a fish was considered theoretically dead (coded as zero) if it was captured in the
experimental fishing and otherwise considered alive (coded one). Individual recaptures that
occurred during experimental angling were not considered further. We used a nested logistic
regression approach considering individual fish nested within replicated ponds to analyze
predictors of survival of carp exposed to an angling fishery using boldness-related behaviors,
morphology, energetic status and growth (sensu length in experiment 1) as predictors. All
predictor variables were z-standardized to a mean of 0 and a SD of 1 prior to inclusion into
the regression model. A maximum of 9 predictor variables were analyzed to determine fitness
of the carp. These variables were: 1) laboratory boldness behavior (BL1) based on PCA 1
scores (only in experiment 1), 2) laboratory exploration behavior (BL2) based on PCA 2
scores (only in experiment 1), 3) body fat content at the time of stocking (Fat) (only in
experiment 1), 4) total length at the time of stocking within ponds (TL), 5) body shape (SB)
and 6) head shape (SH), both based on our morphological analyses, 7) number of visits at the
close and the distant feeding spot within ponds as an indicator of boldness under semi-natural
conditions in groups (BP), 8) time spent sheltering within ponds as a further measure of
boldness in ponds (SP), and 9) growth rate in ponds over 58 days (G) (only in experiment 2).
In case of the “BP” variable, only the distant feeding spot was ultimately considered in the
final models. This was done because the number of visits at the close and the distant feeding
spot were moderately to highly correlated (Pearson’s correlation between the close and the
distant feeding spot in experiments 1 and 2 r = 0.337, P = 0.001 and r = 0.887, P < 0.001,
respectively) and the distant feeding spot was assumed to have been perceived as particularly
risky by the fish. Consequently it was assumed to constitute the most robust measure of
boldness (Klefoth et al. 2012). Our starting models for experiments 1 and 2 were:

logit(s)(expeﬂmem p=opt+ao *BLI+o; *BL2+ a3 * BP+oa4*TL+as™* Fat+os* S+ o7 * SH
+og* SP+ oo * TL?2+ 09 * BP? and

logit(s)experiment 2y = Qg T 0y * BP + o * TL+ 03 * G+ g ¥ S+ o5 * SH + ag * SP + a7 * G2+
og * BP?

For experiment 2, two different models with the same independent variables were
calculated, as fitness (i.e., survival of an angling fishery) was based on either short (7 days) or
long (20 days) angling durations. All models for both datasets also contained quadratic terms
for boldness in ponds and for a measure of growth (“TL” in experiment 1 and “G” in
experiment 2) to test for stabilizing or disruptive selection on these traits (Olsen and Moland
2011). The most parsimonious models were selected based on Akaike's Information Criterion
corrected for small sample sizes AIC, (Burnham et al. 2011). We compared the AIC, scores
between a restricted set of models based on their relevance to explain carp fitness in our
experiments rather than testing all possible combinations of predictor variables (Burnham and
Anderson 1998, see also Olsen et al. 2012 for a similar approach in a comparable field study).
For the best models, the total amount of explained variances was calculated using
Nagelkerke's pseudo R2.

Multivariate regression models on relative fitness or fitness components such as
survival allow the interpretation of regression coefficients as selection gradients following the
11

125



459
460
461
462
463
464
465
466
467
468
469
470
471
472

473
474
475
476
477

478

479

480
481
482
483
484
485
486
487
488
489
4380
491
492
493
494
495
496
497

498
499

landmark work by Arnold and Wade (1984). We estimated mean standardizes selection
gradients (B,) based on logistic regression coefficients to allow comparisons of selection
strengths caused by angling among traits carrying different units following the methods
described in Matsumura et al. (2012). To that end, logistic regression coefficients for all
adaptive traits from the final models were transformed to their linear equivalents following
Janzen and Stern (1998). The resulting unstandardized selection gradients represented the SD-
standardized selection gradients because traits were initially standardized to a mean of zero
and a SD of 1 (Matsumura et al. 2012). To estimate P, as unitless measures of strength of
selection, selection gradients were multiplied by the original mean and divided by the original
SD of the phenotypic trait (Matsumura et al. 2012). The B, is preferred for representing
selection in the wild and it represents the relative change in fitness that results from doubling
of the trait value (Matsumura et al. 2012). The measure allows comparisons of the strength of
selection acting on several traits that differ in units, means and variance (Hereford et al. 2004,
Matsumura et al. 2012).

Logistic regression analyses were conducted using the software package R version
3.1.2 (R Development Core Team) by applying the library Ime4 (Bates et al. 2014), and AIC,
values were calculated using library AICcmodavg (Mazerolle 2013). Principal component
analyses and all Pearson and Spearman rank correlations applied in this study were conducted
using software package SPSS 20. All authors consent the research presented in this article.

Results

Personality of individual carp assessed individually in the laboratory

Principal component analyses of all four behavioral contexts (exploration, boldness, novel
object, shoaling) using N = 36 fish revealed two principal components explaining 46.0 %
(based on variables from the boldness and the novel object context, interpreted as boldness;
PCA 1) and 22.2 % (based on variables from the exploration and the shoaling context,
interpreted as exploration; PCA 2) of the total variance at the first trial, and 35.3 % (based on
variables from the exploration and the boldness context; PCA 1) and 24.5 % (based on the
exploration, novel object and the shoaling context; PCA 2) of the total variance at the second
trial (Appendix 1). However, the variables loading on these two PCA’s differed substantially
between the first and the second measurement six weeks later, indicating low consistency of
observed behaviors within the laboratory (Appendix 1). The corresponding repeatability
analyses of the summed z-scores of all behaviors loading on the first and the second PCA of
the first trial, re-tested six weeks apart indicated no significant repeatable behavior between
the first and the second trial (Tab. 2). However, the variables loading heavily on the first PCA
describing risk taking behaviors in the context of foraging (i.e., boldness) were found to be
more repeatable than exploration behaviors and in fact repeatability scores were close to
significant with just N = 36 fish (Table 2, Appendix 1). Hence, we applied the boldness and
the exploration trials and used the resulting data from individually assayed carp to determine
angling vulnerability in ponds.

Principal component analyses of the exploration and the boldness context including
data of all N = 94 carp from experiment 1 again revealed two PCA’s, explaining 50.7 % and

12

126



500
501
502
503
504
505
506
507
508
509
510
511
512

513

514
515
516
517
518
519
520

521

522
523
524
525
526
527
528
529

530
531
532
533
534
535
536
537
538
539
540

25.6 % of the total variance, respectively. PCA 1 included all behavioral measures taken from
the boldness context containing the “Time to leave the refuge”, the “Time to ingest the 1%
food item” and the “Time to ingest the 2" food item after disturbance” and PCA 2 included
only one measure - the “Time to leave the refuge” within the exploration context (Tab. 3,
Appendix 1). The time spent within the upper water zone showed factor scores below 0.5 and
was therefore not considered anymore. We interpreted the two PCA axes as boldness and
exploration behavior as revealed also for the smaller data set mentioned before. PCA scores
from PCA 1 and PCA 2 were weakly but not significantly related to the time spent sheltering
within ponds (Pearson’s r = 0.179 and 0.178, P = 0.084 and 0.086, respectively, Appendix 1),
and both factors were unrelated to the visits at the two feeding spots within ponds (all
Pearson™s r < 0.13, all P > 0.05; Tab. 1, Appendix 1). These findings showed that the behavior
of individual carp in the laboratory environment did not correspond with boldness-related
behaviors expressed in groups in the ponds.

Personality of individual carp assessed in groups in the pond

In contrast to the lack of strong personality shown by carp in the laboratory (Appendix
1), boldness-related carp behavior in the ponds assessed in groups was found to be highly
consistent and repeatable, indicating personality with respect to boldness. Repeatability
estimates for all boldness measures (visits of feeding spots and use of the shelter) were very
high and significant ranging between r = 0.63 and r = 0.70 in experiment 1 and between r =
0.53 and r = 0.74 in experiment 2 with significant underlying F-statistics and Spearman
correlations in all cases (Tab. 4).

Angling vulnerability

During the seven day fishing period in experiment 1, a total of 23 individual carp out
of 94 (25 % of the total population, 24.6 = 5.6 % per pond, N = 3) was captured in 84 rod-
angling hours. In experiment 2, 38 carp out of 94 individuals were captured during the first 7
days of angling (40 % of the total population, 40.1 £ 6.3 % per pond, N = 3) within 84 rod-
angling hours, and over 20 angling days in experiment 2 with 240 rod-angling hours a total
amount of 49 carp were captured (53 % of the total population, 51.8 £ 6.1 % per pond, N = 3).
Catch per unit effort (CPUE) was 0.28 fish h' in experiment 1, 0.46 fish h! during the first
seven days of experiment 2 and 0.21 fish h! over the complete course of experiment 2.

The captured individuals in both experiments were on average larger, grew faster and
behaved bolder compared to their uncaught conspecifics (Table 5). Logistic regression
analyses and AIC.-based model selection in experiment 1 revealed larger fish (TL), bold
behavior in ponds (BP), bold behavior within the laboratory in the context of foraging (BL1)
and body shape (SB) with slightly deeper bodies (compare Fig. 4) to be positively related to
angling vulnerability (Tab. 6, 7; Fig. 3, 4). However, at a AAIC, of only 0.2, an equally
supported model excluded the laboratory behavior (BL1), indicating laboratory behavior to
relate only little to angling vulnerability (Tab. 6). Exploration behavior as measured in the
laboratory or the ponds (BL2 and SP) was never retained in the best models. Similarly, the
energetic status (Fat) was not included in the best model in experiment 1. In the first seven
days of angling in experiment 2, the best model explaining survival-based fitness of carp in
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our angling fishery consisted of size (TL), growth (G) and boldness within ponds (BP) (Tab.
6, 7; Fig. 3). Analyzing twenty days of angling revealed three models within a narrow AAIC,
range of 0.8, which included boldness within ponds (BP), growth (G), body shape (SB) and
size of the head and mouth (SH) to best explain fitness in our carp fishery (Tab. 6, 7; Fig. 3,
4). Size of the fish (TL) was no longer present in the best supported model.

Mean standardized selection gradients allowed direct comparisons of the strength and
direction of angling-induced selection acting on each of the traits included in the best
supported survival models. During the short-term angling fishery (7 days) in both experiments
the size of the carp (with large fish being more likely to be captured) was more than seven
times more strongly under selection than boldness-related behavioral traits within ponds, with
bold fish being more likely to be captured than shy individuals (Tab. 5, 7). In the short-term
angling fishery in experiment 2, the morphological variable TL also exerted much greater
influence on vulnerability than juvenile growth rate (G) (Tab. 7). However, over the longer
fishing period of 20 angling days in experiment 2, highest normalized selection gradients
were acting on the boldness of the fish (BP) - a value which was 1.5 times greater than the
selection acting directly on growth (G). Here, TL of the fish no longer explained survival of
carp in the angling fishery (Tab. 6). Correlation analysis revealed the growth (G) of the fish in
experiment 2 to be only moderately correlated with the number of visits at the distant feeding
spot as a measure of pond boldness (BP) (Pearson’s r = 0.310, P = 0.002; Tab. 1). Overall,
within our size-restricted set of experimental fish, boldness-related behavior was found to be
the most important trait under selection by angling over a period of 20 days, whereas size
(TL) and growth (G) had lower (as observed for G) or no (as observed for TL) importance for
determining vulnerability to angling when fishing took place over a 20 days angling period
(Tab. 6, 7). Hence, angling selection acted directly and most strongly on resource acquisition-
related behavior and only secondarily on juvenile growth rate. Only negligible selection
pressures were found to act on laboratory behavior (BL1), body shape (SB) and size of the
head and mouth (SH) (Tab. 7; Fig. 4), and a lower fitness was revealed for more deeply
bodied fish and for carp with larger heads. We found no evidence for energetic status (Fat) to
determine angling vulnerability. There was also no sign of disruptive selection as no quadratic
terms were retained in the best supported models.

Discussion

Our study provided strong support for the hypothesis that a passive fishery with hook
and line directly selects on behavioral traits related to risk-taking during foraging (i.e.,
boldness) as expressed by angling-naive groups of carp in semi-natural replicated ponds. In
fact, we found the standardized selection pressure on boldness to be much stronger than
angling-induced selection acting directly on juvenile growth rate so that one might expect a
largely independent selection response to angling in boldness without a corresponding change
in juvenile growth rate. In contrast to recent laboratory data presented on trapping-induced
selection on crayfish by Biro and Sampson (2015), we only found a modest correlation
between boldness and growth. However, also this modest correlation might induce an indirect
selection gradient on juvenile growth rate and might lead to a correlated selection response as
previously argued by Biro and Post (2008) and Uusi-Heikkild et al. (2008). Hence, a
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potentially observed selection response in (juvenile) growth rate in phenotypic data in the
wild (e.g., Edeline et al. 2007, Swain et al. 2007) may well be mechanistically caused as an
indirect response to selection on resource acquisition-related behaviors such as boldness or
activity. Our study joins other recent work emphasizing the importance of behavior in the
context of fishing-induced selection (Wilson et al. 2011, Olsen et al. 2012, Alés et al. 2012,
2015, Hirkdnen et al. 2014, 2015, Biro and Sampson 2015) but is novel insofar as it reveals
the relative importance of behavioral selection in comparison to other morphological and life-
history traits.

We showed that boldness in ponds is a dominant trait under selection in passive
angling fisheries, which suggests that over time exploited populations of fishes should be
increasingly timid as observed in field studies of intensively exploited coastal fishes (Alds et
al. 2015). However, this pattern only emerged in an angling period of 20 days. Initially, in
both of our seven day fishing period (experiment 1+2), the selection pressures acting on total
length (a surrogate for life-time growth) was stronger than the strength of selection acting on
boldness. As time progressed, increasing numbers of smaller, yet very bold individuals that
visited the feedings spots repeatedly were hooked, “washing” down the selection pressure on
length and growth rate until length dropped from the best predictive models and boldness
became dominant. However, even after accounting for bold behavior, some selection
continued to act on growth rate expressed in the ponds. It is very likely that fish with high
growth-rates not only visited the feeding spots more often, but also consumed more particles
as previously documented for bold domesticated carp in comparison with shyer wild-like
conspecifics (Klefoth et al. 2013a). Results from piscivorous largemouth bass, selected for
their individual vulnerability confirm this assumption as highly vulnerable fish were shown to
have higher attack rates and lower prey rejection rates (Nannini et al. 2011). Growth rate also
likely integrated the independent effects of some other physiological and behavioral traits.
Hence, due to the sometimes observed link between boldness, learning abilities (DePasquale
et al. 2014, Kotrschal et al. 2014, Trompf and Brown 2014) and metabolism (Biro and Stamps
2010) selective fishing has the potential to influence a wide range of correlated phenotypic
expressions (Uusi-Heikkild et al. 2008). In fact, it is difficult to think about a non-behavioral
mechanism explaining the residual selection operating on juvenile growth rate other than a
correlation among metabolism and growth rate (Biro and Stamps 2010), which might render
the faster growing fish to have greater hunger levels. In line with Biro and Sampson (2015)
we thus tentatively conclude that a sizable fraction of the remaining “direct” selection on
juvenile growth rate can be explained by some energy-acquisition related behaviors (Enberg
et al. 2012) that were not measured in our study.

The lack of selection on size in a longer-term, as observed in our study should not be
over-interpreted because we purposely used fish of a very narrow size range to maximize
behavioral variation and to control for the undisputed importance of size for vulnerability.
Larger fish under natural conditions generally show higher swimming speeds (Stamps 2007),
have larger gape sizes, are often dominant (Jenkins 1969), often have larger home ranges
(Nash et al. 2015) and are characterized by larger consumptive demands compared to smaller
fish (Clarke and Johnston 1999, Mittelbach et al. 2014), likely leading to intrinsically larger
vulnerability to passive angling gear in large compared to small individuals. Indeed, Beukema
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and De Vos (1974) observed larger-than-average carp from two replicated ponds to be 20-30
% more likely to be captured by angling than their smaller-than-average counterparts from the
same water bodies. One would thus expect selection on size to be present under natural
conditions.

Boldness is defined as an individual's reaction to any risky, but not novel situation
(Réale et al. 2007), which was found to directly relate to angling vulnerability in the current
and a previous study on carp (Klefoth et al. 2013a). Further, we found the pond behavior
assessed in groups, but not the individually assayed laboratory behavior of carp to be highly
repeatable and subsequently related to angling vulnerability, which agrees with previous work
on harvesting-induced selection on behaviors in Atlantic cod (Gadus morhua) (Olsen et al.
2012). Our results also confirm recent studies that implied relationships among behavioral
traits (e.g., exploration, Alés et al. 2012, Hirkonen et al. 2014, 2015, or aggression, Redpath
2009, 2010, Sutter et al. 2012) and vulnerability to angling. However, other studies failed to
relate measures of boldness and vulnerability to angling in centrachids (Wilson et al. 2011)
and percids (Kekildinen et al. 2014, Vainikka et al. in press), either indicating a species-
specific response or methodological artefacts. Indeed, all studies that failed to relate boldness
related behaviors to angling vulnerability were conducted in laboratory environments (Wilson
et al. 2011, Kekildinen et al. 2014, Vainikka et al. in press) and angling vulnerability was
measured in small laboratory tanks where all personality types could easily access the offered
bait (as in Wilson et al. 2011). There is increasing evidence that boldness assessments within
a benign laboratory are less repeatable compared to studies under more natural conditions and
with an explicit predation threat involved (Bell et al. 2009, Toms et al. 2010, Klefoth et al.
2012). Because consistent and repeatable individual variation of behavior is a prerequisite
when aiming to show a selection response, rapid assaying of behavior in the laboratory might
be unsuitable as this can introduce serious bias in personality assessments (Biro 2012) and can
lead to misinterpretation of its ecological and evolutionary consequences (Niemeld and
Dingemanse 2014). We therefore contend that despite the obvious benefits of controlled
individual behavioral phenotyping in the laboratory, field experiments are of paramount
importance to understand the mechanistic basis of angling vulnerability.

The negative selection gradients estimated on juvenile growth rate in the present study
on first sight seem to support the “intuition” (Walters and Martell 2004) that heavily exploited
carp (and ecologically similar species such as bream, Abramis brama, or tench, Tinca tinca)
stocks should host individuals that grow less when adult, in line with empirical evidence in
salmonids (Saura et al. 2010), esocids (Edeline et al. 2007) and several coastal and marine
fishes (Swain et al. 2007, Alés et al. 2014a). However, this does not mean that evolution of
small growth rate is a default response to intensive harvesting, because we found independent
selection gradients acting on boldness and juvenile growth rate in carp. Hence, an
evolutionary response of just boldness, just growth rate or both is possible depending on the
local fitness landscape and the degree to which natural selection works in opposite directions
to fishing selection (Edeline et al. 2007). Only species- and fishery-specific analysis that
account for the life-time fitness of specific trait values can provide conclusive answers
(Laugen et al. 2014). Moreover, the natural fitness benefits of fast growth and large size might
easily overrule any angling-induced negative selection gradients acting directly or indirectly
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on juvenile growth rate (Matsumura et al. 2011). Hence, depending on the species, fisheries-
induced selection of either fast, slow or no change in juvenile growth rate can happen (Dunlop
et al. 2009, Matsumura et al. 2011, Enberg et al. 2012).

Our experiments showed that bolder and faster growing carp were more easily
captured than shyer and less fast growing conspecifics. Whereas vulnerability to angling gear
in piscivorous largemouth bass is mainly driven by aggression towards artificial lures (Philipp
et al. 2009, Sutter et al. 2012), we could show that the vulnerability of omnivorous carp is
based on behaviors related to energy acquisition of sessile prey. The prerequisite for growth is
energy intake and under situations of food limitation and non-random food distribution, as it
is typical for natural ecosystems, bold individuals energetically benefit from exploring and
accessing more resources at the costs of exposing themselves to predation-risk. Shy
individuals, i.e., those individuals positively selected under fished conditions, are
characterized by a strongly risk-sensitive life-style (Réale et al. 2010). Irrespective of this, shy
individuals might still have sufficient access to resources because they might utilize the safe
periods to ingest food, which is easily possible also in bottom-feeding cyprinds that forage on
sessile prey. Hence, fisheries-induced evolution towards increased shyness could in theory
also maintain genetically fast growing individuals. However, largemouth bass selected over
three generations for high vulnerability grew less in the juvenile life stage in likely food
limited ponds compared to bass of low vulnerability to angling (Redpath et al. 2009, 2010).
This outcome was likely caused by the positive correlation of metabolic rate and
vulnerability, which carries energetic costs to high vulnerability phenotypes. Whereas
selection on aggression through correlated selection responses of metabolic rate, as observed
in largemouth bass, will usually lead to reductions in realized growth (Redpath et al. 2010),
cyprinids like carp will either maintain growth potential or evolve smaller growth in response
to selection on boldness. Piscivorous fish like largemouth bass that are selected based on
aggression might develop faster realized juvenile growth due to reductions in standard
metabolism associated with the selective advantage of low aggressive phenotypes.
Conclusively determining the direction of change in life-histories in response to selection on
behavior will thus depend on the species foraging ecology and physiological underpinnings of
trait expression. Much more work is needed to answers these highly relevant questions for
intensively exploited stocks.

We found no relationship between the energetic status of the fish, as measured by
relative body fat content, and their vulnerability to angling. Our measurement technique using
energy meters to non-lethally detect relative body water- and body fat contents has been
proven to be a reliable tool (Crossin and Hinch 2005, Klefoth et al. 2013b), and it was
assumed that the energetic status of the fish potentially influences the vulnerability to angling
(Huse et al. 2000) by being indicative of the short term hunger status of fish (Krause 1993,
Nakayama et al. 2012). However, based our findings, energetic status was likely not a valid
measure of hunger level. It is difficult to imagine that hunger does not influence catchability,
and in fact previous work has shown that under conditions where natural food becomes scarce
fish become very vulnerable to harvest (Raat 1991, Herrman et al. 2013). Possibly, hunger
was better reflected by our measures of pond boldness and was completely unrelated to the
energy status measured in the somatic tissue at release. It is also conceivable that the energetic
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status of fish changed quickly in the ponds after release, leading to a situation where the
measurement of relative body fat content at the time of stocking did not properly reflect the
energetic status of the fish at the time of capture.

The body shape of the fish as determined by geometric morphometrics only added
little to the suite of phenotypes under selection in our angling fishery. Whereas Alds et al.
(2014b) found comparatively strong evidence for angling-induced selection on large mouth
size and streamlined bodies after controlling for size, condition and fishing site in heavily
exploited Mediterranean coastal fishes, we could only detect little effects of body shape and
head size and mouth on an individual's fitness in a passive hook and line fishery. Direct
physical interactions of the mouth with the fishing gear can explain why individuals with a
larger mouth are more likely to be captured (Alds et al. 2014b) as an increasing gape size
facilities ingestion of the hook (Alés et al. 2008). Similarly, in our carp, we found weak
evidence that larger heads and mouths positively influenced vulnerability of the fish. In
contrast to Alés et al. (2014b), however, we found some evidence of deeply-bodied fish to be
more likely to be selected compared to more streamlined individuals. Deep bodies are
indicative of domestication selection in carp, and it was previously reported at the group level
that more domesticated carp are on average more vulnerable to angling than less domesticated
individuals because the domesticated ones take more risks and feed more (Beukema 1969,
Huntingford 2004, Klefoth et al. 2012, 2013a). In addition, our results indicate the strongest
selection to act on bold behavior, and therefore correlated traits like body shape and head size
might simply act as a surrogate for behavior (Alds et al. 2014b). In turn, selection on
morphological properties might appear stronger in the absence of direct measures of behavior
as in the case of Alos et al. (2014b).

In conclusion, our study is the first in fishes to mechanistically show that selection on
juvenile growth rate can happen as an indirect response to direct selection on behavior and
that behavioral traits might be under very strong selection in passively operated angling
fisheries as it was recently shown for crayfish (Biro and Sampson 2015). We further found
support for the productivity-personality hypothesis (Stamps 2007, Biro and Stamps 2008),
which predicts that boldness-related behavior can be directly linked to resource acquisition
and growth in omnivorous carp. The ultimate direction of the evolutionary response will
depend on the heritability of the selected traits and on the relative strength of simultaneously
acting natural and harvest selection (Edeline et al. 2007). Under natural conditions in repeat
spawners, large body size often maximizes life-time fitness (Roff 1984, Olsen and Moland
2011, Alés et al. 2014a), but there is an optimal growth rate to be expected given the
unavoidable trade off of growth and mortality (Stamps 2007). Because in omnivorous fishes
like carp fast growth of early life stages should be favored to outgrow gape size limited
predators and to maximize body size at first reproduction, the ultimate selection response to
positively size-selective harvest will be weakened by natural selection working in the opposite
direction (Edeline et al. 2007). However, we found boldness to be under strongest selection in
our passive fishery and only a modest correlation of boldness and growth rate [in contrast to
the crayfish in Biro and Sampson (2015)]. Boldness may be less directly linked to life-time
reproductive fitness compared to size and growth and indeed, the heritability of boldness and
other behaviors has been found to be substantially greater compared to life-history traits like
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growth (Mousseau and Roff 1987). Coupled with the strong selection gradients acting on
boldness, we predict that the evolutionary response of boldness-related behaviors in response
to recreational harvesting should be strong. As a consequence, intensive angling fisheries
should leave behind individuals that are more timid and harder to catch (Philipp et al. 2009,
Tsuboi et al. in press), a pattern that might be further reinforced by learning to avoid future
capture (Klefoth et al. 2013a, Philipp et al. 2015). The increased levels of timidity might
ultimately affect entire food webs through trait-mediated indirect interactions (Werner and
Peacor 2003) in a “landscape of fear” (Laundré et al. 2014). Further, because we found
laboratory assessments of carp personality to be highly unreliable, we encourage more field
work in studies on fishing-induced selection and evolution that also contain a behavioral
perspective of the fish (and potentially also of anglers, Matthias et al. 2014) and that focus on
several important phenotypic traits at the same time to further disentangle suits of characters
potentially under selection in fisheries.
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Tables

Tab. 1: Correlation matrix of z-standardized variables involved in experiment 1 (a) and
experiment 2 (b). BL1 = laboratory boldness behavior, BL2 = laboratory exploration
behavior, Fat = body fat content at the time of stocking, TL = total length at the time of
stocking within ponds, SB = body shape, SH = head shape, BP = number of visits at the
distant feeding spot within ponds, SP = time spent sheltering within ponds, G = growth rate in
ponds over 58 days.

(a)

Trait BL1 BL2 BP TL Fat SB SH SP
BLI 1 0 -0.104 0.150 -0.097 0.126 0.069 0.179
BL2 I -0.128 -0.299 0.006 -0.127 -0.170 0.178
BP 1 0065 0108 -0.121 0.076 -0.099
TL 1 -0.100 0 0 0.164
Fat 1 -0.010 -0.071 0.056
SB I 0307 0.191
SH I -0.012
Sp 1
(b)

Trait BP TL G SB SH Sp

BP 1 0100 0310 -0.248 -0.148 -0.521

TL 1 0.047 0 0 -0.024

G I -0.129 -0.133 -0.191

SB 1 -0.164 0.090

SH 1 0.037

SP 1
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Tab. 2: Rank order consistency and repeatability of summed z-scores as classified by PCA
analyses with varimax rotation based on boldness behaviors (PCA 1) and exploration
behavior (PCA 2) in four different contexts based on N = 36 juvenile carp individually
assayed under laboratory conditions (see Appendix 1 for details).

Rank order consistency Repeatability
PCA 1 ,=0312 P=0.064 N=36 F=1.694 P=0.060 r=0.256
PCA 2 r=0204 P=0233 N=36 F=1.354 P=0.185 r=0.150
31

145



1161
1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

Tab. 3: Component loadings of PCA analysis based on behavioral measures within two
different contexts (exploration and boldness) based on all N = 94 fish in experiment 1.

Behavioral trait (experiment 1, Laboratory)

Principal Components

PCA 1 PCA2
(BL1) (BL2)
Boldness Exploration
Time to leave the refuge in exploration trial 0.981
Time to leave the refuge in presumed boldness trial 0.765
Time to ingest 1* food item in presumed boldness trial 0.896
Time to ingest 2" food item in presumed boldness trial 0.793
Eigenvalue 2.03 1.03
Variance explained % 50.7 25.6
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1182  Tab. 4: Rank order consistency and repeatability of boldness-related measures within the pond
1183  environment from experiment 1 (N = 94) and experiment 2 (N = 94).

Rank order consistency Repeatability
Variable Experiment N  Spearman r P F P r
Close feeding spot 1 94 0.763 < 0.001 3.090 <0.001 0.69

Distant feeding spot 1 94 0.676 <0.001 2676 <0.001 0.63

Shelter use 1 94 0.744 <0.001 3.249 <0.001 0.70

Close feeding spot 2 94 0.789 < 0.001 2322 <0.001 0.58
2 94 0.746 < 0.001 2.101 <0.001 0.53
2

94 0.647 < 0,001 3.673 <0.001 0.74

Distant feeding spot
Shelter use
1184

1185

1186

1187

1188

1189

1190

1191

1192

1193

1194

1195

1196

1197
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1201

1202

1203
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1204
1205
1206

1207

1208

1209

1210

1211

1212

1213

1214

1215

Tab. 5: Mean + SD values of different behavioral data, total length, body fat content and

growth for caught and uncaught individuals in a passive angling fishery from experiment 1 (7

days angling) and experiment 2 (7 days and 20 days angling).

Captured Not Captured

Trait Mean + SD Mean + SD
Experiment 1 (7 d angling)
Time to leave the refuge (Exploration) (min) 34.5+28.6 23.0+£255
Time to leave the refuge (Boldness) (min) 204 +£24.6 23.3+24.6
Time to ingest 1% food item (Boldness) (min) 53+47 73+4.0
Time to ingest 2" food item after disturbance (Boldness) (min) 8.1+£3.5 9126
Time spent sheltering (pond; min h™") 28+26 3.1+26
Number of visits at the close feeding spot (pond; # h') 8.6+4.3 69+34
Number of visits at the distant feeding spot (pond; # h) 55+27 45424
Total length (mm) 185.5+21.3 1743 £ 15.6
Body fat (%) 5.8+£0.7 6.0+£0.9
Experiment 2 (7 d angling)
Time spent sheltering (min h™") 5.7+2.2 6.7+2.8
Number of visits at the close feeding spot (# h™") 53+1.1 43+1.6
Number of visits at the distant feeding spot (¥ h™") 50+£1.2 43+1.6
Total length (mm) 201.6 £10.0 198.0 + 8.4
Growth (mm) 93+5.1 6.8+54
Experiment 2 (20 d angling)
Time spent sheltering (min h™") 6.0 £ 6.6 6.6+2.5
Number of visits at the close feeding spot (# hh 53+1.3 42+1.6
Number of visits at the distant feeding spot (# h™) 50+£14 40%1.5
Total length (mm) 200.1 £10.7 198.8 +7.2
Growth (mm) 9.7+5.3 58+48
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1216
1217
1218
1219
1220
1221
1222

1223

1224

Tab. 6: Logistic regression of carp survival in ponds in experiment 1 (7 d angling) and
experiment 2 (7 d and 20 d angling) showing the model structure, number of parameters (#P)
and AIC. values. Bold values indicate models with the lowest AIC. and a AAIC. < 1.
Explanatory variables include BL1 = laboratory boldness behavior, BL2 = laboratory
exploration behavior, Fat = body fat content at stocking, TL = total length at stocking, SB =
body shape, SH = head shape, BP = number of visits at the distant feeding spot within ponds,
SP = time spent sheltering within ponds, G = growth rate in ponds over 58 days.

Model no. Model structure #  AIC,

Experiment 1 (7 d)

| BLI1+BL2+BP+TL+Fat+SB+SH+SP+TL2+BP? 11 114.9
2 BL1+BL2+BP+TL+Fat+SB+SH+SP+TL2 10 1126
3 BL1+BL2+BP+TL+Fat+SB+SH+SP 9 111.5
4 BL1+BP+TL+Fat+SB+SH+SP 8 109.2
5 BL1+BP+TL+SB+SH+SP 7 107.0
6 BL1+BP+TL+SB+SH 6 104.7
7 BL1+BP+TL+SB 5 102.4
8 BP+TL+SB 4 102.6
9 BP+TL 3 103.6
10 TL 2 104.0
11 NULL 1 108.7
Experiment 2 (7 d)

1 BP+TL+ G+SB+SH+SP+BP2+G2 9 130.1
2 BP+TL+SB+SH+G+SP+G? 8 130.4
3 BP+TL+SB+SH+SP+G 7 129.6
4 BP+TL+SB+SH+G 6 128.0
5 BP+TL+SB+G 5 128.3
6 BP+TL+G 4 126.3
7 TL+G 3 129.2
8 G 2 130.5
9 NULL 1 131.0
Experiment 2 (20 d)

1 BP+TL+SB+SH+G+SP+BP2+G? 9 130.0
2 BP+TL+SB+SH+G+SP+G? 8 1274
3 BP+TL+SB+SH+G+SP 7 125.6
4 BP+TL+SB+SH+G 6 123.8
5 BP+SB+SH+G 5 121.6
6 BP+SB+G 4 121.2
q BP+G 3 122.0
8 G 2 131.3
9 NULL 1 136.4
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1225  Tab. 7: Angling-induced selection acting on carp behavior, morphology, growth and energetic
1226  state in experiment 1 and 2 showing logistic regression coefficients (ct), standard errors (SE),
1227 P values (P), mean standardized selection gradients (B,) and pseudo R? values. The best
1228  models containing the most variables within a AAIC, < 1 in relation to the best models in bold
1229  in Tab. 6 are presented.

Variable a SE P Bu R?
Experimental series 1 (7 d angling) 0.18
Laboratory Behavior (BL1) -0.417 0.26 0.114 <R3710%
Pond Behavior (BP) -0.400 0.25 0.113 -0.15
Total Length (TL) -0.607  0.28 0.028 -1.23
Body Shape (S) -0.440  0.27 0.110  -3.06 10°
Experimental series 2 (7 d angling) 0.17
Pond Behavior (BP) -0.518  0.24 0.029 -0.437
Total Length (TL) -0.373 023 0.105 -3.422
Growth (G) -0.357  0.23 0.117 -0.288
Experimental series 2 (20 d angling) 0.30
Pond Behavior (BP) -0.768  0.24 0.004 -0.655
Body Shape (S) 0343 025 0169 -0.0810°
Head Shape (SH) -0.340  0.25 0.168 -9.77 10"
Growth (G) -0.699  0.26 0.007 -0.424
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Figures

Fig. 1: Experimental setup for behavioral observations under laboratory conditions (top) in
experiment 1 and under semi-natural pond conditions (bottom) in experiment 1 and 2.
Individual boldness assessments under laboratory conditions for all final N = 94 juvenile carp
in experiment 1 included an exploration trial where the sliding door was opened and the time
until the fish left the refuge was measured, and a boldness trial where in addition to
exploration behavior the time until the fish fed the first pellet was measured. Directly after
ingestion of the first pellet, a second food item was released together with a fright stimulus
(fishing weight) in the boldness trial. Then the time until the second food item was eaten after
disturbance was assessed as a further measure of boldness. Within the ponds, boldness was
defined in a group setting by low sheltering times and high number of visits at the close and
the distant feeding spot (circles). All structures within the ponds were covered by passive
integrated transponder antennae (PIT).

Fig. 2: Body shape landmarks (N = 16) used for morphometric analysis in carp.

Fig. 3: Box-plots comparing z-standardized trait values between vulnerable (fitness = 0) and
invulnerable (fitness = 1) carp identified in regression models to be under selection in a 7 days
lasting passive angling fishery during experiment 1 (left), and experiment 2 (middle), and in a
20 days lasting passive angling fishery in experiment 2 (right). Boxes define the 25th and 75th
percentiles and median values are indicated by dark black bars within the boxes.

Fig. 4: Comparison of mean body shape of vulnerable (black line) and invulnerable (grey line)
carp in a passive angling fishery in experiment 1 (7 d of angling) and experiment 2 (20 d of
angling).
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1275  Fig. 1
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Appendix |
Personality Assessment in the Laboratory

Before our N = 96 juvenile carp were tested for their behavioral expressions under
laboratory conditions within two contexts (see main text) a subsample of N = 36 fish was
tested for the presence of consistent among-individual differences in behavioral traits (defined
as personality) as derived from four separate trials conducted within four different contexts to
finally select the most meaningful tests that were then applied on all 96 experimental fish. All
experiments were conducted under standardized laboratory conditions in aquaria on
individual focal carp. Experiments aimed at capturing three salient temperament traits —
exploration (an individual's reaction to a new situation), boldness (an individual's reaction to
any risky situation, but not new situation) and sociability (an individual’s reaction to the
presence or absence of conspecifics) following Réale et al. (2007).

Experimental setup

Six aquaria (130 cm x 40 ecm x 40 cm, 208 L) were placed within a temperature-
controlled climate chamber (ILKAZELL, inner dimensions: 276 cm x 210 em x 176 cm,
ILKAZELL Isoliertechnik GmbH, Zwickau, Germany) with a constant temperature of 20 °C
and used for repeated behavioral assays on individual focal carp. Each tank consisted of a
central open area compartment (80 cm x 40 cm x 40 cm, arena), bordered by a refuge
compartment (25 cm x 40 cm x 40 cm, refuge) and a shoal compartment (similar to refuge
compartment, shoal, Fig. Al-1). The refuge was separated from the arena by an opaque black
plastic barrier equipped with a sliding door. The sliding door (20 cm x 20 cm) could be lifted
by a remote pulley system from outside the climate chamber (Fig. Al-1). The shoal
compartments were stocked with four conspecifics (comparable size to the focal fish) and
were used to test for sociability of the focal fish (see shoaling trial below). Once stocked, the
conspecifics within the shoal compartment did not change over the course of the experiment.
The shoal compartment was separated from the arena by a transparent PLEXIGLAS® (Rhon
GmbH, Darmstadt, Germany) barrier equipped with a one way window film. Hence, the focal
fish could see the shoal only when extra lighting (60 W spotlights) was applied within the
shoal compartment, which was only done in the specific sociability test (see below).

All four behavioral assays were remotely conducted from outside the climate chamber
using remote pulley systems and video cameras (OSCAR CCD Camera, 640 x 480 pixel),
placed in front of each aquaria. Focal fish were stocked into the closed aquaria refuge on
Thursdays or Fridays and allowed to recover over the weekend. Behavioral measurements
were then conducted on 4 consecutive days using the same fish from Monday until Thursday.
During the experimental week and the weekend before, all focal fish in the refuges of the
aquaria were fed once every 24 hours (carp pellets, 2 mm diameter, Aller Classic, Aller Aqua,
Golflen, Germany) with an amount of 1 % of the fish’s body mass using automatic feeding
machines (EHEIM Futterautomat TWIN, EHEIM GmbH & Co. KG, Deizisau, Germany).
Feeding was always conducted at the same time and stopped automatically at 15 hours before
the onset of the experiment to control for hunger levels. In all experimental contexts, behavior
was quantified only in the arena, not in the refuge, following the methods of Wilson and
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Godin (2009). On the first experimental day, all fish were tested for their exploration behavior
because this test demands a novel environment (Réale et al. 2007). The sequence of the other
contexts was randomized. In every context, fish were given 60 minutes to leave the refuge
followed by a ten minutes observation period within the arena. All tests were repeated with
each focal fish after exactly six weeks to be able to estimate consistency of individual
variation in behaviors.

Experimental processes of behavioral observations within the laboratory

Exploration (Context 1): Individual carp were tested for their willingness to explore a
novel environment following Wilson and Godin (2009). Upon trial start, the trap door
separating the refuge compartment from the central open area compartment was lifted.
Thereby, the fish were allowed to enter and explore the arena (Fig. Al-1 “A”). Afterwards
each fish was given 60 minutes to leave the refuge and to investigate the arena. If a fish did
not leave the refuge after 60 minutes, it was assigned to the maximum score of “60”. The time
to leave a refuge is widely used as a measure for exploration (Réale et al. 2007) and/or
boldness (Brown et al. 2005, Wilson and Godin 2009). In the present study, following Réale
et al. (2007), time to leave a refuge was presumed to be a measure for exploratory behavior
because it is measured in a novel and potentially risky environment (whereas boldness is to be
assessed in non-novel environments, see Réale et al. 2007). If the fish left the refuge, the time
spent within the upper water zone of the aquaria (defined as being within the closer 50 % of
the water column towards the surface) was measured as an additional indication of boldness
within this exploration trial (Wilson and Godin 2009). If a fish did not enter the upper water
zone, it was assigned to the minimum score of “0”.

Exploration of a novel object (Context 2): Fish were tested for their willingness to
approach a novel object in the arena following Frost et al. (2007). This experiment is assumed
to test for boldness because inspection of the novel object is potentially risky (Wilson et al.
1993, Frost et al. 2007). The novel object was placed beforehand in the center of the middle
third of the arena, visible from inside the refuge after opening the door (Fig. Al1-1 “B”). The
novel object was constructed as a yellow cuboid of 10 cm x 6.5 cm x 3.2 cm (LEGO Group,
Billand, Denmark), following Frost et al. (2007). Apart from the presence of the novel object
in the center of the arena, the setup was identical to context 1, with the difference that the fish
already knew the arena. The fish was given 60 minutes to enter the arena and explore the
novel object. Upon entry, a 10 minutes observational period began. Proximity to the novel
object, defined as the time spent within one fish length of the novel object was recorded as a
measure for risk-taking behavior towards a novel object. If a fish did not explore the novel
object, it was assigned to the minimum score of “0”.

Feeding and feeding under disturbance (Context 3): The fish's willingness to feed under
risk and to resume feeding after a fright stimulus was tested on the basis of Ward et al. (2004)
and Alvarez and Bell (2007). The underlying assumption was that individuals differ in risk-
taking behavior in terms of feeding under risk (Réale et al. 2007) and in recovery speed after a
fright stimulus (Ward et al. 2004), both being assumed to be measures of boldness. The
general setup for this experimental context followed context 1. In addition, an apparatus was
fitted above the center of the arena, containing a mechanism that allowed the controlled
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release of a food pellet simultaneously to the opening of the sliding door (Fig. A1-1 “C”). The
fish was given 60 minutes to exit the refuge. Once the fish was in the arena, it was given 10
minutes to find and consume the first food pellet. Once the focal fish was observed to feed,
we again pulled the line of the apparatus above the arena, and a 40 g led angling weight and
another pellet were released together, initializing a fright stimulus for the fish (which was
found to be effective in a pilot study) and providing additional food jointly (Fig. A1-1 “C”).
To prevent the weight from dropping onto the bottom of the glass-aquaria, it was stopped with
a thin line (a 3 1bs monofilament fishing line) after plunging 15 cm deep into the water. The
time span between triggering of the fright stimulus and consumption of the second pellet was
again measured and was considered a second measure for risk-taking similar to boldness
assessment in fishes in other studies (Ward et al. 2004, Alvarez and Bell 2007). If a fish did
not consume one of the pellets, time to feed was coded as “0”.

Shoaling (Context 4): Following Ward et al. (2004) and Krause and Ruxton (2002),
individual carp were tested for their willingness to associate with a stimulus group of
conspecifics (Fig. Al-1 “D”). For this purpose the additional overhead spotlight above the
shoal compartment was switched on so that the focal fish could see the shoal. Shoaling
tendency has been considered a measure for sociability in other studies (Ward et al. 2004) and
was quantified by recording the amount of time that the focal fish spent within an association
zone, defined as within 2 fish lengths of the one-way glass separation. Over a period of 10
minutes, provided the focal fish emerged from refuge within 60 min, sociability of the fish
was enumerated. If a fish did not leave the refuge, time spent within the association zone of
the novel object was coded “0”.

Statistical analyses

Statistical analysis were designed to identify i) correlations among the behavioral
measures assessed in the four trials to derive personality traits as measured by one or more of
the behaviors described above and b) the repeatability of personality-related behaviors as
evidence for the existence of personality traits (i.e., consistent individual differences in
behavioral traits) (Dingemanse and Wolf 2010). In relation to i), suites of correlated behaviors
were identified using principle component analyses (PCA) with varimax rotation for
improved interpretation of factor structures (Quinn and Keough 2002). The idea was that
factors emerging in the PCA would sum correlated behavioral measures that would then be
interpretable as distinct personality axes (e.g., exploration, boldness, sociability). PCA were
conducted separately for the first and the second trials (six weeks later) of experimentation
using all measures that were assessed in all four behavioral trials. Variables used for the initial
PCA were “Time to emerge from refuge” (exploration trials), “Time spent in upper water
zone” (exploration trial), “Time spent within one fish length of a novel object” (novel object
trial), “Time to ingest the 1% food item” (feeding trial), “Time to ingest the 2" food item”
(feeding trial) and “Time spent within two fish lengths of shoal” (shoaling trial). Behavioral
measures with a minimum factor loading of 0.5 were considered meaningful for component
interpretation (Peres-Neto et al. 2003). All values were standardized to a mean of 0 and a SD
of 1 before conducting the PCA. The PCA analysis was repeated using the same parameters
from the second observation period six weeks later.
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After identifying internally consistent factors in the first PCA the repeatability of
behavior comparing the first and the second observation period six weeks later using the
factor structure identified in the first trial was estimated following Lessells and Boag (1987).
We also calculated the rank order consistency using Spearman rank correlations. For each
factor (as determined by PCA) we summed z-scores of behavioral variables loading heavily
on specific PCA axis to create the behavioral index. Factor structures as revealed by PCA in
the first trial were applied to the data of the second observation period because we did not find
the same variables loading on the same axis in the two initial PCAs. Because habituation
effects could explain this pattern, we focused on the first PCA to identify correlations among
behaviors.

Factor scores of exploration behavior and boldness related behavior for all final N = 94
individuals (see main text) were used to test whether laboratory behavior would be predictive
of angling vulnerability in ponds (see main text). These factor scores were used to test for
correlation analyses between exploration and boldness behavior from the laboratory and
comparable z-standardized measurements of behavior within the ponds (use of shelter
structure and visits at the close and the distant feeding spot) using Pearson’s correlations.

Results

The PCA using data from the first trial (N = 36 fish) revealed two principal components,
explaining 46.0 % and 22.2 % of total variance, respectively. PCA 1 incorporated the ,,Time
spent within one fish length of a novel object”, “Time to ingest the 1 food item” and “Time
to ingest the 2™ food item”, and hence joint variables supposed to indicate boldness-related
behaviors (Tab. Al-1). PCA 2 was composed of the variables “Time to leave the refuge”,
“Time spent in upper water zone”, and “Time spent within 2 fish lengths of shoal” supposed
to indicate exploration and sociability. We labelled the PCA 1 “Boldness” and PCA 2
“Exploration/Sociability”. The PCA from the second trial six weeks later differed
substantially from these results, already indicating low behavioral consistency of the fish
between the two trials. Again two principal components were found, together explaining
59.8% of total variance (35.3 % and 24.5 % respectively). PCA 1 was composed of the
variables “Time to leave the refuge”, “Time to ingest the 1% food item”, and “Time to ingest
the 2™ food item”. PCA 2 was composed of the variables “Time spent within 2 fish lengths of
a novel object”, “Time spent within 2 fish lengths of shoal”, and “Time spent in upper water
zone” (Table A1-1). Hence, both factors were not clearly interpretable in the second trials.

Spearman rank correlations between summed z-scores of the two trials were insignificant
for both factors (Table 2 of the main manuscript, Fig. Al-2) indicating low behavioral
consistency of our experimental fish over time. However, the p-values for PCA 1 (boldness)
was close to significance (P = 0.064, Table 2 of the main manuscript). Calculation of
repeatability from summed z-scores of variables loading on the respective PCA resulted in a
moderate, yet insignificant, repeatability estimate of r = 0.26 for PCA 1 and an insignificant
of r = 0.15 for PCA 2. Underlying F-statistics were not significant in both cases (Table 2 of
the main manuscript), although again there was a trend for the boldness measure to be close to
significance (P = 0.060). In fact, PCA 1, consisting of the ,, Time spent within one fish length
of a novel object”, “Time to ingest the 1*' food item”, and “Time to ingest the 2™ food item”,
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which are indicative of boldness related behaviors, showed a remarkably higher repeatability
estimate than PCA 2 (Table 2 of the main manuscript). Therefore, we found only weak
evidence for a stable personality trait in laboratory-assayed carp, but could tentatively
conclude that potentially there was a trend for boldness being repeatable. We thus included
the boldness-related laboratory behavior in our predictive models to explain angling
vulnerability (see main text) and also examined the relationship of laboratory boldness
behavior and pond boldness behavior using all final N = 94 fish (Fig. A1-3 and compare main
text).
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Tables Appendix 1

Tab. Al-1: Component loadings of behavioral measures from trial A (A) and trial B (B) on

two orthogonally rotated principal components with N = 36 carp.

A

Behavioral trait trial (A)

Principal Components

PCA 1 PCA 2
Time to leave the refuge (Exploration) -0.891
Time spent in upper water zone (Exploration) 0.897
Time spent within 2 fish lengths of shoal (Shoaling) 0.501
Time spent with novel object (Novel object) -0.713
Time to ingest 1% food item (Boldness) 0.782
Time to ingest 2" food item after disturbance (Boldness) 0.838
Eigenvalue 2.76 1.33
Variance explained % 46.0 22.2
B

Behavioral trait trial (B)

Principal Components

PCA 1 PCA2
Time to leave the refuge (Exploration) 0.830
Time spent in upper water zone (Exploration) -0.556
Time spent within 2 fish lengths of shoal (Shoaling) 0.736
Time spent with novel object (Novel object) 0.736
Time to ingest 1* food item (Boldness) 0.637
Time to ingest 2" food item after disturbance (Boldness) 0.875
Eigenvalue 2.12 1.47
Variance explained % 35.3 24.5
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Figures Appendix I:

Fig. Al-1: Experimental setup of our four behavioral tests under laboratory conditions using
N = 36 juvenile carp. A = Exploration, B = Novel object, C = Feeding and feeding under
disturbance, D = Shoaling.

Fig. A1-2: Scatter plots of Summed z-scores from behavioral observations revealed to load on
the same factor in PCA 1 from the first trial and applied to data from the second trial six
weeks later. A=PCA 1, B=PCA 2.

Fig. Al1-3: Scatter plots of PCA1 (boldness) and PCA2 (exploration) as determined from
behavioral observations under laboratory conditions using all N = 94 carp (see main text) and
z-standardized boldness-related behavioral observations from the pond environment (shelter
usage, visits at the close and the distant feeding spot).
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Appendix 2
Calibration of the PIT system

Calibration of the PIT system used in this study was conducted within a large laboratory tank.
The size of the tank (10 m x 4 m x | m, L x W x H) and PIT system installation within the
tank was similar to the setup used by Klefoth et al. (2012) and comparable to the setup within
ponds used in the present study (compare Figure 1 of the main manuscript). The PIT system
covered two feeding spots (0.5 m diameter) and a shelter structure (2 m x 4 m). PIT antennae
covering the feeding spots were round circle antennae where the antenna cable was bound to a
circle and placed directly on the bottom of the tank. Two antenna loops (I m x 4 m) were
installed in front of the shelter structure and covered the complete width and height of the
tank. We used N =40 carp (TL £ SD = 228 + 19.6 mm) tagged with PIT tags (23 mm, Oregon
RFID, Oregon, USA) to calibrate our passive telemetry system. Out of the 40 fish, 3 randomly
selected individuals were additionally tagged with external floy-tags (Floy Tag Inc., Seattle,
Washington, USA) for external visual identification. The first individual was floy-tagged at
the edge of the left pectoral fin (ID 348), the second individual was marked at the edge of
both pectoral fins (ID 435), and the floy tag for the third individual was placed at the ventral
point of maximum curvature of the peduncle (ID 351). These additional external tags allowed
to identify three individuals to be present at the two feeding spots or to be present within the
shelter structure, irrespective of the automatic PIT system and were therefore used for
calibration of the PIT system.

Three cameras (Oscar CCD Camera 640 x 480 Pixel) were installed to visually
observe the fish. Camera | and camera 2 were placed above the close and the distant feeding
spot (approximately 0.5 m above the water surface) and camera 3 was installed at a window
glass at the side of the tank where antennae loops in front of the shelter structure were located.
On four consecutive days all N = 40 fish were simultaneously observed using the PIT system
and the three cameras for one hour each. We followed the behavior of our three externally
tagged individuals using the video data and compared the data with those collected from the
automatic PIT system. Whenever an externally tagged carp entered one of the feeding spots
(i.e. the fish was found to be within the antenna loop with a minimum of 50 % of its body
length), we counted the maximum number of additional conspecifics within the feeding spot
and measured the time spent within the antenna loop. Whenever one of the three focal fish
reached one of the two antenna loops in front of the shelter structure we again counted the
number of conspecifics present, but did not measure the time spent there as the single antenna
loops in front of the shelter were only crossed during our observation periods and the focal
fish did not stay on top of the antennae. We defined a fish to be sheltering after it had passed
the antennae loops in a direction from outside to the inside of the shelter. Sheltering activities
ended when the fish passed the antennae loops in the opposite direction or when it was
detected elsewhere. Based on our video data we took eight randomly selected time frames of
10 minutes and stopped the time spent sheltering of our focal fish within this time frame. If a
focal fish did not leave the shelter after the ten minutes, observation time was elongated until
sheltering activities ended. We then compared theses real observations (min. spent sheltering)
with our PIT data (min. spent sheltering).Similar comparisons were done for the feeding spots
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based on 18 randomly selected time frames of 10 minutes. Here, the number of visits at the
feeding spots were counted on video data and compared with PIT data.

Statistics

To examine the functionality of the PIT system, logistic regression analyses were
used. An individual observation was coded one if both, visual observations and the PIT
system revealed a fish to be present within one of the structures (feeding spot, shelter
structure). An observation was coded 0 if only the visual observation, but not the PIT system
indicated a structure use of the fish. Visits at the close and the distant feeding spot were
grouped as preliminary analyses revealed no differences in detection efficiency between these
two similar structures. The number of conspecifics present at the same structure and the time
(s) spent within the proximity of the antennae (only feeding spots) was added to the model as
explanatory variable. The real time (min) spent sheltering and the real number of visits at the
feeding spots as indicated by visual observations was compared with the time spent sheltering
and the number of visits at feeding spots as calculated based on PIT data using Pearson’s
correlation. Single events of specific habitat choice of the three externally marked fish were
treated as independent observations. Analyses were conducted using software package R
version 3.1.2 (R Development Core Team) by applying library MASS (Venables and Ripley
2002).

Results

During our one hour observation periods over four days we found the three focal fish
to visit the feeding spots a total of 77 times. The mean time spent on the feeding spots was 3.1
+ 2.6 s (range 1 - 16 s) and the mean number of fish present was 3.2 + 2.0 (range 1 — 10). The
antennae in front of the shelter structure were crossed 395 times and the mean number of 5.0
+ 3.0 fish were present (range O — 15). The logistic regression analyses revealed the number of
conspecifics present within the vicinity of the antennae to be the main predictor of PIT
detection (Tab. A2-1, Tab. A2-2, Fig. A2-1, Fig. A2-2) whereas the time spent within the
circle antennae loops did not influence detection probabilities (Tab. A2-2). Visual
observations in comparison with our PIT data revealed a detection probability of 68.8 % over
all cases at the circle antennae with a 100 % probability of detection if the focal fish was
alone and continuously lower detection probabilities with an increasing number of
conspecifics in the vicinity of the antennae (Tab. A2-1, Fig. A2-1). Our additional ten minutes
observation periods of feeding spots (N = 18) revealed a high correlation between PIT system
data and visual observations (Pearson’s correlation, T = 5.741, df = 16, r = 0.820, P < 0.001,
Fig. A2-3). Similar observations of sheltering activities (N = 8) underestimated the time spent
sheltering by factor 4.4 [mean time spent sheltering (min) + SD based on visual observations
and calculated from PIT data, 6.70 + 2.84 and 1.52 + 1.91 min, respectively], but were highly
correlated with the real time spent sheltering as determined visually (Pearson’s correlation, T
= 3.169, df = 6, r = 0.791, P = 0.019, Fig. A2-4). Therefore, the automatic PIT system
revealed reliable data to observe the number of visits at feeding spots and the time spent
sheltering within our experimental setup. However, the system was influenced by the number
of conspecifics present and circle antennae on the bottom as used for covering the feeding
spots revealed better results compared to antenna loops in front of the shelter structure.
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Tables Appendix 2

Tab. A2-1: Descriptive data of our calibration experiments. Presented are the total number of
fish present when one of the focal fish used a PIT covered structure and the number of
successful detections in dependence of conspecifics occurrence.

Number of fish Number of Positive No detections Proportion of
present observations detections positive
detections %

@ Feeding spots

1 16 16 0 100
2 16 13 3 81
3 20 13 7 65
4 9 7 2 78
5 6 2 4 33
6 3 2 | 67
7-10 7 0 7 0
@ Shelter structure
1 33 28 5 85
2 50 23 27 46
3 60 7 53 12
4 50 1 49 2
5 59 4 55 7
6 43 1 42 2
7-16 100 0 100 0
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Tab. A2-2: Logistic regression modelling of carp detection along two different types of
structures (feeding spots and shelter) using an automatic PIT system within a laboratory tank.
Independent parameters were the number of conspecifics present within the vicinity of the

PIT antenna and the time (s) spent on feeding spots.

Parameter Estimate SE z-value P

Feeding spots

Conspecifics -0.76 0.19 -3.93 <0.001

Time 0.18 0.16 1.12 0.261

Shelter

Conspecifics -1.29 0.17 -7.68 < 0.001
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Figures Appendix 2

Fig. A2-1: Probability of positive detection on feeding spots using an automatic PIT system
and circle antennae placed at the bottom of a large tank in dependence of the number of
conspecifics present.

Fig. A2-2: Probability of positive detection in front of a shelter structure using an automatic
PIT system and antenna loops in dependence of the number of conspecifics present.

Fig. A2-3: Correlation between the real number of visits at the feeding spots during N = 18
ten minutes lasting periods as observed visually and the number of visits at the feeding spots
as determined by PIT data.

Fig. A2-4: Correlation between the real time spent sheltering (min) during N = 8 ten minutes
lasting periods as observed visually and the time spent under shelter (min) as determined by
PIT data.
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Behaviour-mediated alteration of positively size-dependent
vulnerability to angling in response to historical fishing
pressure in a freshwater salmonid

Jun-ichi Tsuboi, Kentaro Morita, Thomas Klefoth, Shinsuke Endou, and Robert Arlinghaus

Abstract: Positively size-selective vulnerability to fishing is well established in recreational fisheries. Size-selective harvesting
can either induce an indirect selection response of behavioural traits that are correlated with size or exert direct selection
pressures on behaviours that contribute to vulnerability. In addition, learning to avoid future capture may always happen.
Behavioural change caused by fishing may in turn affect the size-selective properties of angling. To test this prediction, field
experiments with amago salmon (Oncorhynchus masou ishikawae) were conducted. We demonstrated that, as expected, large fish
were more vulnerable than smaller individuals in a low fishing pressure (LP) stream and that positively size-selective angling was
not (or no longer) present in a high fishing pressure (HP) stream. Moreover, fish in the HP stream were by far less vulnerable to
angling with natural bait than fishes in the LP stream. Laboratory studies showed that offspring from HP streams were
intrinsically shyer than offspring collected from LP streams. We propose that the increased timidity of individuals inhibiting HP
streams disrupted the generally positive relationship among salmon body size and its vulnerability to angling. Fisheries-induced
timidity in response to high exploitation rates reduces catchability, affects the size-selective properties of angling, reduces the
value of fishery-dependent stock assessments, and potentially affects trophic interactions.

Résumé : La vulnérabilité a la péche positivement reliée i la taille est un phénomene bien documenté dans les péches sportives. La
péche avec sélection selon la taille peut soit induire une réaction de sélection indirecte de caractéres comportementaux qui sont
corrélés A la taille ou exercer des pressions de sélection directes sur des comportements qui accroissent la vulnérabilité. En outre,
l'apprentissage de I'évitement de captures futures peut toujours se produire. Les changements comportementaux causés par la péche
peuvent, quant a eux, avoir une incidence sur les propriétés de sélection selon la taille de la péche. Pour vérifier cette prédiction, des
expériences sur le terrain avec des saumons amago (Oncorhynchus masou ishikawae) ont été menées. Nous avons démontré que, comme
prévu, les grands poissons étaient plus vulnérables que les poissons plus petits dans un cours d'eau caractérisé par une faible pression
de péche (LP) et que la péche avec sélection positive selon la taille n'était pas (ou plus) présente dans un cours d'eau caractérisé par une
forte pression (HP). De plus, les poissons dans le cours d'eau HP étaient beaucoup moins vulnérables a la péche sportive avec des appats
naturels que les poissons dans le cours d'eau LP. Des études en laboratoire ont démontré que la progéniture provenant des HP était
intrinsequement plus timide que la progéniture prélevée des cours d'eau LP. Nous proposons que la timidité accrue des individus dans
les cours d'eau HP perturbe la relation généralement positive entre la taille du corps des saumons et leur vulnérabilité a la péche
sportive. La timidité induite par la péche en réaction a des taux d'exploitation élevés réduit la capturabilité, influence les propriétés de
sélection selon la taille de la péche, réduit la valeur des évaluations des stocks dépendant de la péche et pourrait avoir une incidence
sur les interactions trophiques. [Traduit par la Rédaction|

Introduction

Recreational fishing can induce evolutionary changes in life
history, morphology, physiology, and behaviour in response to
excessive and (or) trait-selective exploitation (e.g., Uusi-Heikkild

will in turn affect catch rates because most fishing gears operate
positively size-dependently and hence more readily catch the
larger size classes of an exploited population. Passively operated
fishing gears, such as recreational angling or gill-netting, may
not only select on body size and life history (Saura et al. 2010;

et al. 2008, 2015; Sutter et al. 2012). Most life-history changes
caused by intensive fishing collectively reduce adult body size at
age (Jorgensen et al. 2007; Alés et al. 2014). Evolutionary downsizing

Arlinghaus et al. 2009; Al6s et al. 2014; Evangelista et al. 2015), but
also select for activity, exploration, aggression, and other behav-
ioural traits (Heino and Gode 2002; Olsen et al. 2012; Diaz Pauli et al.
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2015; Wilson et al. 2015). Changes in body size and correlated behav-
ioural traits over time in response to intensive fisheries can affect
individual reproductive success due to the linear relation of body
mass and fecundity characteristic for most temperate fishes (Wootton
1992) and the reduced nest vigilance shown by low vulnerable
individuals in species that provide parental care (Sutter et al.
2012). One can also expect intensively angling-exploited fish stocks to
not only host smaller growing fishes after maturation (Alés et al.
2014), but also individuals revealing increased levels of timidity due
to fisheriesinduced behavioural evolution and associated hool-
avoidance learning effects in catch-and-release fisheries (Raat 1985;
Askey et al. 2006; Al6s et al. 2012, 2015; Klefoth et al. 2012, 2013).

In most stream salmonids, dominance hierarchies are common,
which are usually size-dependent. Large aggressive fish often be-
come dominant, in turn defending territories, which results in
greater foraging rates and growth compared with subdominant
individuals (Nakano 1995). Therefore, large dominant salmonids
are usually more vulnerable to angling under natural conditions
compared with smaller subdominant individuals (Tsuboi and
Endou 2008). Moreover, for metabolic reasons absolute food con-
sumption positively correlates with size (Yamamoto et al. 1998), in
turn leading to larger fish consuming more than small fish, which
also elevates capture probabilities of large compared with small
fishes (Brauhn and Kincaid 1982). Finally, the mouth gape of large
fish facilitates the take of a larger range of lures and bait types
(Arlinghaus et al. 2008b), which may further contribute to the
greater vulnerability of large fish compared with small fish (Lewin
et al. 2006), all other states (e.g., hunger and habitat choice) being
equal.

To reach large sizes in highly exploited streams, dominant and
bold salmonid individuals need to be able to effectively trade off
foraging opportunities and the risk of capture. Boldness, defined
as foraging under the risk of predation (Réale et al. 2007), has a
genetic basis in salmonids and other fishes (Iguchi et al. 2001;
Ariyomo et al. 2013; Dochtermann et al. 2015). Hence, in response
to high fishing pressure one would expect freshwater salmonids
to become shyer owing to genetic (i.e., fisheries-induced evolution
of behavior; Uusi-Heikkild et al. 2008, 2015) and plastic reasons
(i.e., increased hook-avoidance learning; van Poorten and Post
2005; Askey et al. 2006; Klefoth et al. 2012, 2013). When present,
increased timidity may decouple the generally present positive
relationship of size and vulnerability to fishing across generations
(Al6s et al. 2015; Januchowski-Hartley et al. 2015). No studies ad-
dressing this question exist for wild-living salmonids, but it has
been reported that bold and explorative salmonid individuals are
preferentially captured by passively operated gill nets and angling
gear (Biro and Post 2008; Harkonen et al, 2014).

We tested the vulnerability to angling gear of wild amago
salmon (Oncorhynchus masou ishikawae) in dependence of their body
size and behaviour by comparing individuals inhabiting high an-
gling pressure (HP) and low angling pressure (LP) streams in both
natural and laboratory common garden conditions. In the field
experiments, we hypothesized that large individuals are more
vulnerable than smaller individuals and that fish are particularly
hard to catch in a HP stream compared with an LP stream. In
associated laboratory experiments, we hypothesized that large
fish grow faster and are more vulnerable to angling compared
with small fish, but that this effect should be more pronounced in
fishes originating from an LP stream. This expectation arose from
the idea that the largest fishes of a population that are evolving in
a HP stream should be more shy and consequently be less vulner-
able to angling compared with similar-sized fish inhabiting an LP
stream. Both evolutionary adaptation and learning within the
realm of behavioural plasticity may contribute to the very same
effect (Alés et al. 2015), but our study was not designed to disen-
tangle among genetic and plastic effects. Instead we aimed at
more generally testing the effects of historic fishing pressure on
phenotypic expressions and angling vulnerability of a freshwater
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Table 1. Environmental components of a high fishing pressure (HP)
and low fishing pressure (LP) stream.

No. of litter items left

Stream width (m) by anglers per hectare
Stream  Altitude (m) (meanSD) (mean, min.—max.)
HP 700 3.7312.04 33.5, 0-76.9
LP 1160 2.9241.00 2.7, 0-10.9

salmonid using a combined field and laboratory assessment
approach.

Material and methods

Field experiment

To compare the body size-dependent vulnerability to angling
between fishes in HP and LP streams, experimental angling was
conducted in the Toiwa and Itajiki streams, both belonging to the
Fuji River system in central Japan (35°45'N, 138°35'E; Table 1). In
both streams, amago salmon is the only resident fish species ex-
hibiting a nonanadromous life history. The Toiwa stream is heav-
ily exploited by anglers because of easy access on paved roads
running alongside the stream bank (hereinafter referred to as HP
stream). By contrast, the Itajiki stream is located more than 5 km
away from the nearest car stop and historically received low fish-
ing pressure (hereinafter referred to as LP stream). Anecdotally,
old local anglers interviewed by the first author reported that
even in 1950s, it took an hour to reach the HP stream and almost
6 h to reach the LP stream from downtown of the nearest city by
bicycle and trekking, underlining the difficult access to the LP
stream during the last decades. Corresponding with the historical
fishing pressure, during our experimental angling in the years
2008 and 2009, we regularly observed anglers in the HP stream,
whereas we met only one angler over a period of 20 days in the LP
stream. Moreover, the assumption of historically divergent fish-
ing pressure was supported by the degree of angling-related litter
we observed at the stream banks per hectare in the same sections
as the ones where we also conducted the angling experiment
(Mann-Whitney U test, p = 0.023; Table 1). The distance between
the two study rivers is about 8.5 km, and both rivers belong to the
same catchment and have thus been colonized by same native
population of amago salmon until isolation by erosion-control
dams in the 1960s (Endou et al. 2006). Angling regulations are
identical on both streams (no bag limit and a minimum length
limit of 150 mm), and no stocking has been reported for both
streams (Tsuboi et al. 2013).

In August 2008 and June 2009, angling experiments were con-
ducted by two to three experimental anglers in three randomly
selected sections in each stream, using a 5 m pole (long rod with-
out a reel), a 1 1b line (1 pound = 0.453 kg), and a 0.5 g sinker
equipped with a small barbed hook (gape widths of 5.0 mm) to
which a stonefly larva was attached as natural bait (Table 2). Fork
length and otolith age (from 0 to 4 years old) were measured for
each fish caught by angling and also by electrofishing in the first
pass (see below). A generalized linear model (GLM) with a bino-
mial distribution of errors was used to compare the relationships
between fork length and the vulnerability to angling between the
two streams. A generalized additive model (GAM; Zuur et al. 2009)
was also used to assess possible nonlinear effects of fork length on
angling vulnerability.

Sampling of individuals invulnerable to angling tactics within
the river sections was conducted using electrofishing with two
passes on the next day of each experimental angling session.
These data were also used to assess the population densities. The
number of individuals invulnerable to angling in each stream
were assessed using the removal method (model M(b), program
CAPTURE; White et al. 1978; available from www.mbr-pwrc.usgs.gov/
software/index.html; Table 2). Population densities in each stream
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Table 2. Summary of amago salmon angling experiments in a high fishing pressure (HP) and low fishing pressure (LP) stream.

Stream length

No. of fish CPUE

No. of caught fish
by electrofishing

Density of salmon

of angling caught by (individuals-angler-hour?) (individuals-m~2)
Stream  Date of bait angling experiment (m) bait angling®* (mean, min.-max.) First pass* Second pass (mean, min.-max.)
HP 8 Aug. 2008 1013 15 0.91, 0.55-1.27 214 121 0.129, 0.087-0.183
27 June 2009 456 i 0.96, 0.50-1.43 208 70 0.165, 0.134-0.195
LP 7 and 10 Aug. 2008 594 35 2.14, 0.75-4.17 90 45 0.188, 0.110-0.275
26 June 2009 539 16 212, 1.50-3.00 174 52 0.160, 0.158-0.163

“Sampled for anatomy.

just before angling were defined as the sum of the number of
individuals angled and the estimated abundance invulnerable to
angling divided by the area of study sites. Population densities of
the surveyed sections were similar between the two streams
(Table 2).

Laboratory growth and behavioural assays

To compare the behavioural characteristics of the LP and HP
fish under a common garden, laboratory experiments were con-
ducted using age-0 fish captured at a nonvulnerable fry stage from
HP and LP streams. To that end, before the opening of the angling
season (1 April 2011), 100 fry of amago salmon were collected using
a dip net from the same sections that earlier served as sections for
the angling experiment (Table 2; each section about 500 m in
stream length) in both the HP and the LP streams on 30 March
2011. We caught fry in all potential habitats and throughout the
entire sections. The mean fork length of salmon fry was identical
among the streams (HP fish: 30.3 + 3.2 mm; LP fish: 30.4 + 2.8 mm;
Mann-Whitney U test, p = 0.952). The fry were probably not ex-
posed to any fishing activity from birth because their habitat
(shoreline leaves in low flow) is entirely separated from the habi-
tat anglers access during fishing activities (Nakano 1995). More-
over, sampling took place before the fishing season started.

All fry collected in the wild were reared in two artificial tanks
(width x length x depth: 55 cm x 90 cm x 45 cm) separated by
stream origin. During culture and subsequent experiments (see
below), each tank was fed with spring water (0.2 L-s~%). Each day
during the holding period, fish were given a formulated amago
salmon diet composed mainly of fish meal, vitamins C, E, and
eicosapentaenoic and docosahexaenoic acid (“Rescue A” produced
by Scientific Feed Laboratory Co., Ltd., Tokyo) to satiation using
automatic feeders.

To assess the growth potential of the two groups, on 11 July 2011
(103 days after capture in the wild), 86 HP fish and 95 LP fish were
measured for fork length (mm) and body mass (g) and individually
marked using visible implant elastomer tags. During capture and
individual marking, there was no significant differences in mor-
tality between the stream origin (HP: 14%; LP: 5%; G test, G = 0.234;
p=0.628). Afterwards, the fish were randomly selected and divided
into two replicated groups per strain, and 43 individuals of each
replicate were transferred to new tanks (W x L x D: 32.6 cm x
45.7 cm x 30 cm). During the experimental procedure, fish were fed
using the same formulated diet as described above. On 16 August
2011, fork length and body mass were remeasured, and specific
growth rates (SGR) were calculated as 100 x (InW,, — InW,,)/(t2 — t1),
where W, and W,, are body mass at times 1 and 12, respectively. A
generalized linear mixed model (GLMM) with a normal distribution
of errors was used to compare the relationships between fork length
and the SGR between the two strains, using tank replicate as random
factor.

Starting the day after growth measurements, juvenile fish from
HP and LP streams were subjected to two multiple repeated test
series aiming at determining differences in expressions of risk-
taking (boldness) and angling vulnerability in the laboratory.
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Fig. 1. Schematic representation of the predator display test, using
a stuffed cormorant as a model of a risky piscivorous bird.
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On 17-19 August 2011, predator display tests were conducted in
an experimental tank (W x L x D: 55 cm x 90 cm x 45 cm) that was
partially covered with a black plate (W x L: 55 cm x 30 cm). Five to
six HP or LP individuals were jointly netted from the holding tank
and transferred to the uncovered area in the experimental tank
(Fig. 1). To study how the groups of fish reacted to predation risk,
30 s after the transfer a stuffed cormorant as a model of a natural
predator was shown to the fish just above the water surface in the
uncovered area. Three seconds after the cormorant’s display, a
separator among the covered and uncovered area was introduced
into the tank to separate the individuals that were hidden under
the cover from those that stayed in the uncovered area. After each
experiment, fish were transferred back to the holding tank and
given the formulated diet to satiation. A total of 96 display tests
always involving new combinations of individuals were con-
ducted, and all individuals were tested six times, thus achieving
an individual summated hiding score ranging from 0 to 6. A
GLMM with a Poisson distribution of errors was used to compare
the relationships between fork length and the sensitivity to natu-
ral predator between the two strains, using tank replicate as ran-
dom factor.
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Vulnerability to angling gear

On 26-31 August 2011, fishing experiments were conducted us-
ing the same fishing gear already used in the natural streams,
which involved a 1.5 m pole (without a reel), a 11b line, a 0.5 g
sinker equipped with a barbed hook (gape widths of 2.0 mm)
equipped with a piece of frozen shrimp (about 5 mm total length)
as natural bait. Five to six individuals of either the HP or the LP
stream fish were randomly netted from the holding tank and
transferred to an experiment tank (W x L x D: 32.6 cm x 45.7 cm x
30 cm) lacking cover. The tank was set up on a table 100 cm above
the floor to avoid fish seeing the experimental angler. Fishing
time of each trial was 15 min. Captured fish were checked for
individual marks and immediately released back into the fishing
tank to maintain an equal density. After each experiment, fish
were transferred back into the holding tank and given the formu-
lated diet to satiation. A total of 32 fishing experiments were
conducted. Each individual was tested twice in a group, and the
vulnerability score thus ranged from 0 to a maximum of 2 cap-
tures. A GLMM with a Poisson distribution of errors was used to
compare the relationships between fork length and the vulnera-
bility to angling between the two strains, using tank replicate as
random factor. On 9 September 2011, fork length and body mass
were again remeasured to serve as a measure of growth during the
experimental phase.

A GLMM with a normal distribution of errors was used to com-
pare the relationships between fork length and the SGR during
predator display and angling tests (from 16 August to 9 September
2011) between the two strains, using tank replicate as random
factor. A generalized additive mixed model (GAMM; Zuur et al.
2009) was also used to assess possible nonlinear effects of fork
length on SGR. SGR of the fishes during behavioural and angling
experiments was separately analysed to test for differences in
food ingestion rates and growth as a consequence of handling
stress to which shy and bold individuals might react differently.

All analyses were conducted using the R package “mgcv” (ver-
sion 1.7-29). The Akaike information criterion (AIC) was used to
identify the best-fitting models.

Results

A total of 73 individual fish were captured by angling for 31
angler-hours, and 974 fish were caught by electrofishing (Table 2).
Fork length of these fish ranged from 45 to 236 mm. Amago
salmon captured in the HP stream were significantly smaller (HP:
110 £ 42.5 mm; LP: 121+ 44.5 mm, mean fork length £ SD, F=17.64,
p < 0.001) and younger (HP: 0.61 + 0.74; LP: 0.84 + 0.88, mean years
of'age + SD, F=19.11, p < 0.001) than those in the LP stream (Fig. 2;
also see online supplementary data Fig. S1'). Population densities
did not differ among the two streams and ranged from 0.087 to
0.275 individuals per square metre (Mann-Whitney U test, p = 0.602;
Table 2). Despite similar densities, the catch per unit effort (num-
ber of fish captured per angler-hour) of bait fishing in the HP
stream (0.50-0.93-1.43, min.—mean-max.) was significantly lower
than that in the LP stream (0.75-2.13-4.17, min.-mean-max.; Mann-
Whitney U test, p = 0.030; Table 2). Both fork length and age were
within the same range for fish caught by bait angling and electro-
fishing in the HP stream, but fish caught by angling were larger
and older than those caught by electrofishing in the LP stream
(Table 3). Fork length, stream, the interactions of fork length and
age, and that of fork length and stream were significant factors
affecting the vulnerability to bait angling (Table 4). Based on the
AIC, a GAM fitted the data on vulnerability to angling better than
a GLM (Table 4). The GAM showed that the vulnerability to angling
increased with fork length in the LP stream, whereas the vulner-
ability to angling of fish from the HP stream initially increased

Can. J. Fish. Aquat. Sci. Vol. 73, 2016

Fig. 2. Fork length distributions (left-side axis, histograms) and
probability of being caught by bait angling (right-side axis, plots and
spline curves) on amago salmon in a (a) high and (b) low fishing
pressure stream.
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with fork length and subsequently decreased with further in-
creases in body size (Fig. 2). The significant interaction of fork
length and age indicated that older fish were less vulnerable to
angling, even at similar fork lengths (Table 4; Fig. S1').

In the laboratory experiments, there was no difference in SGR
over a period of 36 days among the two strains before the predator
display experiments were conducted (HP: 0.63 + 0.28; LP: 0.56 *
0.29, mean * SD; Table 5). However, in the predator display exper-
iments, the number of times fish were hiding under cover was
significantly greater for HP fish (HP: 3.63 + 1.42; LP: 2.86 + 1.46
times, mean * SD; Table 5; Fig. 3), indicating a greater intrinsic
timidity of HP fish relative to LP fish. In contrast with the field
data reported above for the juvenile and adult fish, under con-
trolled conditions in the laboratory the number of captures of HP
and LP fish was not significantly different for juveniles (Table 5).
However, during the predator display and angling experiments in
the laboratory, the relationship between the SGR assessed over
24 days and fork length was starkly different among the HP and LP
fish (Table 5). A GAMM fitted the SGR data better than a GLMM for
the period during the predator display and fishing experiments
(Table 5). Accordingly, HP fish exhibited significantly lower growth
rates than LP fish during the experiments, particularly the larger
ones (Fig. 4). We repeated the analysis for fish <95 mm given the
small sample sizes presented for the largest fish size classes (see
Fig. 4). Even after removing these data, HP fish still showed a
significantly lower SGR than LP fish during the predator display
and angling experiments (Table 5).

1Supplementary data are available with the article through the journal Web site at http:/[nrcresearchpress.com/doi/suppl/10.1139/cjfas-2014-0571.
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Table 3. Comparison of fork length (mm) and age (years) (mean £ SD) of amago salmon caught by angling
and electrofishing in a high fishing pressure (HP) and low fishing pressure (LP) stream.

Salmon caught by:

Stream Date of bait angling Angling Electrofishing F P
HP 8 Aug. 2008 Fork length 115434 110442 0.263 0.608
Age 0.4710.52 0.5310.72 0.123 0.726
27 June 2009 Fork length 128131 99135 4.532 0.034
Age 0.71+0.49 0.4810.56 1.254 0.264
Lp 7 and 10 Aug. 2008 Fork length 164127 110140 54.945 <0.001
Age 1.4010.60 0.62+0.73 31.484 <0.001
26 June 2009 Fork length 172136 124+47 16.512 <0.001
Age 2.251%0.93 0.90+0.93 30.820 <0.001

Table 4. The best model of a generalized linear model (GLM) and a generalized additive model (GAM)
selected by Akaike information criteria (AIC) in a field experiment on the vulnerability to angling of
amago salmon in a high and low fishing pressure stream.

Error

Method distribution AIC AAIC Independent variable Coefficient p

GLM Binomial 395.9 17 Stream 1.895 0.024
Fork length 0.047 <0.001
Age 2.733 0.011
Stream x Age -2.889 <0.001
Fork length x Age -0.016 0.007

GAM Binomial 393.8 3.8 Stream 1.376 0.036
s(Fork length)* — <0.001
Stream x Age -2.430 <0.001

Note: The independent variables were stream (high fishing pressure stream =1, low fishing pressure stream = 0), fork
length, age, and their interaction. AAIC shows the difference of AIC between the best and full models.
*p value shows approximate significance of smooth term (s).

Table 5. The best model of a generalized linear mixed model (GLMM) and a generalized additive mixed model (GAMM)
selected by Akaike information criteria (AIC) for the laboratory behavioural and growth assays on age-0 year amago salmon

originating from high and low fishing pressure streams.

Error
Dependent variable

Method distribution AIC AAIC Independent variable Coefficient p

SGR before experiments GLMM  Normal
No. of times hiding under cover GLMM  Poisson
No. of times caught by bait angling GLMM  Poisson
SGR during experiments using full data GLMM  Normal

GAMM  Normal
SGR during experiments using dataof GLMM  Normal

<95 mm fish

48.0 14.9 Fork length 1.895 <0.001
1381 2.0 Strain 0.247 0.004
Fork length 0.009 0.002

118.3 16  Fork length 0.032 <0.001
-36.2 0.0 Strain 0.705 0.066
Fork length 0.016 <0.001

Strain x Fork length -0.014 <0.001

-96.8 0.0 Strain 0.643 <0.001
s(Fork length)* —_ <0.001

Strain x Fork length  -0.013 <0.001

=741 4.7 Strain -0.262 0.013
Fork length 0.007 <0.001

Note: The independent variables were strain (originating from high fishing pressure stream = 1, low fishing pressure stream = 0), fork length at
the start of each duration, and their interaction. AAIC shows the difference of AIC between the best and full models. SGR = specific growth rate,

*p value shows approximate significance of smooth term (s).

Discussion

We found large amago salmon to be more vulnerable to angling
in an LP stream compared with their smaller conspecifics, while
no generally positive size selectivity was present in a HP stream.
Moreover, the catch rates of amago salmon were significantly
lower in the HP stream, despite similar fish abundances, indicat-
ing a substantial reduction of vulnerability to angling, particu-
larly among the large fishes. Such patterns were in agreement
with previous research in selected recreationally targeted coastal
fish species (Alos et al. 2015). We also provided evidence that fish
from the HP stream were shyer and more risk-averse compared
with fish from the LP stream, which agreed with laboratory-based
harvesting experiments using zebrafish (Danio rerio) (Uusi-Heikkild

et al. 2015). Recent studies in brown trout (Salmo trutta) and Eur-
asian perch (Perca fluviatilis) found that explorative individuals
were preferentially hooked by anglers (Hirkonen et al. 2014, 2015).
We thus propose that in the HP stream, behaviourally reactive
individuals (e.g., active and (or) bold fishes) have been systemati-
cally removed from the pool of fishes, leaving behind shyer indi-
viduals that are harder to catch.

Given the common garden nature of our experiments using fry
that have not been exposed to any angling in the wild, our data
may be perceived consistent with an evolutionary response to-
wards increased shyness in response to selective removal of bold
fish in the HP stream. However, in the field additional effects of
learning to avoid future capture were likely involved, because
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Fig. 3. Frequency distributions of the number of times hiding under
cover in the predator display experiments on age-0 year amago salmon
originating from a high fishing pressure (HP) and low fishing pressure (LP)
stream.
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there was no intrinsic difference in angling vulnerability of amago
fry under controlled laboratory conditions, and vulnerability in
the field decreased further as fish aged, suggesting experiential
learning. Indeed, rainbow trout (0. mykiss) exposed to catch-and-
release angling altered their behaviour and became more wary, in
turn substantially reducing catch rates due to hook-avoidance
learning (van Poorten and Post 2005; Askey et al. 2006). Moreover,
a major limitation of our study is the lack of stream replication,
and hence we cannot conclusively relate our study findings to
fishing pressure in a cause-and-effect or evolutionary manner.
Although spatial proximity and general ecological conditions (in-
cluding density) were similar among the streams we studied
(Tsuboi et al. 2013) with only fishing pressure sticking out as a
discriminatory feature, unaccounted ecological factors could have
contributed to the study findings. Further research with more
streams is needed to confirm the data and the interpretation pre-
sented in this paper, but such systems do not exist in our study
area. Irrespective of the exact mechanism, any fisheries-induced
adaptive response to reduce exposure to fishing gear will not only
reduce CPUE and hence angling quality (Arlinghaus 2006; Arlinghaus
et al. 2008a), but may even obscure the often-reported effect of
positive size selectivity of recreational fishing as found here. As a
consequence, angler-exploited populations could host large fish
that are invulnerable to angling, in turn promoting increasingly
dome-shaped selectivity curves that have been repeatedly re-
ported for hook-and-line gear (e.g., O'Farrell and Botsford 2006;
Hutchings 2009).

Superficially, the lack of differences of angling vulnerability
between the common garden raised fry from HP and LP streams in
the laboratory environment may be interpreted as being inconsis-
tent with an evolved response of low vulnerability to fishing. How-
ever, an emerging literature is questioning the validity of certain
laboratory studies and test areas for revealing complex behaviours
and fish personality (Klefoth et al. 2012; Niemeld and Dingemanse
2014), including work in salmonids (Ndslund et al. 2015). Similarly,
Wilson et al. (2011) failed to find a clear relationship of boldness
and vulnerability to angling in a sample of seined bluegill (Lepomis
macrochirus) when tested in a laboratory environment. The lack of
vulnerability differences between HP and LP fish in the laboratory
may have been caused by the close proximity to the bait in a tank
lacking shelter. By contrast, several studies conducted under
seminatural or even natural conditions have now revealed unam-
biguous relationships of boldness (or correlated traits such as
exploration, activity, or choice of risky pelagic habitats) and vul-
nerability to angling in a range of species (Klefoth et al. 2012, 2013;
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Fig. 4. Relationships between specific growth rates and fork length
during predator display and angling tests in tanks on age-0 year amago
salmon originating from a (a) high and (b) low fishing pressure stream.
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Matthias et al. 2014; Harkonen et al. 2015; for a theoretical model
see also Al6s et al. 2012). While we failed to identify vulnerability
differences among HP and LP fish in the laboratory, we found
age-0 HP fish to avoid the simulated natural predator significantly
more frequently than age-0 LP fish, and these fish also grew less
under risk of predation under laboratory conditions. Coupled
with the field data on differences in vulnerability, we cautiously
interpret our data as consistent with an evolved boldness re-
sponse, leading to greater shyness and lower vulnerability to fish-
ing in highly exploited streams.

Recreational fishing mortality can be very high in some locali-
ties and strongly affect fish populations demographically (Post
et al. 2002; Lewin et al. 2006). In particular, heavy catch-and-kill
type angling is known to substantially alter age and size distribu-
tions within salmonid and other fish populations (e.g., Goedde
and Coble 1981; Braiia et al. 1992). Size and age truncation was also
present in our work where we observed differences in fork length
and age among HP and LP streams. In fact, although the popula-
tion in the exploited HP stream was not numerically less abun-
dant (similar to the coastal fisheries case reported by Al6s et al.
2015), the HP population hosted overall smaller and younger
fishes compared with the population in the LP stream. Amago
salmon in HP streams are traditionally removed after capture, and
hence the stock composition in terms of a truncated size and age
distribution was not unexpected. The lower vulnerability of large,
fecund individuals expressed in HP environments may also safe-
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guard against population collapses. To conclude, fishing-induced
adaptive changes, be it evolution or plasticity or both, towards
lower vulnerability are likely to carry costs for fishing quality and
the index quality of fishery-dependent data while safeguarding
population viability in the face of exploitation. However, the pres-
ence of more shy individuals in heavily exploited system may
have undesired food web effects and could alter ecosystem func-
tion (Laundré et al. 2014), which should be studied in the future.
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Abstract Domestication in fish selection increases vulnerability to angling. Two common garden-reared genotypes of
common carp, Cyprinus carpio L., differing in degree of domestication (highly domesticated mirror carp and less
domesticated scaled carp) were exposed to fishing in two environments (i.e. ponds and laboratory tanks) to quantify
vulnerability to angling. Foraging behaviour and food preferences were quantified to explain variation in angling
vulnerability in a mechanistic manner. Domesticated mirror carp were more vulnerable to angling gear than scaled
carp in both environments, which was related to greater food intake and bolder-foraging behaviour. Independent of
genotype, catchability decreased and time until first capture increased over fishing time, indicating learned hook
avoidance. No differences were observed in food preferences among genotypes, rendering bait-selective feeding an
unlikely explanation for differential vulnerability to angling. It was concluded that vulnerability to angling has a
genetic basis in carp and that boldness plays a paramount role in explaining why more domesticated genotypes are
more easily captured by angling.
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antipredator responses (Kieffer & Colgan 1992; Kelley

et & Magurran 2003; Griffin 2004). The propensity of fish

Predator—prey relationships like those between anglers
and their target fish are regulated by the fish’s antipreda-
tor behaviours (Cox & Walters 2002; Van Poorten &
Post 2005; Askey et al. 2006). Antipredator behaviour
in fish has a genetic basis (Seghers 1974; O’Steen et al.
2002; Ghalambor et al. 2004), but experience and learn-
ing over time can strongly influence the development of

to learn from experience has been found to be higher in
fish adapted to high-predation environments than fish
adapted to low-predation environments (Huntingford &
Wright 1992), indicating that not only antipredator
behaviour per se, but also the ability to learn, has an
evolutionary basis. Therefore, a different degree of adap-
tation to natural predation risk might also influence
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responses of fish towards baited hooks in recreational
fisheries.

Management of freshwater recreational fisheries often
involves stocking activities using fish raised in captivity
(Pearsons & Hopley 1999; Arlinghaus ef al. 2002).
Therefore, individual fish of the same species and within
the same water body can substantially differ in their
local adaptation towards predation risk, because pheno-
typic traits related to risk-taking are often altered by the
domestication process within fish hatcheries in ecological
or evolutionary contexts (Price 1999; Huntingford 2004;
Sundstrom ef al. 2004). The combination of selective
breeding and early life experiences of unnaturally low-
risk conditions within culture facilities strongly shapes
fish behaviour (Price 1999). As a consequence of the
domestication process, cultured fish can be assumed to
represent the risk-taking end of the behavioural spectrum
(Huntingford 2004). Fish raised under culture conditions
are thus usually more vulnerable towards angling than
their wild conspecifics as has been shown for a variety
of salmonids [brook char, Salvelinus fontinalis (Mitchill)
(Flick & Webster 1962); cutthroat trout, Oncorhynchus
clarkii (Richardson) (Dwyer 1990); rainbow trout, On-
corhynchus mykiss (Walbaum) (Dwyer & Piper 1984);
brown trout, Salmo trutta L. (Mezzera & Largiadér
2001)]. Similarly, differences in angling vulnerability
between high- and low-domesticated genotypes of
omnivorous common carp, Cyprinus carpio L., have
been reported where domesticated mirror carp were more
readily captured by passive angling tactics than their less
domesticated, scaled conspecifics (Beukema 1969; Raat
1985). However, little is known about the specific traits
that render more domesticated genotypes more vulnera-
ble to angling, although boldness behaviour is likely to
play an important role (Klefoth et al. 2012). In addition,
preferences for artificial food (such as purposely made
baits or corn kernels in carp fishing, Niesar et al. 2004;
Rapp et al. 2008) or ability to digest carbohydrate-rich
cereals, to which domesticated fish have been ecologi-
cally or evolutionarily adapting under farm conditions,
may play an important role (Suzuki et al. 1978).

In general, the impact of fish learning abilities on
angling catch rates has been shown for different preda-
tory species by documenting declining catch rates with
increasing fishing pressure in a catch-and-release fishing
context [largemouth bass, Micropterus salmoides lLa-
cepede (Anderson & Heman 1969; Hackney & Linkous
1978); rainbow trout (Van Poorten & Post 2005; Askey
et al. 2006); northern pike, Esox lucius L. (Beukema
1970a; Kuparinen et al. 2010)]. Similarly, omnivorous
carp were found to learn from previous capture events
insofar as fish that were already captured within a
fishing season were found less likely to be caught in the
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future compared with previously uncaptured conspecifics
(Beukema 1970b; Raat 1985). However, it remains
unclear whether differently domesticated fish differ in
their ability to avoid being hooked as a consequence of
learning. Four issues that are not mutually exclusive are
worth noting. First, as domesticated fish might be
selected for rapid growth, there might be a correspond-
ing selection for reduced allocation of energy into the
building of the neural network leading to reduced cogni-
tive abilities (Mery & Kawecki 2003). Second, the hold-
ing of domesticated fish in artificial conditions might
reduce the ability of these fish to learn complex tasks
(Marchetti & Nevitt 2003). For these two reasons,
domesticated fish might express a constantly higher
catchability over time relative to less domesticated fish.
An alternative perspective is that cultured fish might be
initially more vulnerable to angling than less domesti-
cated individuals, but, with increasing experience, differ-
ences between the two groups might vanish owing to
social learning effects (Beukema 1970b; Krause 1993;
Brown & Laland 2003). A final issue is that differences
in vulnerability between fish of high and low domestica-
tion (and hence adaptation to natural predation risk)
might be strongly dependent on the ecological context as
a consequence of genotype x environment interactions
(Klefoth et al. 2012). Therefore, differences in vulnera-
bility among high- and low-domesticated genotypes
might be context dependent.

Another reason for differences in angling vulnerability
between fish with differences in their adaptation to cul-
ture conditions could be related to food preferences, con-
sumption rate and food-intake speed. Experiments
determining differences in the feeding behaviour of wild
and domesticated brown trout from the same river
showed that wild trout ate more and were quicker to
attack and consume prey than domesticated trout (Sun-
dstrom & Johnsson 2002). Similarly, using differently
domesticated carp strains reared in a common garden,
Matsuzaki et al. (2009) found wild carp to attack prey
items more rapidly and to have higher consumption rates
than highly domesticated genotypes. However, both
studies were based on natural food items. Suzuki ef al.
(1978) used commercial fish pellets and natural worms
in trials with carp and found domesticated carp to prefer
artificial food over natural food resources and to be more
readily captured on the non-natural food. Translating
these results into an angling context using baits like
worms or maggots, wild genotypes should be more vul-
nerable to angling than their domesticated counterparts.
However, in most contemporary angling for carp, artifi-
cial bait items are used such as corn kernels, other seeds
or so-called boilies (Niesar et al. 2004). Domesticated
carp might show a higher consumption rate of this artifi-
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cial food, which might be one mechanism for the higher
vulnerability of these genotypes using such baits (Suzuki
et al. 1978).

The objective of this study was to analyse the vulnera-
bility to angling over time and its mechanistic basis as
revealed by two genotypes of common garden reared
carp (scaled and mirror) with known differences in
genetic adaptation to low-risk culture conditions. Tests
for angling vulnerability were conducted during day and
night in two different environments (i.e. laboratory tanks
and ponds) to investigate the influence of the environ-
ment and visual cues on threat recognition and learned
hook avoidance. Laboratory experiments on foraging
activity and preferences of a novel food item were con-
ducted in a two-way-choice experiment to understand
some of the mechanisms responsible for differences in
vulnerability between the two genotypes of carp. It was
hypothesised that more domesticated carp would be
more vulnerable overall, and vulnerability would shift to
the dark periods with increasing fishing pressure. It was
also hypothesised that reasons for the differential vulner-
ability would be related to increasing consumption rates
and a preference for corn kernels as bait among domesti-
cated carp. Finally, wild genotypes were assumed to
exhibit greater learning to avoid future capture compared
with domesticated carp.

Material and methods

Study animals

Study animals involved two genotypes of common carp
differing by distinct scale patterns reflecting its evolu-
tionary history of adaptation to aquaculture conditions as
described by Klefoth er al. (2012). All carp used were
raised at a commercial fish hatchery (Fischzucht Wegert,
Ostercappeln, Germany, 52°19'52" N, 8°14’48" E) in the
same common garden pond environment. Parental fish
descended from two selection lines: (1) a selection line
with scaled morphotypes; and (2) a selection line in
which scaled morphotypes were previously crossed with
strongly domesticated mirror carp selection lines. Fish
from both selection lines were stocked into the same
common garden pond for reproduction. Young-of-the-
year mirror carp could only develop as a result of two
breeders from the strain originally crossed with domesti-
cated mirror carp (strain 2) (Kirpichnikov & Billard
1999). All juvenile carp were exclusively fed with stan-
dard carp dry food in addition to any natural food
ingested in the shallow (1.5 m deep) earthen common
garden pond (40 m x 50 m). At an age of 10 months, a
subsample of the fish was transported to the Leibniz-
Institute of Freshwater Ecology and Inland Fisheries in
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Berlin, Germany, for angling experiments, and another
subsample was transported to a laboratory at Humboldt-
Universitit zu Berlin, Germany, for laboratory tests on
feeding behaviour and food preferences of the fish. Juve-
nile carp were chosen as experimental fish because use
of much larger and older fish would have been impracti-
cal under laboratory conditions. In both locations, fish
were kept in tanks (Il m x 1 m x 1 m; 5 fish per
100 L) with tap water in a recirculation system (mean
temperature = SD 18 + 1.5 °C, exchange rate about
once per day). Fish were fed with standard carp pellets
(5 mm diameter; Aller Classic, Aller Aqua, GolBen, Ger-
many), and the total daily food amount was approxi-
mately 1.5% of fish body wet mass.

Tagging of fish

All carp (N = 100 scaled carp and N = 100 mirror carp
used for angling experiments and N = 54 scaled carp
and N = 54 mirror carp used for laboratory experiments
on foraging activity and food preferences) were individu-
ally marked with passive integrated transponders (PIT)
for individual identification. PIT (23 mm length, 2 mm
width; Oregon RFID, Portland OR, USA, 2% tagging
mortality) were surgically implanted into the fish’s body
cavity following the method described by Skov er al.
(2005). Before PIT implantation, fish were anaesthetised
using a 1 mL L™" of 9:1 solution of ethanol/clove oil in
well-aerated water at 18 °C. After PIT implantation, all
fish were measured for total length (TL, to nearest mm)
and allowed to recover for a minimum of 3 days before
experiments started.

Tests for angling vulnerability within ponds

To investigate the vulnerability to angling of scaled and
mirror carp under seminatural conditions in ponds, each
of three pond replicates (12 m x 5m x 1 m;
L x W x H) was stocked with 40 similar-sized carp
(20 scaled carp and 20 mirror carp, mean TL + SD pond
1: 199 +£69 and 199 + 12.1 mm, rtest, ¢ = 0.08,
P =10.936; pond 2: 199+ 47 and 200 + 11.9 mm,
t-test, t=—0.26, P=0.797; pond 3: 199 £ 6.1 and
197 £ 11.2 mm, t-test, 1 = 0.78, P = 0.440). Fish were
allowed to acclimatise for 9 days before angling experi-
ments started. Pond experiments were conducted in
September 2008. The ponds were continuously supplied
with water from the nearby Miiggelsee in Berlin
(800 ha; shallow; eutrophic). Inflow into the ponds was
about 1 L s™' unfiltered lake water. The environmental
conditions in the ponds were documented using tempera-
ture loggers (TidbiT datalogger; Onset, Bourne, MA,
USA). Mean water temperature + SD in the ponds over
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the study period was 16.2 + 1.9 °C (range: 13.9-19.5 °
C). The ponds contained a shelter structure
(2 m x 5 m) made out of black plastic material just
above the water surface next to the water inlet, and two
pre-defined round angling locations (diameter 0.5 m) at
different distances to the shelter (3 and 7 m away from
the shelter structure, respectively). Angling was con-
ducted for 20 consecutive days, simultaneously in all
three ponds and started 2 h before sunset until 2 h after
sunset (total daily angling effort per pond = 4 h). The
starting time of daily angling events was alternated every
day among the morning or evening twilight periods, and
fishing always involved daytime and nighttime periods
to estimate the impact of diel period on angling vulnera-
bility. Angling was conducted on the pre-defined angling
locations and position of hook placement was alternated
between the two locations on a 60-min basis to control
for potential feeding location preferences by the study
fish. In addition to the baited hook, standard carp pellets
(5 mm diameter) were used as pre-baiting food and were
provided every 60 min on the feeding locations. Total
daily food amount of pre-baiting pellets per pond was
1% of fish body wet mass at the time of stocking
(approximately 12 pellets). In addition, for every single
pellet, one sweet corn (5-7 mm diameter; Bonduelle,
Reutlingen, Germany) was offered, which also served as
carp bait on the hook.

Angling and feeding took place simultaneously on the
same locations. Sweet corn kernels were used as bait,
provided on a bold-rig as described by Rapp et al.
(2008). This method ensured exclusive shallow hooking
of the fish. The hook was connected to a 13-cm multifi-
lament soft leader. The angling equipment consisted of a
3-kg monofilament line, a 15-g sinker, and a short fish-
ing rod (2.1 m, 0.3 Ib test curve; Balzer, Lauterbach,
Germany). Bites were indicated by an electronic bite
indicator (Carp-Sounder Basic VR; Carp-sounder, Ger-
many). After potential self-hooking, the fish was landed
quickly using a rubber-net to prevent mucus abrasion
(Barthel et al. 2003). Fish were then placed into a
bucket filled with fresh water for unhooking and PIT
identification (Pocket reader; Allflex, Dallas, TX, USA).
Afterwards, fish were immediately released in the middle
between the two feeding locations. Release of the fish
was always conducted within 30 s and no mortality
occurred. In addition to the individual ID of captured
fish, time of every bite as indicated by the bite indicator
was recorded to the nearest 10 s.

Tests for angling vulnerability within laboratory tanks
Additional laboratory-based experiments under controlled

environmental conditions were conducted to test for the
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consistency of differences in angling vulnerability among
the two carp genotypes under fully controlled environ-
mental conditions. This experiment resembled the set-up
established in the ponds and used a new set of study ani-
mals. This was done to avoid experimental biases based
on learning effects of the fish that might have occurred
if individuals from the pond environment would have
been re-used during laboratory experiments. Experiments
were conducted in a large laboratory tank
(10m x 4m x 1 m; L xW x H) of comparable size
with the ponds. The tank was connected to a circulating
water system and a biological filter. Water inflow was
2Ls ' and water temperature + SD was constant at
22 £ 1 °C. To investigate vulnerability in the laboratory,
a total of 40 similar-sized fish (20 scaled carp and 20
mirror carp, mean TL £ SD 225+ 20.0 and 229 +
16.0 mm, respectively, r-test, r = —0.80, P = 0.441) was
stocked into the tank and allowed to acclimatise for
9 days before angling experiments started. Laboratory
experiments were conducted in March to April 2009.
The experiments followed the same protocol described
for the pond experiment, with the exception that inter-
vals of changing the fishing locations within the daily
4 h angling periods were 15 min instead of 60 min for
logistical reasons. After the 7th day of angling in the
laboratory environment, experimental carp were replaced
by a new set of 40 fish (20 scaled carp and 20 mirror
carp, mean TL + SD 224 + 17.0 and 229 = 21.0 mm,
respectively, r-test, = —0.89, P =0.377), and the
experiment was replicated.

Foraging behaviour and food preferences of scaled
and mirror carp in the laboratory

Behavioural laboratory experiments were conducted in
12 different aquaria of similar size (100 x 40 x 40 cm)
to test for differences in feeding behaviour and food
preferences between scaled and mirror carp as possible
mechanistic explanations for differences in angling vul-
nerability between the two genotypes. Aquaria were
positioned along two walls using metal racks (three
tanks abreast and two tanks stacked) in different dis-
tances to a window (2 and 4 m). All aquaria were con-
nected to an independent circular filtering system along
each wall. Each tank was equipped with a flat metal rail
placed at the bottom to divide aquaria visually into a
similar-sized left and right compartment, without influ-
encing activities of fish swimming between the two com-
partments. Focal fish (mean TL £ SD of scaled carp
230 £ 25 mm and mirror carp 237 + 30 mm, r-test,
t=1.1, P=0.35) consisted of individuals from the
same common garden as those individuals used for
angling experiments. Individuals were randomly assigned
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to one of the aquaria and allowed to acclimatise for
7 days. Water temperature within the aquaria was
19.7 + 1.2 °C. During acclimatisation, fish were fed pel-
lets (same as previously) with an amount of approxi-
mately 1% of body wet mass per day, except for the day
before observations started, and aquaria were cleaned on
a daily basis to remove residual food. Because no food
was provided on the last day before the experiments, fish
were starved for about 17 h before behavioural observa-
tions started.

Focal fish were tested individually for their feeding
behaviour and their food preferences for pellet vs sweet
corn kernels following an observer-based approach
where the observer stood about 3 m away from the
aquaria to observe directly behaviour of the fish. During
experimentation, the observer provided five items of two
different food sources to the fish (five pellets and five
corn kernels). Food items (pellets and corn kernels) were
similar to those used during angling experiments. The
test procedure for food preferences of scaled and mirror
carp followed a two-way-choice setup (Holbrook & Sch-
mitt 1988) where the fish had to choose between two
different sources of food provided in different areas of
the aquaria at the same time. Behavioural variables eval-
uated were the number of side changes within 10 min
after food supply as an indicator of activity during feed-
ing and the time elapsed until first ingestion of a food
item. Afterwards, the number of pellets and corn kernels
eaten within 10 min and the total sum of food items
caten (maximal 10 food items per replicate) were
counted. Behavioural data were replicated three times,
and tests for food preferences were replicated six times.
Afterwards, the fish in the aquaria were replaced by a
new set of focal fish.

Effects of genotype, angling duration and diel period
on catchability of carp

Generalised linear mixed models were used to explain
the daily absolute number of angling captures within
ponds and laboratory tanks. The data set was used to test
for differences in the number of captures between scaled
and mirror carp (Genotype), the impact of angling dura-
tion on captures measured as consecutive fishing days of
the experiment (Day) and the diel period at capture on
each specific fishing day, distinguishing day and night
(Diel period). Diel period was defined as either daytime
(period from sunrise to sunset) or nighttime (period
between sunset and sunrise). All possible two-way and
three-way interactions with Genotype, Day and Diel per-
iod were added to the models and subsequently removed
if not significant at P < 0.05. Pond and tank replicates
were added as a random factor to account for inter-repli-
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cate variability. In addition, mean daily water tempera-
ture was added as a random factor to the model
explaining number of angling captures in the pond envi-
ronment. In all cases, data were not overdispersed and a
Poisson error distribution was found to be the best fit to
the data. The software package R and function Imer in
library Ime4 (R Development Core Team 2009) was
used for analysis. Variances explained by the models
were calculated using Nagelkerke’s Pseudo-R>.

To investigate the potential for learning ability of the
fish as a response towards angling pressure, time until
the first capture of the day was regressed on the time
until the first bite of the day and on angling duration
(defined as the consecutive fishing day of the experi-
ment) using linear regression models. Variance compo-
nents of pond and tank replicates were low (<1%),
indicating minor differences between replicates in the
time until the first capture of the day, so that the regres-
sions were calculated using mean values of pond and
tank replicates per day. Interaction terms were removed
if not significant. One would generally expect the time
until first bite and time until first capture of a fish to be
positively related. Learning would be indicated by a
positive relationship between time until first bite or time
until first capture and fishing duration. Moreover, if over
time a decoupling of the time elapsed until the first bite
and time elapsed until the first capture happens, this
would become visible as a non-significant correlation of
these variables indicative of learned hooking avoidance
over time.

Mechanistic explanations for differences in vulnerability
between scaled and mirror carp

Differences in swimming activity during foraging, time
to ingest the first food item and the total amount of food
items eaten between scaled and mirror carp were tested
using linear mixed models. General foraging activity is
known to be correlated with boldness, and boldness,
measured as foraging activity, differs among mirror and
scaled carp (Klefoth et al. 2012). Also, genotypes with
shorter time to ingest food and greater total food con-
sumption would have a greater likelihood of capture.
The dependent variables swimming activity (measured
by the number of side changes of the fish while feed-
ing), time to ingest the first food item (measured in sec-
onds) and the total amount of food items eaten were log-
transformed to reach normality and homogeneity of vari-
ances prior to analyses. The repeated measures design of
the experiment (six observations per individual) was
accounted for using individual ID as a random factor.
Further, position of the aquaria within the wet-laboratory
(i.e. close or distant to a window) was added as a ran-
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dom variable. Genotype was added as a fixed factor and
body size (TL) of the fish was added as a covariate in
all models. The interaction of the two fixed predictor
variables was insignificant in all cases and deleted for
final analyses.

Food preferences of scaled and mirror carp were anal-
ysed using paired r-tests. The total number of pellets and
corn kernels ingested during the experiment was sepa-
rately compared for both genotypes. Using this
approach, differences in food preferences between scaled
and mirror carp would become obvious if the paired
t-tests would indicate a significant preference of one sort
of food for one genotype, but not for the other. To quan-
tify the explanatory power of the results, effect sizes d
for paired 7-tests were calculated following the approach
outlined in Gliner er al. (2001) and interpreted as weak
(d > 0.2), medium (d > 0.5) or stong (d > 0.8)
effects following Cohen (1988).

Results

Effects of genotype, angling duration and diel period
on catchability of carp

Within all ponds a total of 19 scaled carp (32%) and 33
mirror carp (55%) were captured over a period of 20
angling days. One individual scaled carp was captured
three times, whereas no other scaled carp was captured
more than once. Out of the vulnerable pool of mirror
carp, eight individuals were caught twice, one individual
was captured three times and another individual was

Table 1. Generalised linear mixed models to explain the variability of
genotype-specific daily angling captures within three replicated ponds
and two replicated laboratory tanks based on carp genotype, diel period
and consecutive day of angling. Total angling period was 20 days
(ponds) and 7 days (laboratory). The models assumed Poisson errors.
Pond and laboratory replicates and mean daily water temperature within
ponds were considered as random effects. Non-significant interactions
were removed from the final models

Parameter Estimate  SE z P R
Pond

Intercept -0.874 031 -2.86 0.29

Genotype (mirror) 0.784  0.26 298  0.003

Diel period (night) 0.150 0.25 0.61 0.547

Day of angling —0.108 0.02 -4.57 <0.001
Laboratory

Intercept 1.867 030 6.27 0.69

Genotype (mirror) 0.664 0.21 3.19 0.001

Diel period (night) —1.353 039 —-349 <0.001

Day of angling —0.535 009 =576 <0.001

Diel period (night) x day 0449  0.12 3.84  <0.001

of angling
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captured four times. The numbers of daily captures
within the pond environment were significantly higher
for mirror carp than scaled carp (Table 1), and the num-
ber of fish caught per day (expressed as a fraction of
total stock size, i.e. catchability, in Fig. 1) generally
decreased over the course of the experiment (Table 1;
Fig. 1). Because interaction terms including genotype
were insignificant in all models, this indicated a gener-
ally increasing hook avoidance with increasing fishing
pressure and angling experience of the fish for both
scaled and mirror carp. No effects of diel period on
catchability of the fish were observed within ponds in
neither of the two genotypes, as indicated by an insignif-
icant Diel period x Genotype interaction (Table 1).

Similar to the results in the ponds, mirror carp were
significantly more vulnerable to capture by angling than
their scaled conspecifics under controlled environmental
conditions in the laboratory (Table 1). Here, 22 scaled
carp (55%) were caught of which three individuals were
caught twice, another three individuals were caught three
times and a single scaled carp was caught six times. In
comparison, 34 mirror carp (85%) were caught in the
laboratory experiments, of which 14 individuals were
caught twice, four individuals were caught three times
and another four individuals were caught four times. The
daily number of captures did not only significantly
decrease with time spent fishing (Table 1, Fig. 1), but
significantly more fish of both genotypes were captured
during night, indicating effects of diel period on catch-
ability of the fish within the laboratory. This effect was
indicated by a significant Diel period x Day of angling
interaction (Table 1; Fig. 2). The response towards
increasing fishing time and time of the day, as measured
by the number of daily capture events, did not differ
between the two genotypes.

Within the pond environment, a significant positive
association between time elapsed until the first bite of
the day and time elapsed until first capture was found
(Table 2; Fig. 3), and in addition, time until first capture
was positively related to the day of fishing (Table 2;
Fig. 3). This indicated a behavioural response of learned
hook avoidance of carp towards increasing angling-
induced risk. Even stronger effects of learned hook
avoidance were found within the laboratory where the
time elapsed until the first capture of the day was decou-
pled of the time elapsed until the first bite of the day
(Table 2; Fig. 3), while a significant positive relationship
between increasing fishing pressure and the time until
the first capture of the day persisted (Table 2; Fig. 3).
This indicated that fish remained actively foraging at the
feeding locations at any time of the experiment, but with
increasing fishing effort and duration carp more
effectively avoided being hooked during their foraging
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Figure 1. Relationship between the daily catchability (expressed as the total number of fish caught of a given genotype relative to all fish of that
genotype) of scaled carp (filled circles, solid line) and mirror carp (triangles, dashed line) and the number of consecutive angling days within ponds

(a) and laboratory tanks (b).

activities. This finding was additionally confirmed by
visual observations (see Appendix S1 for a video show-
ing active foraging and hook avoidance).

Mechanistic  explanations  for  differences in
vulnerability between scaled and mirror carp

Potential reasons for higher vulnerability of mirror carp
were derived from the additional behavioural experi-
ments in aquaria. Here, mirror carp were found to be
significantly more active during foraging than scaled
carp (mean number of side changes within aquaria + SD
of scaled carp 13.4 + 2.1 and mirror carp 21.8 = 1.7,
respectively, linear mixed model, d.f. umeraor = 1, d.
f.denominator = 107.9, F = 6.57, P =0.012). Mirror carp
also ingested a higher total amount of food items during
all six replicates, lasting 10 min each (mean total num-
ber of food items = SD consumed by scaled carp
24.8 + 1.2 and mirror carp 33.1 + 1.4, respectively, lin-

0.06

(@)

Catchability

ear mixed model, d.f.,umerator = 15 -f denominaor = 104.9,
F=9.13, P=10.003), and they took significantly less
time to ingest the first food item [mean time (s) to ingest
the first food item + SD of scaled carp 22.5 + 7.0 s and
mirror carp 7.2 £ 3.7 s, respectively, linear mixed
mOdelv d'f-numerulur = 1, d-f-denuminulor - 1028- Hi= 725
P = 0.009]. These behaviours likely contributed to why
mirror carp were significantly more vulnerable to passive
angling tactics than scaled carp in pond and large labora-
tory tank trials. However, no differences in food prefer-
ences between the two genotypes were found as
indicated by similar and highly significant preferences
for corn kernels over pellets by both genotypes during
all six replicates lasting 10 min (mean total number of
corn kernels and pellets consumed + SD by scaled carp
19.3 + 1.3 and 7.9 + 0.8, respectively, paired r-test, d.
f.=53, =92, P <0.001, d> 0.8; mean total number
of corn kernels and pellets consumed by mirror carp
224 + 1.4 and 12.7 + 1.0, respectively, paired r-test, d.
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Figure 2. Daily catchability of carp (scaled and mirror carp grouped together in light of similar decline in catchability) during the day (white cir-
cles, dashed line) and at night (black circles, solid line) in relationship to the number of consecutive angling days within ponds (a) and laboratory

tanks (b).
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Table 2. Linear regressions to explain the time elapsed until the first
angling capture of the day based on the time elapsed until the first bite
of the day and the consecutive fishing day within ponds and laboratory
tanks. Variance components for pond and tank replicates were very
low (<1%). and therefore, analyses were conducted based on mean val-
ues of pond and tank replicates. The interaction terms were non-signifi-
cant and removed from the final models

Parameter Estimate SE t P R
Pond

Intercept 22.634 14.89 1552 0.80

Day of angling 3.953 1.48 2.67 0.016

Time until first bite 0.924 0.17 549  <0.001
Laboratory

Intercept —21.532 13.60 —1.58 0.87

Day of angling 18.928 8:17 5.98 0.004

Time until first bite 0.380 0.65 0.59 0.590

f.=53,+r="17.3, P<0.001, d > 0.8). These results indi-
cate that corn kernels used as bait in the angling experi-
ments was preferred as a food resource by both
genotypes, and thus, the bait chosen in these angling
experiments was not responsible for the differential vul-
nerability shown by scaled and mirror carp.

Discussion

Highly domesticated mirror carp were significantly more
vulnerable to angling than their less domesticated scaled
conspecifics in ponds, confirming the findings of previ-
ous studies (Beukema 1969; Raat 1985). In addition, the
experiments showed that mirror carp were also more vul-
nerable to passive angling tactics within the laboratory
under standardised environmental conditions, highlight-
ing the consistency of differences in vulnerability
between scaled and mirror carp. Because the two geno-
types of carp used in this study were raised in a com-
mon garden, the results reveal a genetic basis of the
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VULNERABILITY OF SCALED AND MIRROR CARP

composite trait angling vulnerability, as previously
shown for other species (Dunham er al. 1986; Philipp
et al. 2009). However, daily catch rates of the two geno-
types decreased over the course of the study with
increasing fishing pressure, suggesting active learning
effects of carp to avoid being hooked as described by
Beukema (1969, 1970b) and Raat (1985). Therefore, it is
expected that differential vulnerability of scaled and mir-
ror carp to capture is most strongly expressed early in
the fishing season. Additional behavioural experiments
in aquaria showed that potential reasons for higher vul-
nerability of mirror carp compared with scaled carp
could be related to higher foraging activity, faster inges-
tion of food items and generally higher foraging rates of
the mirror carp genotype. This agrees with greater bold-
ness of the more domesticated carp genotype (Klefoth
et al. 2012).

With increasing angling duration, the number of cap-
tures, independent of genotype, significantly declined in
both the pond and the laboratory environment. This find-
ing is most probably related to learned hook avoidance
of the fish as previously documented for carp (Beukema
1970b; Raat 1985). Because catch rates declined, but
carp were observed to continue their foraging activities,
learning about hook avoidance seems to have had an
impact on catch rates. Learned hook avoidance usually
results in reduced numbers of captures, but cues
involved in learned hook avoidance behaviour of the fish
can be manifold. Similar to the different cues involved
in learning about natural predators, antipredator
responses at increasing levels of risk (like increasing
fishing pressures) include predator detection, recognition
and assessment, and finally predator avoidance through
flight responses (Kelley & Magurran 2003). Learning
about improved responses may arise at any of these
stages, but opportunities for learning are dependent on
the available visual, olfactory, tactile or auditory cues
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Figure 3. Time elapsed until the first bite of the fishing day (white circles, dashed line) and the time elapsed until the first capture of the day (filled
triangle, solid line) in relationship to the number of consecutive angling days within ponds (a) and laboratory tanks (b).
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(Kelley & Magurran 2003). Because predator detection,
recognition and assessment are dependent on visual cues
(Hartman & Abrahams 2000; Walling et al. 2004), it is
conceivable that carp learned to identify the baited hook
visually or learned to expel the angling bait before get-
ting hooked. If fish learned to identify hook and line
visually, catch rates should increase under environmental
conditions of low visibility. Indeed, within the labora-
tory, carp were increasingly more vulnerable to angling
during darkness with increasing fishing time and simi-
larly, within the consistently turbid ponds, no effects of
diel period on angling captures were observed. Further,
if tactile cues were important in hook avoidance, fish
should have ingested the angling bait, but learned to
avoid getting hooked. Within the laboratory, the time
until the first bite of the day remained constant over the
course of the study and was not related to the time
elapsed until the first capture of the day. Thus, carp
ingested the angling bait, but avoided getting hooked,
supporting the assumption that tactile cues were also
involved in learned hook avoidance. No such effects
were found within the ponds, also indicating differences
in hook avoidance behaviour within different environ-
ments.

Another reason for declines in catch rates over time
could be that fish reduced the number of visits to the
angling locations, thereby reducing their encounter rates
with the baited hook. Using a similar experimental setup,
Klefoth er al. (2012) found that scaled and mirror carp
considerably reduced their number of visits at angling
locations within the laboratory, once angling started.
Thus, reduced catch rates with increasing fishing dura-
tion might be related to behavioural responses of the fish
towards angling-induced risk. However, within the pond
environment, no such effect of angling activities on carp
behaviour was observed (Klefoth er al. 2012); most
likely because permanent latent natural predation risk
induced by fish-eating birds and olfactory cues of preda-
tory fish (despite the absence of predatory fish) was
present within the pond environment, so that angling
activities did not add appreciable risk-stimuli within this
environment (Klefoth er al. 2012). Based on these find-
ings, reduced catch rates with increasing fishing time
can partly be explained by active angling location avoid-
ance of the fish. However, the findings of Klefoth et al.
(2012) also indicate that behavioural alterations as a
response towards angling activities are dependent on the
environment, and are less pronounced in more natural
pond conditions. In conclusion, hook avoidance seems
to be based on different responses towards angling activ-
ities including visual and/or tactile identification of the
baited hook and potentially reduced visits of previously
save feeding spots.
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No evidence of differential learning abilities to avoid
being hooked between scaled and mirror carp was found,
and thus, the hypothesis was not supported. It appeared
that differences in adaptation to low-risk aquaculture
conditions did not impact the ability to learn to avoid
hooking. This finding disagrees with studies comparing
adapted learning abilities between fish originating from
high- and low-risk environments (Huntingford & Wright
1989, 1992). Reasons for this opposed finding might be
related to the experimental setup where groups of fish
were tested together in the same ponds and laboratory
tanks. Fish are generally able to make decisions about
predators based on the behaviour of other fish (Pitcher
et al. 1986) so that antipredator responses can be opti-
mised through observations of conspecifics that have been
treated by a predator (Magurran & Higham 1988; Krause
1993; Mathis et al. 1996). Similarly, in the present study
carp of both genotypes might have learned to optimise
their behaviour towards baited hooks based on observa-
tions of conspecifics. This might potentially explain rapid
decreases in catch rates, but also observed approximations
in vulnerability of scaled and mirror carp over the course
of the fishing trials, and non-existing differences in learn-
ing abilities between scaled and mirror carp.

In the present study a certain fraction of carp was
completely invulnerable to capture (45% and 15% of
mirror carp and 68% and 45% of scaled carp within
ponds and the laboratory, respectively) and relatively
more fish of both genotypes were caught within the lab-
oratory. In comparison, using a comparable experimental
approach, Beukema (1969) found 18% of domesticated
mirror carp and 33% of less domesticated scaled carp to
be invulnerable to angling. These results show that envi-
ronmental factors can influence the vulnerability of fish
(Kuparinen et al. 2010), but also confirmed that individ-
uals of the same species can differ in their intrinsic vul-
nerability to angling gear, as shown previously for carp
and other species (Bennett 1954; Beukema 1969; Dun-
ham ef al. 1986; Raat 1985; Philipp ef al. 2009). Rea-
sons for the observed higher vulnerability of all carp
within the laboratory environment were most probably
related to the lack of alternative natural foraging oppor-
tunities (Klefoth er al. 2012). Thus, carp within the labo-
ratory were forced to trade-off the risk of being captured
and active foraging on the angling locations. Trade-off
decision making between foraging and risk-taking usu-
ally depends on the hunger state of the fish (Cerri & Fra-
ser 1983) where starved and hungry individuals tend to
take higher risks than less hungry conspecifics (Godin &
Crossman 1994; Damsgard & Dill 1998). The lack of
natural food in the laboratory might have forced the fish
to visit feeding locations despite being risky, leading to
higher catch rates within the laboratory.
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Potential explanations for higher vulnerability of mir-
ror carp compared with scaled carp were derived from
additional behavioural experiments under laboratory con-
ditions. When observed solitary in aquaria, mirror carp
showed higher swimming activities, ingested more food
items and took significantly less time to ingest the first
food item than their scaled conspecifics. All of these
behavioural differences between the two genotypes very
likely contributed to observed differences in vulnerabil-
ity. For example, high activity during foraging likely
increases the probability of encountering the baited
hook, comparable to higher food encounter rates of more
active swimming fish under natural conditions (Boisclair
1992). Similarly, ingesting more food increases the
chances that a baited hook is ingested and a mistake is
made during the sorting process and testing of ingested
baits (a behaviour expressed by the carp after some
exposure to angling, see Appendix S1). Increased forag-
ing activity and higher numbers of visits at feeding loca-
tions of mirror carp compared with scaled carp have
been documented for the same fish used in the present
study also in the large laboratory tanks and ponds (Klef-
oth et al. 2012). In the study of Klefoth et al. (2012),
mirror carp behaved consistently bolder than scaled carp
in ponds, independent of angling activities and also mir-
ror carp in the laboratory were found to forage more
intensively at the angling locations, once fishing started.
Although no differences in the number of visits at the
feeding locations were observed in the laboratory before
angling started, under the risk of being captured, mirror
carp showed consistently higher foraging activities (Klef-
oth et al. 2012). Such behaviour can be interpreted as
higher boldness level (i.e. feeding in the presence of pre-
dation risk) by the more domesticated mirror carp, which
together with greater consumption of food is the most
likely explanation for the greater vulnerability to capture
by mirror carp relative to scaled carp. Indeed, in carp
risk-taking behaviour, competitive ability, and metabolic
rate are positively correlated (Huntingford et al. 2010).
Because risk-taking behaviour, swimming activity and
metabolic rate usually increase during the domestication
process as a consequence of artificial selection for traits
like high growth rates (Price 1999; Martin-Smith &
Armstrong 2002; Biro & Post 2008; Huntingford et al.
2010), elevated food consumption rate and speed (this
study) and generally bolder foraging behaviour (Klefoth
et al. 2012) might have cumulatively increased the like-
lihood of catching mirror carp compared with scaled
carp.

While boldness behaviour most likely explains higher
vulnerability to angling of mirror carp, selective food
preferences can be excluded as a reason for the observed
patterns. Corn kernels were used as bait during angling

© 2012 Blackwell Publishing Ltd

VULNERABILITY OF SCALED AND MIRROR CARP

experiments, and scaled and mirror carp equally pre-
ferred corn kernels over pellets. Carp are known for their
selective feeding and taste preferences (e.g. Jonsson
1967; Appelbaum 1980; Kasumyan & Morsy 1996), and
domesticated mirror carp are known to prefer artificial
pellets over natural food resources (Suzuki er al. 1978).
However, in the present data the artificial bait corn ker-
nel was preferred by both genotypes. Although no direc-
ted attractiveness has been associated with corn kernels
when used without additional treatment (Jonsson 1967),
common carp quickly locate and forage on artificial and
novel food resources like corn kernels in natural envi-
ronments, likely because it is more easily ingested than
natural food (Bajer ef al. 2010). The observed prefer-
ences for corn kernels in the present study could thus be
based on taste preferences or other properties of the two
types of food like hardness. Although carp are able to
ingest, chew and digest hard particles like mussels and
snails (Sibbing 1988), or angling baits such as boilies
(Niesar et al. 2004), preferences for soft food items were
reported repeatedly (Jonsson 1967; Stein et al. 1975;
Sibbing 1988). Thus, preferences for corn kernels over
pellets might be best explained by particle hardness,
rather than taste preferences. Overall, however, bait pref-
erences could be excluded as an explanation for the dif-
ferential vulnerability to angling by the two genotypes of
carp.

In conclusion, the present study confirmed previous
findings of higher angling vulnerability of mirror carp
compared to scaled carp, but differed from earlier work
in terms of producing common garden reared fish from a
common breeding stock. Therefore, the present study
provided conclusive evidence for a genetic basis of
angling vulnerability in carp, complementing work con-
ducted in other fish species (Dunham et al. 1986; Phi-
lipp et al. 2009). Consequently, it can be predicted that
anglers would remove mirror carp-like genotypes (i.e.
individuals expressing high level of boldness and food
consumption) from a natural population of fish when
harvesting occurs at a high rate leaving behind scaled
carp-types, which are more tame individuals. Alterna-
tively, the quick learning of carp to avoid future capture
introduces a new form of common pool-resource prob-
lem in fisheries that targets trophy carp based on a
catch-and-release context (Arlinghaus 2007) as there
should be a race for first capture among anglers to take
advantage of initial high vulnerability. Finally, the pres-
ent study shows that boldness represents a key pheno-
typic axis affecting the vulnerability of fish. This
contradicts literature reporting more shy individuals to
be more readily captured in other species (Wilson et al.
2011). Differences among these studies might be related
to species-specific patterns or methodological aspects of
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study designs. Future studies should try to identify the
phenotypic correlates of angling vulnerability on the
individual level in a variety of species to specify pheno-
typic traits on which angling-induced selection is acting
(Uusi-Heikkild et al. 2008). This work is then the basis
to understand the direction of change to be expected
from fisheries-induced selection (Jgrgensen er al. 2007).
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ABSTRACT

Understanding how angling catch rates vary between environments is of interest from ecological and
fisheries management perspectives, but this has rarely been investigated in detail. Using experimental
catch-and-release angling records for northern pike (Esox lucius) from a small natural lake in Germany
and a generalized linear model we investigated how abiotic and fishing-related environmental variables
as well as time of day affect pike catch per unit effort (CPUE; fish per hour). Catch rates of pike were
significantly increased at low temperatures, high wind speeds and around full and new moon as well as
during dusk. Large fishing effort during the past two days reduced catch rates significantly, indicating the
combined influence of abiotic and human-induced variables on the catch rates of pike with angling gear.
Of all the significant covariates, fishing effort had the most pronounced effect on catch rates. Our results
indicate that anglers can increase catch rates by choosing appropriate weather conditions and lunar
phases, but that continuously intensive fishing negatively affects future catch rates even in the absence
of harvest. This has implications for the choice of sampling effort using angling gear when attempting to

assess fish stocks.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Angling is a popular recreational and commercial fishing
method. While angling methods usually involve rod-and-reel in
recreational fisheries, long-lining is the most important angling
technique in commercial fisheries. Understanding how angling
catch rates vary with environmental variables is of interest
from ecological and fisheries management's perspectives. Angling
requires fish to attack/ingest the bait or the artificial lure, so that
angling catch rates provide insights into the activity and feed-
ing patterns in fish and potentially level of aggressive attacks in
predatory fish. In particular, catch rates in angling fisheries should
depend on the foraging activity and hunger level of fish as well
as their ability to locate or avoid the bait or lure (Uusi-Heikkild et
al.,, 2008). These processes, in turn, are likely affected by environ-
mental cues correlated with activity and metabolism such as water
temperature (Stoner, 2004). Therefore, quantifying the vulnerabil-
ity of fish to angling gear necessitates identifying environmental
variation in angling catch rates, but this has rarely been investi-
gated in detail using rod-and-reel-type angling. Moreover, as stock
assessments are sometimes conducted using angling methods (e.g.,
Myers and Worm, 2003; Pierce and Tomcko, 2003; Hansen et al.,
2005; Lehtonen et al., 2009), distinguishing environmental varia-

* Corresponding author. Tel.: +358 40 731 3120; fax: +358 9 191 57694.
E-mail address: anna.kuparinen@helsinki.fi (A. Kuparinen).

0165-7836/$ - see front matter © 2010 Elsevier B.V, All rights reserved.
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tions in angling catch per unit effort (CPUE; an index of relative
abundance) from variation arising from differences in population
density is vital for obtaining reliable information about the popu-
lation size (Stoner, 2004).

Out of the potential abiotic factors affecting angling catch rates
water temperature appears to be the variable most commonly
reported in the literature (e.g., Bigelow et al., 1999; Stoner, 2004;
Stoner et al., 2006; Damalas et al., 2007; Ortega-Garcia et al., 2008).
This is presumably due to its pervasive influence on movement
activity, metabolism, and foraging activity in all poikilothermic
aquatic animals (Brown et al., 2004). Other abiotic environmen-
tal variables such as wind speed, light, barometric air pressure,
day length, time of day and air temperature have also been shown
to affect catch rates in angling fisheries (e.g., Millar et al., 1997;
Bigelow et al,, 1999; Margenau et al., 2003; Stoner, 2004; Wall
et al., 2009). However, particularly in recreational fisheries, analy-
ses of such relationships are sparse, presumably due to the lack of
datasets providing high resolution measurements of abiotic envi-
ronmental variables along catch records (Stoner, 2004). This lack of
knowledge contrasts with a wealth of anecdotal information about
correlations between abiotic environmental variables and angling
catch rates, culminating in fishing ‘calendars’ that are commonly
applied by anglers to predict future fishing success.

A particularly intriguing aspect related to abiotic environmen-
tal variations in catch per unit effort (CPUE) is the potential role
of lunar cycles. Namely, it is a common belief among professional
and recreational anglers that catch rates depend on the moon
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phase, with catches being highest around full and new moon (e.g.,
http://www.solunarforecast.com/). In the context of baited fishing
gears, this hypothesis has rarely been investigated and the available
evidence is mixed. In some longline fisheries for marine species,
catches have been seen to peak around full or new moon (Bigelow
et al., 1999; Lowry et al., 2007; Damalas et al., 2007), while other
studies have reported lack of correlations between lunar phases
and catchrates (Millar et al., 1997; Ortega-Garcia et al., 2008). Over-
all, the extent to which lunar cycles might affect CPUE in angling
is still largely unknown and may be species-specific. Moreover, as
pointed out by deBruyn and Meeuwig (2001), weak lunar cycles in
catch rates easily remain undetected if the statistical methods that
are applied are not appropriate.

In addition to abiotic environmental variables, it is undisputed
that a number of biotic features affect catch rates of angling gears.
For example, food abundance and the density of conspecifics gen-
erally increase competition for food or induce social stress in
cannibalistic species (Edeline et al., in press), which may affect food
intake rates, foraging activity and hunger levels. Not surprisingly,
density-dependent factors have been reported to substantially
affect catchability in angling fisheries (Raat, 1986, 1991; Hansen
et al.,, 2005). In some species, angling catchability also depends on
learning to avoid capture, particularly if catch-and-release fishing
is widespread (Raat, 1985; van Poorten and Post, 2005; Askey et
al., 2006), but the same pattern can also emerge as a result of high
angling effort with easily-identifiable lures as was demonstrated by
Beukema (1970). In his catch-and-release experiment conducted in
ponds, northern pike (Esox lucius) learned to avoid future capture by
artificial lures regardless of whether individuals were hooked pre-
viously, but similar learning effect did not occur for natural baits
(Beukema, 1970). This finding along with other studies in fresh-
water fisheries conducted with artificial lures (van Poorten and
Post, 2005; Askey et al., 2006) suggests that fishing effort might
affect angling catch rates negatively (Cox and Walters, 2002; Young
and Hayes, 2004). Thus, fishing effort must be accounted for when
investigating the impact of environmental factors on catch rates in
angling fisheries.

The objective of this study was to investigate the impacts of a
wide range of abiotic and fishing-related environmental variables
including lunar cycles and fishing effort on CPUE in northern pike
(hereafter termed pike) rod-and-reel angling. Pike is a fast growing,
early maturing and strongly cannibalistic top piscivore in freshwa-
ter and brackish ecosystems; it was chosen as the model species for
the present study because it has great value for both commercial
and recreational fisheries throughout its circumpolar natural range
in the northern hemisphere (Paukert et al., 2001; Arlinghaus and
Mehner, 2004). Field data were collected by experimental catch-
and-release fishing in a natural lake. The study site was protected
from any other forms of fishing and was confined to a short period of
intensive sampling within one season. Therefore, variationsin CPUE
were likely not associated with large changes in population density,
which would otherwise confine the analyses of abiotic and fishing-
related variations in catch rates (Hansen et al., 2005; VanDeValk et
al., 2005).

2. Materials and methods
2.1. Data

Experimental pike angling took place in the Kleiner Déllnsee
during the spring to autumn of 2005. This small (25 ha), dimictic,
shallow (mean depth 4.1 m, maximum depth 7.8 m) natural lake is
located in north-east Germany (N52°59', E13°34'). Kleiner Ddllnsee
is mesotrophic to slightly eutrophic (P concentration at string over-
turn 28 pug 1= 1) sustaining a natural pike population protected from
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Fig. 1. Pike catch per unit effort (CPUE; fish per hour) at daily intervals over the
study period from 27th May to 17th September 2005.

any form of commercial or public recreational fishing (Klefoth et
al.,, 2008; Kobler et al., 2008a). In spring of 2005, abundance of age
1 year and older pike was estimated as 544 individuals (95% CI:
194-1088) (Kobler et al., 2008a,b). Within the study period from
27th May to 17th September 2005 pike were angled on a total
catch-and-release basis using 25 skilled anglers (3 fishing regu-
larly on each sampling day, occasionally supplemented by in total
22 additional experimental anglers). Most the anglers were part
of the research team and all employed standard recreational pike
angling fishing techniques described in detail in Arlinghaus et al.
(2008a). Briefly, each angler was instructed to use a personal choice
of artificial lures using medium-action rods for spinning or trolling
and, when occasionally using organic bait, to set the hook quickly
to avoid deep hooking (Arlinghaus et al., 2008a). Anglers were
asked to fish all habitats during a fishing day, but for logistical rea-
sons and to add realism anglers were not assigned to randomly
selected fishing sites. Due to the small size of the lake all avail-
able habitats were sampled on a given angling day, but some more
productive fishing sites (e.g. dense macrophyte patches) known by
anglers to host particularly high abundances of pike (see Kobler
et al., 2008a,b, 2009) might have been more intensively fished on
particular days. However, this is typical for any recreational fishing
sites and, hence, managers would normally have aggregated daily
catches over a sample of anglers. Once a pike was landed, it was
quickly de-hooked, checked for any signs of marks or tags, and its
length and weight were measured after which the individual was
released. Immediate hooking mortality was low and estimated as
3.9% (see Arlinghaus et al., 2008a for details). For each angling day,
the cumulative number of pike caught and the cumulative duration
of fishing over all anglers was recorded, separately for daytime and
the hours of dusk, yielding 169 observations in total (93 during
daytime and 76 during dusk spread over 94 fishing days; Fig. 1).
For more ecological details about the study system, see Klefoth et
al. (2008) and Kobler et al. (2008a,b, 2009).

Abiotic environmental conditions were measured on a daily
basis. Variables measured (and their ranges) were water
temperature (14.7-24.1°C), wind speed (0.7-6.9ms~!), wind
direction [categories (frequencies of observation): east (14),
south (38), west (40), north (2)], air humidity (58-98%), rain
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Table 1
Pearson’s correlation coefficients (r) among the continuous environmental variables.
Air pressure Future air pressure Humidity Hours of sunshine Rain Water temperature Wind speed

Air pressure 1 -0.319 -0.393 0.450 -0.314 -0.125 -0.312
Future air pressure 1 0.373 -0.320 0.149 ~-0.074 0.200
Humidity 1 -0.762 0.480 -0.267 0.139
Hours of sunshine 1 —0.412 0.318 —0.346
Rain 1 -0.062 0.094
Water temperature 1 —0.206
Wind speed 1

Table 2

Effects of the significant covariates on the number of pike caught per hour, as estimated through a generalized linear model with a log link and Poisson errors® (N=169).
Model term Coefficient (SE) Deviance? p-Value
Intercept (time of the day: daytime) 0.477(0.828)
Past two day fishing effort —0.019(0.005) 17.83 (df=1) <0.001
Time of the day: dusk 0.556(0.181) 8.58 (df=1) 0.003
Water temperature —0.095 (0.037) 6.40 (df=1) 0.011
Wind speed 0.160 (0.061) 6.66 (df=1) 0.010
cos(26) 0.238(0.114) 4.52 (df=1) 0.034

4 Null deviance 209.01 (df =169), residual deviance 168.82 (df=163).
b Marginal increase in residual deviance upon deletion of the term.

(0.0-14.31m"2), hours of sunshine (0-15hday '), and air pres-
sure (997.8-1024.6 hPa) and change in air pressure within the
following 24h (—11.4-12.8 hPa). Generally, the measured vari-
ables did not show strong correlations (Table 1), except humidity
and the hours of sunshine for which Pearson's correlation coeffi-
cient was <-0.5. The daily moon phase at the geographic location
of the study site was obtained from the Naval Oceanography
Portal (http://aa.usno.navy.mil/data/docs/MoonFraction.php), and
was expressed in terms of the fraction of moon disk illuminated and
whether the moon was waxing or waning. As an index of angling
pressure on the ecosystem, fishing effort (hours of angling) was
calculated jointly for the first two days prior to the sampling day
(i.e., total hours of fishing over the two days), and separately for
the third and fourth day prior to the sampling day (hours of fishing
over the respective day).

2.2. Statistical analyses

Our aim was to investigate whether daily abiotic and fishing-
related environmental variables affected pike catch rates with
typical recreational angling gear during day and dusk. To this end,
the number of pike caught (daily catch split into two categories for
the time of the day) was modelled with a generalized linear model
(GLM) with a log link function and Poisson errors, and correspond-
ing angling hours as an offset variable. Being constructed in this
way, the model predicts the pike catch rate in fish per hour. As
explanatory variables we considered the recorded environmental
variables (see above) and time of the day (daytime or dusk) as a cat-
egorical variable. Fishing effort during the previous two days, and
during the third and the fourth day prior to the sampling day were
used as explanatory variables to account for the known behavioural
responses of pike to angling activity-induced habitat disturbance
(Klefoth et al., unpublished data), which may translate into reduced
catch rates. Lunar cycles in the pike catch were investigated by con-
verting the fraction of moon disk illuminated into radians (¢), so
that one lunar cycle corresponded to a gradual increase from 0 to
2 radians (e.g., 0 and 2 radians corresponded with full moon and
7 radians with new moon). Transformations cos(6), sin(6), cos(26),
and sin(260) were then included in the model as explanatory vari-
ables to investigate possible lunar effects around full/new moon
(cosine),around half moon (sine) and for lunar effects peaking twice
within one lunar cycle (cosine and sine transformations of 28). For
more details of this method, see deBruyn and Meeuwig (2001).
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Because of the large number of investigated covariate candi-
dates in relation to the number of observations, interaction terms
could not be readily included to the model. Analyses were therefore
carried out in two consecutive steps: First we fitted a model with
the additive main effects of all the covariate candidates. After hav-
ing identified the significant covariates, we then fitted a model with
both the main effects and two-way interactions of the significant
environmental covariates. Significance of the covariate candidates
was investigated by stepwise reduction of the full model and Chi-
squared test of deviance. Possible non-linearity in the effects of the
significant covariates was investigated with a generalized additive
model (GAM). The impact of potential outliers was investigated by
excluding those from the data and repeating the analyses.

Because environmental variables were measured on a daily
basis, a potential day effect was not included in the model as it
could easily sweep variation in the catch rate assigned to variations
in the other explanatory variables. However, to investigate possi-
ble daily variations that were not encompassed by the considered
explanatory variables and to detect seasonal trends in pike catch
rates (Margenau et al., 2003), residuals of the fitted model were
further analysed. Relative magnitudes of within and between day
variations in catch rates were estimated by modelling the residuals
with a linear mixed effect model with a fixed intercept and date
as a random effect. A possible temporal trend in catch rates over
the study period was investigated by fitting a GAM model to the
residuals in which the potential day effect was described though a
non-parametric smoothing term. All the statistical analyses were
performed in R 2.10.0 (R Development Core Team, 2009).

3. Results

Catch rates of pike fluctuated widely during the study period
with no obvious pattern visible from the time series (Fig. 1).
The catch rate of pike by angling gear was found to be sig-
nificantly affected by the past two days' fishing effort, time of
the day, and average daily water temperature, wind speed and
moon phase (Table 2). Catch rates were significantly increased
during dusk, at high wind speeds and around full and new
moon, and decreased significantly with increasing water tem-
peratures and when large amounts of fishing took place during
the previous two days (Fig. 2). The effects of other explanatory
variables were non-significant (in the order of deletion from the
model, hours of sunshine: x2<0.0001, df=1, p=0.998; fishing
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Fig. 2. Partial effects (solid line) of past two day fishing effort (a), time of the day (b), water temperature (c), wind speed (d), and cosine of double the moon phase (e) on the
log transformed pike catch rate (fish per hour) predicted by the generalized linear model in Table 2. Standard error ranges are indicated with dashed lines and densities of
observations are illustrated with rugs. In case of time of the day categories, there were 93 observations during daytime and 76 during dusk.

effort during the fourth day prior the sampling day: x2=0.0004,
df=1, p=0.985; air pressure: x*=0.008, df=1, p=0.960; wind
direction: ¥2=2.902, df=3, p=0.407; fishing effort during the
third day prior the sampling day: x2=0.490, df=1, p=0.484;
sin(f): x2=0.625, df=1, p=0.429; air pressure change: y2=1.4,
df=1, p=0.237; rain amount: x2=1.610, df=1, p=0.205; humid-
ity: x2=1.914,df=1, p=0.167; sin(26): x*=2.006, df=1, p=0.157;
cos(#): x2=3.720, df=1, p=0.054). The overall explanatory power
of the significant covariates on pike catch rates remained mod-
est, with the reduced model explaining 19.2% of the null deviance
and its Nagelkerke’s R? (Nagelkerke, 1991) being 21.4%. Gener-
ally, the model fit was acceptable and there was no evidence of
overdispersion, as indicated by the goodness-of-fit test based on
deviance (x2=168.82, df=163, p=0.361). No interactions were
found between the significant covariates on pike catch rates (in
the order of deletion, water temperature x cos(26): x2=0.345,
df=1, p=0.557; wind speed x cos(2): x=0.880, df=1, p=0.348;
wind speed x time of the day: x2=0.813, df=1, 0.367; water
temperature x time of the day: x?=0.828, df=1, p=0.363; time
of the day x cos(26): x%=1.814, df=1, p=0.178; water tempera-
ture x wind speed: x2=2.346, df=1, p=0.126). GAM analyses did
not reveal deviations from linearity in the effects of fishing effort,
water temperature, and wind speed on catch rate (judged visu-
ally). Residuals, leverages and Cook’s distances pointed out four
possible outliers but excluding those from the data had no effect

on the outcome of the analyses. Variation in residuals could not
be encompassed by daily random effects (the variance component
was 6.8 x 107 and thus virtually zero), and no significant tempo-
ral patterns in residuals were detected by a smoothed day effect
(F2.541‘159 =1.867, o= 0147}

4. Discussion

Our results illustrate how angling catch rates of a common
predatory freshwater fish vary within and between days due to
variation in abiotic and fishing-related environmental variables.
From a wide range of potential covariates pike catch rates were
found significantly correlated with averages daily water tempera-
ture, wind speed, and moon phase, as well as with the timing of
fishing within the day and the previous two day fishing intensity
levels (Fig. 2), together inducing one order of magnitude variation
in the predicted catch rates (0.05-0.44 fish per hour). However,
despite the distinguished role of these covariates, a large amount
of variation in the observed catch rates remained unexplained
(Table 2). This suggests that a good deal of stochasticity remained
associated with fishing success. This could have arisen from differ-
ences in bait or lure types employed by experimental anglers across
sampling days (Arlinghaus et al., 2008a; Al6s et al., 2009), angler’s
skills (Al6s et al,, 2009) or varying spatial distribution of fishing
across sitesin the study lake (Alés et al.,2009). These variables could
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not be accounted for in our analyses, but they are not expected
to bias the results of our analyses for two reasons. First, variation
arising from anglers and sites should not be large as data were aver-
aged over these variables and the negligible variance component
of the day effect suggests that no variation was associated with
daily combinations of anglers. Second, anglers and sampling of sites
within the lake were generally independent of the considered envi-
ronmental covariates, so that they would only add to the residual
variation of the model but not affect our inference on significant
environmental covariates of the pike catch rate. Additional varia-
tion in catches might also have arisen from within-day variations
in environmental conditions (e.g., temperature or oxygen fluctua-
tions), from variation in the size of pike population vulnerable to
angling in the course of the study resulting from recruitment or
natural mortality, from unaccounted environmental drivers such
as prey fish distribution, or from deviations from model assump-
tions. Nevertheless, the presence of unexplained variation in catch
rates does not affect the robustness of our findings, which show
that abiotic environmental variables as well as fishing effort sig-
nificantly affected catch rates in pike angling. Moreover, it should
be noted that all the mentioned sources of uncertainty are typi-
cally present in recreational angling catch data, thus increasing the
realism of our angling experiment from the perspective of practical
fisheries management. [n other words, the environmental patterns
seen in our catch rates are likely to be present in pike angling catch
rate records typically available unless there are substantial differ-
ences in environmental covariates of pike catch rates across lakes
or rivers. This is currently unknown and warrants future research
and replication.

The previous two days of fishing effort at the study lake turned
out to be a much more important predictor of the pike catch rate
than any meteorological or lake-specific abiotic variable (Table 2).
This result is in line with previous observations that fish, including
pike (Beukema, 1970; Klefoth et al., unpublished data), temporarily
alter their behaviour in response to human-induced disturbances
such as catch-and-release events, habitat disturbance through
boating, or presence of anglers and associated sound originating
from the fishing activity (e.g., Raat, 1985; Young and Hayes, 2004;
Askey et al., 2006). However, this effect has been found to be rather
short term in pike, lasting a couple of days (Klefoth et al., 2008)
or just some hours (Arlinghaus et al., 2008b, 2009). In our study,
a potential ‘memory’ of pike to avoid future capture appeared to
extend only up to two days back as reflected by the non-significant
effects of the daily fishing effort three and four days prior to the
sampling day. This is also indicated by the observation that after
the start of intensive angling on this otherwise unexploited pike
population there was no sudden and consistent drop in catch rates
as has been shown for other freshwater fish species (Raat, 1985;
van Poorten and Post, 2005; Askey et al., 2006) suggesting com-
paratively low levels of learning to avoid future capture by pike.
However, extrapolations to other systems should be done cau-
tiously because fishing effort more intensive than that in our study
might have longer term effects (compare Beukema, 1970). More-
over, in fish habitat size and complexity can affect sensitivity to
remembering negative stimuli (Pollock and Chivers, 2003) as well
as the development of brain and sense organs (Pollen et al., 2007),
and this might explain the contrasting findings by Beukema (1970)
from pond-angled pike that showed rapid learning to avoid capture
by lures, but not by natural bait, in this low complexity environ-
ment. Therefore, we speculate that the negative impact of fishing
effort on angling catch rates might be less pronounced in larger
and more complex ecosystems than the one we sampled. An alter-
native reason for our findings unrelated to a short-term memory
hypothesis might be that in a given point in time pike populations
might cluster into individuals temporarily vulnerable and invul-
nerable to fishing, e.g. due to short-term elevated hunger levels or
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habitat choice (Cox and Walters, 2002). If this is the case heavy fish-
ing pressure in a short time period of two days might temporarily
remove a great fraction of the vulnerable pool leaving behind more
invulnerable fish, which, in turn, reduces catch rates. Irrespective
of the exact mechanism responsible for declining catch rates with
short-term elevated fishing effort, several practical implications
can emerge from our observations. First, to ensure high catch rates
it might be worthwhile to distribute fishing effort equally in time
and allow the population to ‘recover’ between pulses of intensive
fishing (cf. van Poorten and Post, 2005). Secondly, if catch rates in
angling are applied as a proxy for population density (e.g., Pierce
and Tomcko, 2003; Lehtonen et al., 2009), fishing effort over the
previous days should be kept constant because it influences catch
rates and might therefore influence the abundance index derived
using angling gear.

We found that increasing water temperature from about 14 °C to
the maximum observed temperature of about 24 °C was associated
with decreasing pike catch rate. This temperature range coincides
well with earlier studies on catch rates of pike with stationary gill
nets in lakes: outside spawning time catch rates were found to be
highest at temperatures between 15 and 17°C and lowest at the
maximum temperatures between 20 and 24 °C (Casselman, 1978).
Although active swimming may not necessarily be expected for
successful foraging for a predator such as pike regularly engaging
in a sit-and-wait hunting strategy, direct correlations exist between
the rate of food consumption, swimming activity and water tem-
perature in this species (Casselman, 1978). Casselman (1978) also
reported that for adult pike rapid somatic growth commences at
about 14 °C after spawning in spring because appetite to restore lost
energy resources is stimulated and pike actively seek food. With
further increasing temperature, instantaneous growth and activity
of juvenile pike have been shown to increase in laboratory experi-
ments but after reaching a threshold value of about 19-20°C both
growth and activity of pike decline (Casselman, 1978). Because in
pike the optimum temperature for growth and activity decrease
with age, and food supply is often limited under natural conditions,
Casselman (1978) concluded that maximum activity of pike in nat-
ural environments should occur at low temperature ranges <20 °C.
This would match with the inverse relation between temperature
and pike catch rates by angling found in the present study. Presum-
ably, in this mesothermal or ‘coolwater’ fish species (Casselman,
1978) overly high water temperature during summer may pose
physiological stress, particularly if food supply is limited, because
for metabolic reasons it would be more efficient (Bevelhimer et
al., 1985) if swimming activity and feeding is reduced (Casselman,
1978). However, also an alternative reason might help to explain
the inverse relation between water temperature and pike catch
rates found in the present study. Elevated temperature during the
warming spring and summer period coincides with high movement
activity (Jacobsen et al., 2004) and abundance of prey fish such as
roach (Rutilus rutilus) (Kobler et al., 2009). Because the encounter
probability with naturally more active prey is increased at high
water temperature, the angler’s lure and bait might face a ‘com-
petitive disadvantage’ reducing catch rates. Along the same lines,
we can suspect that the higher catch rates of pike at colder water
temperatures (see also Margenau et al., 2003) could be associated
with parallel declines in prey movement activity (Jacobsen et al.,
2004) coupled with the tendency of pike to keep being associated
with underwater structure as refuge and shelter even at low water
temperature (Kobler et al., 2008a). This facilitates the identification
of pike habitat by anglers (Post et al., 2002), which at lower tem-
perature coincides with reduced prey encounters and presumably
higher hunger levels of pike, jointly increasing the pike catch rates
by angling.

In our study, we also found pike to be more vulnerable to angling
during twilight periods. During these periods pike are usually more
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active in terms of swimming (Kobler et al., 2008a,b) and feeding
(Casselman, 1978) because prey fish start to emerge from shel-
ter and disperse in the open water (Jacobsen et al., 2004) and
because pike are able to approach their prey closer and there-
fore the chances of successful attacks are increased (Pitcher and
Turner, 1986). However, greater fishing success at twilight condi-
tions might also be explained because during the dusk period a
visual predator such as a pike might have greater difficulties in
identifying (and consequently avoiding) an artificial lure than dur-
ing day time. Similarly, we suspect that the positive effect of high
wind speeds on catch rates of pike might be associated with the
fact that strong winds tends to induce turbidity (e.g., Cozar et al.,
2005), which is known to affect foraging and feeding activity of pike
(Nilsson et al., 2009) and distribution of prey like roach (Jacobsen et
al., 2004) and small perch (Perca fluviatilis) (Skov et al., 2007). Thus,
increased wind speeds can alter the reactivity of pike to the fish-
ing gear by reducing water transparency (e.g., Stoner, 2004) and/or
altering prey encounters, thus jointly affecting the susceptibility of
individual pike to lures. This speculation of the catch rates being
enhanced by reduced water transparency as a result of wind speed
is in agreement with the observation made by Casselman (1978)
that pike feed more actively on cloudy, overcast days than on bright,
sunny days.

One of the most intriguing and novel finding of our study is
the clear relationship between moon phase and catch rates in pike
angling. Interestingly, the shape of the moon effect detected in pike
catch rates with catch rates peaking around full and new moon
matches well with that predicted by anecdotally supported fishing
calendars. Our study therefore adds scientific weight to the useful-
ness of fishing calendars that are based on moon phases. What our
analysis does not reveal, however, are the mechanisms underlying
the observed pattern. Typical secondary moon effects arising from
tidal formations or illumination (Kuparinen et al., 2009) may be
thought of as not playing an important role in pike as the lake envi-
ronment was free from tides and fishing took place during daytime
and dusk, so that the potential effect of moonlight can be excluded.
However, it is possible that shifts in illumination along lunar cycles
are associated to periodic changes in zooplankton and prey fish
distribution, leading to changes in predator foraging activities that
transcend the night phases (Hernandez-Le6n, 2008). Thus, it might
also be conceivable that predators such as pike respond to signals
of the moon that correlate in a predictable and repeatable way with
altered distributions of both zooplankton and prey fish. Direct lunar
gravitational patterns might offer one possible explanation as a bio-
logical trigger of a behavioural response by predators because those
have previously been found to induce behavioural reactions in fish,
e.g. inducing migration of smolts in salmonid species (DeVries et
al., 2004). However, mechanisms through which pike might sense
gravitational cues, and the biological role these might have in moti-
vating feeding and, thus, vulnerability to angling remains unknown
providing a challenge for future research.

To conclude, our study sheds light onto some important corre-
lates of catch rates in angling by rod-and-reel for pike. Although
a substantial amount of variation in catch rates remained unex-
plained, we found daily averages of abiotic variables (water
temperature, wind speed, lunar phase), time of the day, and fish-
ing variables (angling effort) to significantly affect catch rates. Our
study is useful in directing future attempts to assess the size and
structure of pike stocks based on angling catches by emphasizing
the importance to account for environmental variables significantly
influencing catch rates. This can be most easily achieved by ran-
domly selecting sampling days and avoiding temporal clustering,
so that a large environmental gradient is sampled. Moreover, our
study confirmed some of the anecdotal evidence by anglers about
the seasonality and diurnal dynamics of pike catch rates that seem
to be also mediated by lunar cycles. This information is important

for anglers interested in maximizing their catches by allocating
scarce fishing time to the most productive periods within a season
and throughout the day.
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Fisheries-induced evolution and its impact on the productivity of
exploited fish stocks remains a highly contested research topic in
applied fish evolution and fisheries science. Although many quan-
titative models assume that larger, more fecund fish are preferen-
tially removed by fishing, there is no empirical evidence describing
the relationship between vulnerability to capture and individual
reproductive fitness in the wild. Using males from two lines of
largemouth bass (Micropterus salmoides) selectively bred over three
generations for either high (HV) or low (LV) vulnerability to angling
as a model system, we show that the trait “vulnerability to angling”
positively correlates with aggression, intensity of parental care, and
reproductive fitness. The difference in reproductive fitness between
HV and LV fish was particularly evident among larger males, which
are also the preferred mating partners of females. Our study con-
stitutes experimental evidence that recreational angling selectively
captures individuals with the highest potential for reproductive fit-
ness. Our study further suggests that selective removal of the fittest
individuals likely occurs in many fisheries that target species en-
gaged in parental care. As a result, depending on the ecological
context, angling-induced selection may have negative consequen-
ces for recruitment within wild populations of largemouth bass and
possibly other exploited species in which behavioral patterns that
determine fitness, such as aggression or parental care, also affect
their vulnerability to fishing gear.

recreational fisheries | reproduction | evolutionary change | catchability |
angler

ize-selective fishing, or even just an elevated level of fishing

mortality, has the potential to induce rapid evolutionary
change in a range of production-related traits in fish populations
(1, 2). Theoretically predicted and empirically supported fisheries-
induced adaptive change involves the modification of life history
traits, including reductions in age- and size-at-maturation, in-
creases in reproductive investment, and changes in pre- and/or
postmaturation growth rates (1-3). Changes in life history traits in
response to fishing often collectively reduce adult size-at-age and
fisheries yield and result in fish populations that only slowly re-
bound from overexploited states (4-7). There is little consensus,
however, concerning the prevalence of fisheries-induced evolution
and its relevance to management (1, 8-10). Perspectives range
from calls for “evolutionarily enlightened management” (11) to
positions that argue that evolutionary change induced by fishing is
slow, thereby rendering it largely unimportant to fisheries man-
agement (9).

One important tool to predict long-term population-level con-
sequences of fisheries-induced evolution involves the construction
and analysis of individual-based models (5, 12) or more simplified
stage or age/size-structured (7) population models. Suitable
models to study the potential for fisheries-induced evolution in-
clude ecological feedbacks resulting in density- and frequency-
dependent selection that shapes fitness landscapes and evolu-
tionary responses to fishing (7, 10). Many of these simulation
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models assume that fitness or fitness surrogates scale positively
with body size (e.g., an exponential increase in individual female
fecundity with size or a decline in natural mortality with increasing
body length) (5, 7, 12, 13). Under such model assumptions, size-
dependent fishing mortality often means that larger, more-fit
individuals are harvested at a higher rate than smaller, less-fit
ones. Several empirical studies on wild fish populations, however,
have questioned the notion that larger fish generally exhibit
higher reproductive fitness (14, 15). As a result, although for many
fisheries size-selective exploitation is well established (3-5, 7),
there is little empirical evidence from wild populations demon-
strating that fishing truly targets reproductively more-fit individ-
uals. One can speculate that certain fishing gear might even target
less-fit individuals, that is, those that are either competitively in-
ferior or in poorer condition and therefore more prone to attack
fishing lures, more likely to encounter passive fishing gear, or less
able to evade actively fished gear such as trawls.

Although size-selective mortality should be common across
many fisheries, the relationship between size and capture proba-
bility is gear-dependent, and the resulting size-selectivity curves
are often nonlinear (16). Moreover, a trait that renders individuals
more vulnerable to capture likely also varies across different taxa
and/or fisheries. In some fisheries, such as recreational angling,
selection seems to operate on angling vulnerability as a complex,
heritable trait composed of a range of covarying physiological,
behavioral, and life history traits (17, 18), rather than body size
per se. In the popular recreational fish species largemouth bass
(Micropterus salmoides), for example, it has been shown that fish
with higher vulnerability to angling also exhibit higher metabolic
rates and more intensive parental care (19-21). Likely as a result of
greater energetic expenditure, however, the largemouth bass that
were genetically predisposed to being vulnerable to capture did not
grow better under experimental pond conditions in which food was
limited (20, 21). Because more-vulnerable individuals may have
particular behavioral phenotypes during mate choice that are de-
sired by females (e.g., higher levels of aggression that presumably
indicate a willingness to provide more intense parental care), they
may still be reproductively more fit than their less-vulnerable
conspecifics, despite their smaller body size. We addressed this
hypothesis in the present study.

The largemouth bass is one the most targeted species in North
American recreational fisheries (22), making it an ideal study
species to examine the consequences to fitness of recreational
angling. Nesting male largemouth bass provide extended parental
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care for several weeks, defending eggs and fry against potential
egg predators, which makes them particularly vulnerable to an-
gling during the reproductive period (23, 24). This is important
because nest defense behavior of males during parental care has
been found to be critical for brood survival (24, 25). In addition,
although it has been proposed that fisheries-induced selection in
recreational angling operates more directly on behavioral and un-
derlying physiological traits than on body size (17), it is most likely
that both body size and the type and degree of male parental care
behavior are involved in determining the fitness of individual males
(13). That is, larger males are expected to compete better for
nesting sites, and as a result of male size-based female mate choice,
often have higher mating success (26). It is also likely that the most
aggressive males provide the most intensive parental care and as
a result are the most vulnerable to fishing during the nesting period
(23). This would, independent of individual size, result in the po-
tentially most reproductively fit individuals facing the greatest
likelihood of capture and subsequent death or in the case of catch-
and-release fisheries loss of fitness due to loss of all or some of their
brood to egg predators (23-25).

The objective of the present study was to assess the relationship
between reproductive fitness and vulnerability to angling, using as
a model system male largemouth bass from two experimental lines
selected over three generations for differences in their vulnera-
bility to angling (18). Because angling should selectively target
those largemouth bass males that are the most aggressive nest
defenders and therefore the more likely to attack angling lures
[ie., males from the line of highly vulnerable (HV) fish], we
postulated that under identical ecological conditions these HV
males should demonstrate higher levels of reproductive success
than the less vulnerable (LV) males. We further postulated that
females might also differentially allocate more reproductive re-
sources to HV males because they might recognize and pref-

erentially mate with a superior nest defender, as has been
observed in a range of other species that provide male parental
care (27).

Results and Discussion

Spawning events occurred in each of six experimental ponds over
30 d (April 21 to May 20, 2009), with 45 of the 48 males (94%)
receiving eggs during this period. Even though the spawning
period lasted more than 4 wk, the majority of males (56%)
spawned within the first week. There were no differences in the
relative timing of spawning between HV and LV males, but in
each pond the larger males of both lines spawned earlier than the
smaller males (Table 1), a pattern seen before for largemouth
bass (28). In addition, there was a clear effect of male size and
selection line on male mating success (i.c., the number of eggs
received by a male in his nest during spawning) (Fig. 14 and
Table 1), with a strong interactive effect between male size and
line (Table 1). That is, larger HV males had substantially greater
mating success than smaller HV males, as well as both larger and
smaller LV males, indicating that females were allocating more
eggs to larger HV males.

Even though there was no observed effect of male size on the
intensity of the parental care behavior expressed before egg
hatching, there were some significant behavioral differences be-
tween HV and LV males (Fig. 24 and Table 1). HV males spent
a greater proportion of time guarding their nests and fanning
their eggs, whereas LV males spent a greater proportion of time
away from their nests. The resulting parental care behavioral
scores were on average 36% lower for LV than for HV males
(Fig. 24 and Table 1). During this period HV males also showed
significantly higher aggression toward potential brood predators
(i.e., they were more than twice as likely to hit hookless fishing
lures than were LV males) (Fig. 2B and Table 1). These findings

Table 1. Parameter estimates of generalized linear mixed models assessing the relationships of selected line, their respective size, and
the date of spawning on reproductive, behavioral, and offspring characteristics

Parameter
Response variable Variable estimate SE df t P
Date of spawning Intercept 5.1 0.76 5 6.65 0.001
HV vs. LV 0.1 0.19 5 0.72 0.505
Male size -0.01 0.003 30 -4.26 0.0002
No. of eggs received Intercept 1,561.2 5.151.83 5 0.30 0774
HV vs. LV 13,855.9 6,731.72 5 -2.06 0.095
Male size 16.4 18.09 22 0.90 0.376
Male size x HV vs. LV 56.6 23.85 22 237 0.027
Diligence of parental care Intercept 36 12.32 5 0.29 0.780
HV vs. LV 1.1 3.32 5 3.36 0.020
Male size 0.04 0.04 25 0.96 0.348
Anti-predator aggression Intercept -0.9 0.83 5 -1.08 0.331
HV vs. LV 1.1 0.43 5 2.60 0.048
Male size 0.003 0.003 27 1.13 0.268
Duration of parental care of swim-up fry Intercept 114 8.96 5 1.27 0.260
HV vs. LV —24.5 11.55 5 -2.12 0.087
Male size -0.01 0.03 19 -0.25 0.802
Male size x HV vs. LV 0.1 0.04 19 2.25 0.037
No. of offspring in fall Intercept 0.6 1.89 5 0.32 0.759
HV vs. LV -5.3 251 5 -2.10 0.030
Male size 0.01 0.007 33 1.26 0.216
Male size x HV vs. LV 0.02 0.008 33 227 0.030
Size of offspring in fall Intercept 56.4 3.24 5 17.43 <0.0001
HV vs. LV -29 0.86 5 -3.33 0.021
Date of spawning -03 0.17 18 -1.76 0.095

Largemouth bass males selected for high vulnerability to angling (HV) versus males selected for low vulnerability to angling (LV). The LV line is the
reference group (= 0) in all models. The units of the respense and predictor variables are: time variables in days (day of the first spawning = 1), size variables in
mm, and two ordinal scores (diligence of parental care, range 0 to 36; aggression measured as hits to fishing lures ranging from 0 to 15).
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Fig. 1. (A) Number of eggs in individual largemouth bass nests of males
with high vulnerability to angling (HV, full circles and solid lines) and low
vulnerability to angling (LV, open circles and dashed lines), (8) duration
(days) of parental care (starting at swim-up fry stage) provided by the nest-
guarding males, and (C) number of genotyped fall recruits across nest-
guarding males of different sizes.

are in agreement with earlier work assessing their vulnerability to
angling using previous generations of HV and LV largemouth
bass (19), indicating consistency of evolutionary differences
among generations of fish selected for high and low vulnerability
to fishing over three generations, respectively, despite no further
selection over two subsequent generations. Finally, larger HV
males provided parental care for a longer duration than any of
the other males (i.c., smaller HV males, as well as larger and
smaller LV males; Fig. 1B), as evidenced by the significant in-
teraction between selection line and the covariate male size
(Table 1). The shorter duration of parental care seen for the
smaller males may reflect their expected lower energy reserves
coming out of winter, thereby limiting their ability to sustain
parental care activities, a situation that may be particularly acute
for smaller HV males because of their higher metabolic rates (19—
21). The lower willingness for smaller HV males, as well as
smaller and larger LV males, to provide parental care may also be
due in part to their lower mating success (i.e., fewer eggs re-
ceived) after spawning (23). It is also possible that HV and LV
males assessed the value of their current vs. future potential
broods (29) differently. That is, HV males might have developed

20962 | www.pnas.org/cgi/doi/10.1073/pnas. 1212536109

a higher level of expected mating success than LV males and as
a result chose to abandon larger broods than did LV males.
When the experimental ponds were drained after the first
summer growing season, in September 2009, a total of 11,375 ju-
venile (young-of-the-year) largemouth bass were recovered across
the six ponds. Of the 1,200 offspring (200 per pond) randomly
subsampled for parentage assignment, 1,189 (99.1%) were
assigned to specific HV and LV male parents at a 95% confidence
level. Of those 1,189 offspring, 740 (62%) were sired by HV males
and 449 (38%) by LV males. The remaining 11 offspring were sired
by a wild-type male that was initially mistyped as a female and
remained undiscovered until observed guarding fry. Offspring
sired by this fish were excluded from further analyses. Both the
selected line (HV vs. LV) and size of the male had a significant
interactive influence on individual reproductive success in terms of
offspring numbers (Fig. 1C and Table 1). More specifically, the
number of offspring produced by larger HV males was higher than
the number of offspring produced by all other males (Fig. 2C).
Comparison of total lengths of offspring also revealed that HV
offspring (51 mm, SD + 6.2) were, on average, 5% smaller than LV
offspring (54 mm, SD + 5.4) in fall (Table 1), consistent with
earlier findings for juvenile HV and LV largemouth bass raised
under food-limited pond conditions (20). It is likely that the higher
metabolic rates of HV offspring were responsible for their smaller
sizes in the present experiment. In addition, because all females
used in this experiment were of wild-type origin (i.e., not selected
for vulnerability to angling), the fact that our results still revealed
an impact of elevated metabolic rates among the offspring of HV
males suggests paternal inheritance of at least some metabolism-
related aggressive traits (30). Another possible explanation, how-
ever, is that HV fish, despite having a higher growth capacity due to
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Fig. 2. (A) Nest-guarding intensity score and (B) aggression score (as mea-
sured by hits to fishing lures) for male largemouth bass guarding eggs with
high vulnerability to angling lures (HV), and low vulnerability to angling
lures (LV). Data are shown as box plot showing the median (solid line) and
mean {dashed line).
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elevated metabolic rates (21), did not ingest as many food items
as LV fish owing to differences in their foraging ecology (31).
Moreover, because it has also been shown that general swimming
activity of HV and LV fish is similar in ponds (32), when food is
limited, HV fish would be expected to pay the costs of increased
metabolism and higher aggression, resulting in smaller size-at-age
and potentially even an clevated size-dependent over-winter
mortality (20, 33). As a result, the different metabolic rates of the
HV and LV fish could result in relative survival probabilities for
their offspring that vary depending on ecological context (e.g.,
high and low food availability and/or short or long growing sea-
sons across latitudes). In summary, our findings provide empirical
evidence that fish with different vulnerabilities to angling also
exhibit differences in reproductive fitness and that in largemouth
bass more-vulnerable fish indeed carry a higher fitness potential.
The higher relative fitness of the larger HV males can be at-
tributed to several of their characteristics, First, the largest HV
males had the highest mating success among all male classes,
prabably reflecting differential allocation of eggs via female mate
choice, as previously described for a range of species in which
male parental care offers key fitness benefits to females (27). The
fact that the larger 1.V males did not receive as many eggs as the
larger HV males suggests that compared with LV males, HV
males court females more effectively and/or they are more at-
tractive to them. Female mate choice may involve an expectation
of the preferred males providing direct, material benefits (such
as increased parental care for a female’s offspring by more ag-
gressive HV fish) or an anticipation of indirect, genetic benefits,
as per the expectations of the “sexy-son” or “good-genes” hy-
potheses (34, 35). Even though the exact mechanism remains
unknown, the result is an elevated reproductive fitness for HV
males. Second, the HV males across all sizes were more active in
providing parental care to their offspring (i.e., they spent more
time fanning eggs and guarding the nest than LV males), and
they were more aggressive toward potential predators, which
likely contributed to their higher offspring numbers when ponds
were drained. Third, the larger HV males provided the longest
duration of parental care for the offspring (Fig. 24 and Table 1).
The duration of parental care has been shown previously to be
a key component in determining relative reproductive success
among spawning male largemouth bass, reiterating the obliga-
tory need for parental care to allow offspring survival (28).
Our results collectively suggest that in any given population,
the largest, most aggressive males may have the greatest poten-
tial fitness, yet these males are also the ones that are most vul-
nerable to angling. As a result, largemouth bass populations
subjected to angling harvest during the nesting phase can expe-
rience the selective removal of those individuals with the greatest
potential for high reproductive success. Even in the absence of
harvest, any temporary removal (¢.g., an angling event in a catch-
and-release fishery) could mean a loss of at least some fitness to
egg predators (23, 24). As a result, in response to either harvest
or catch-and-release angling, fish in exploited largemouth bass
populations would generally be expected to evolve traits that
reduce their exposure to fishing gear (i.e., behavioral and phys-
iological characteristics similar to those observed for LV fish).
Because those characteristics involve key behaviors that are in-
volved in determining general levels of individual aggression,
however, fisheries-induced selection would also be expected to
evolutionarily alter parental care behaviors. The result could be
a population-wide decrease in average parental care effort, in-
cluding less time spent fanning eggs and reduced aggression to-
ward brood predators, which could affect recruitment particularly
in northern latitudes or populations with overall low productivity
(36). The rate and amplitude of such an evolutionary change in
these behavior/life history traits and their potential ramifications
for recruitment (37) would of course depend upon the amount of
harvest mortality, or for catch-and-release fisheries, the intensity
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of catch-and-release of male bass on nests. The resulting eco-
logical implications for such an affected fish population would
certainly be context dependent. That is, negative effects of this
fisheries-induced evolution on population-level recruitment in the
wild would be expected to be strongest in environments with
abundant food resources (i.e., where LV are benefiting less from
their lower metabolic rate), with short spawning seasons (i.e.,
where the opportunity to respawn after brood loss is limited, e.g.,
in northern latitudes), and with overall high egg predation po-
tential (i.e., where the added wariness/timidity of LV-like fish
would result in a greater reduction in fitness due to increased
brood predation). In addition, fisheries-induced evolution to LV-
like genotypes would almost certainly be accompanied by a con-
comitant decline in catchability on a population-level scale (18),
a scenario that would be undesirable for recreational anglers that
value catch rates (38).

Our study shows conclusively that fishing can target those indi-
viduals that exhibit the highest reproductive fitness potential,
thereby establishing the potential for selection of behavioral traits
that help a fish avoid capture, but in the process decrease its pa-
rental care abilities. For any species of fish with parental care that is
targeted by recreational anglers, that evolutionary scenario may
have consequences for the quality of the fishery (7) or for pop-
ulation-level recruitment (36, 37). Because some level of angling for
nesting largemouth bass (both catch-and-harvest and catch-and-
release) has been occurring in most, if not all, populations in North
America for many years, we predict that many populations will show
evidence for this fisheries-induced behavioral change; that is, they
would already contain fish that are less vulnerable to capture than
nonfished populations. Assessing the historical prevalence of such
evolutionary changes through a controlled survey of vulnerabilities
in the wild, coupled with reciprocal transplant studies using com-
mon garden experiments, would constitute a fascinating research
approach for the future. If the changes in bass behavior and life
history prove to be large enough to reduce recruitment, then
management strategies designed to constrain or even remove the
underlying selective pressure (angling nest-guarding male large-
mouth bass) may need to be implemented. Because a great pro-
portion of recreational angling effort in North America is directed
at species that provide some form of parental care (e.g., other
Centrarchidae, members of the Ictaluridae) (22), the management
implications of this study extend well beyond the largemouth bass.

Materials and Methods

The study was carried out at the Illinois Natural History Survey’s Aquatic Re-
search Facility at the University of lllinois at Urbana—Champaign, IL (40.07°N,
88.22°W) from April to September 2009, and animal use was approved by the
Institutional Animal Care and Use Committee (protocol #10202). Males from
two lines of largemouth bass that had previously been artificially selected to
exhibit either high or low vulnerability to angling lures over three gen-
erations (18) were used as test subjects. Fish from the F5 lines, two gen-
erations after selection was halted, were used in the present work.
Largemouth bass from both lines, which had been raised in ponds where they
fed on natural food (e.g., Erimyzon sucetta, Lepomis spp., Rana catesbejana)
were recovered in April 2009 by draining the holding ponds. Male large-
mouth bass from the two lines were tagged individually with passive in-
tegrated transponder (PIT) tags and given a colored anchor tag inserted in the
dorsal musculature to allow visual identification of individuals. After tagging,
six replicate 2,500-m? earthen ponds were each stocked with four 3-y-old
mature males from each line; male size [HV = 277 + 36 mm total length (TL),
mean + SD; LV = 278 + 39 mm TL] did not differ across lines (ANOVA Fy 41 =
0.01, P=0.92) or ponds (ANOVA F5 4, =0.95, P=0.45). A total of 42 unrelated
wild females collected by boat electrofishing from Lake Mingo (71.7 ha), IL
(40.21°N, 87.73°W) were implanted with PIT tags and stocked together with
the HV and LV males. Genders were assigned according to the shape and size
of their genital opening and the presence or absence of swollen genital pa-
pilla (39). Each of the six ponds containing male largemouth bass received
seven females; female size (351 + 68 mm TL} did not differ significantly across
ponds (ANOVA, Fs 35 = 0.24, P = 0.94). For subsequent genetic analyses fin
clips were taken from all adults and preserved in vials containing 95%

PNAS | December 18,2012 | vol. 109 | no.51 | 20963

This content downloaded from 134,117.10,200 on Fri, 10 Jul 2015 09:54:25 UTC
All use subject to JSTOR Terms and Conditions

212

ECOLOGY



ethanol. Each of the six ponds also received ~500 immature bluegill {Lepomis
macrochirus) and redear sunfish (Lepomis microlophus) to serve as both po-
tential egg predators and forage (23, 24, 33). These fish were obtained from
the Kaskaskia Biological Station (38.71°N, 88.75°W) and a local hatchery
[Little Grassy Fish Hatchery, Makanda, IL (37.39°N, 89.07°W)]. Sunfish from
both sources were equally distributed across ponds.

After stocking of all fish, ponds were snorkeled every day for 6 wk beginning
April 20, 2009, to locate males on nests and to identify the start of parental care
{defined as the first day that a male largemouth bass was observed with eggs in
his nest). To reduce disturbance to nest guarding fish, egg numbers were
quantified by digitizing a method previously described for smalimouth and
largemouth bass (40, 41). Digital photographs were taken from all discovered
nests along with a ruler with 1-cm markings placed on the edge of a nest. Egg
numbers were then quantified using the image manipulation software GIMP
2.6.12. All photos were overlaid with a digital grid of 1-cm? squares based on
the 1-cm markings of the ruler. The total number of eggs was quantified by
outlining the egg mass with a digital brush tool and counting the number of
eggs in three of the 1-cm cells within the outlined egg mass, with one each
from the center of the egg mass, midway to the edge, and the edge. The
averages of these egg counts were used with the total number of squares
within the outlined egg mass to calculate total egg numbers of nests, as
adapted from refs. 40 and 41. Levels of parental care investment among the
males of both lines (HV and LV) were assessed from shore by recording stan-
dardized nest-guarding behaviors every 10 s over a 2-min observation period
between 7:30 AM and 10:00 AM, for a total of 12 distinct observations per
individual, Assessments were performed when a male was seen on a nest
containing eggs <2 d old. Observations started as soon as males became ac-
customed to the observer on the shore; i.e., they returned to their nests and
resumed parental care activities. Largemouth bass that were positioned on
their nest and fanned eggs during the 10-s observation period received a score
of 3; males engaged in behaviors to deter nest predators during the obser-
vation period were given a score of 2; males simply swimming in proximity to
the nest (<2 m) were given a score of 1. Males that remained >2 m from their
nests during the 10-s observation period were considered absent from the nest
and, therefore, received a score of zero. The highest possible nest guarding
intensity score a male could achieve during the entire 2-min observation ses-
sion was 36. As an additional metric of parental care intensity, the duration of
parental care (in days) provided for swim-up fry was recorded for each in-
dividual male. Parental care was considered terminated when a male ceased to
be observed in proximity to its developed fry. In addition, as an assessment of
the aggression shown by males toward potential brood predators, the vul-
nerability to angling during the nest-guarding period was also quantified. The
experimental angling protocol consisted of casting three different hookless
fishing lures (a surface popper, a 6-cm white twister jig, and a 12<m black
plastic worm) to each male five times while they were guarding eggs (24).
Hooks were removed from all lures so that males could not actually be cap-
tured, while permitting responses toward the lures to be quantified. The
number of strikes at each lure was summed to generate a total aggression
score, with a maximum of 15 strikes per angling session being possible (24). The
response to angling by brood-guarding largemouth bass has previously been
shown to be representative of nest defense behavior (23).

The six experimental ponds were drained between September 8 and 12,
2009, the total number of largemouth bass offspring determined, and
a random subsample of 200 of those offspring collected from each pond. Each
offspring was measured for TL, and a caudal fin clip for parentage analyses was
collected as described above for the adults. Individual reproductive success of
all HV and LV males, determined as the number of offspring produced per each
male, was quantified by parentage assignment using microsatellite markers.
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Amplification of microsatellite DNA was performed by using a two-step
multiplex PCR (42). Two sets of distinct DNA microsatellite markers taken
from literature were used (43-46). “Multiplex 1" consisted of the micro-
satellites MS13, MiSaTPWO025, MiSaTPWO38, and MiSaTPWO068 and “Multi-
plex 2" of Lma 10, Lma 21, Msa 18, MiSaTPWO0T11, and MiSaTPW107. DNA was
extracted from fin clips by the use of a DNA isolation kit (PEQLAB Bio-
technology) according to the manufacturer’s protocol. PCR reactions were set
up in 15-pL volumes containing 1.5 L of DNA isolate. The master mix (13.5 pL)
contained 3 pL Taq buffer, 1.5 pL (25 mM) MgCi; and 3 pL (1.25 mM) dNTP,
adjusted primer amounts for the five microsatellites per multiplex, and 0.15
UL Taq polymerase (GoTaq Flexi DNA Polymerase; Promega). Sterile water
was added for a total reaction volume of 15 pL. Annealing temperatures were
optimized for each multiplex and amplifications performed on a Biometra
T 3000 thermocycler. The reaction consisted of an initial 3-min denaturation
step at 95 °C followed by 15 cycles of a 45-s annealing time (Multiplex 153 °C,
Multiplex 2 58 °C) and a 30-s elongation period (72 °C) followed by 25 cycles
with annealing times of 30 s, extension times of 15 5, and a final extension
of 3 min. Microsatellite analysis was performed using fluorescently labeled
forward primers (Sigma-Aldrich) and a capillary electrophoresis system (CEQ
8000; Beckmann Coulter). Detected fragments were scored using the CEQ
8000 fragment analysis software (Beckmann Coulter). Any allele resulting in
multiple detection failures when performing the fragment analysis was ex-
cluded from the analysis and considered a null allele (47). The most likely
parent pairs of an offspring were identified using the program CERVUS ver.
3.0 (48), where the typing error probability was set to a level of 0.01%.
Candidate parents were determined by calculating the trio logarithm of the
odds scores and assessing the trio confidence at a 95% confidence level.
Offspring that were not assigned to a parent pair on a 95% confidence level
were excluded from further analyses.

Statistical analyses comparing the two lines with respect to behavioral
characteristics, mating success, relative reproductive success, and offspring
size were subsequently performed using a complete randomized block design
with multiple experimental units (male largemouth bass individuals) within
a block (ponds) (49) using a mixed model procedure (SAS version 9.1; PROC
GLIMMIX; SAS Institute; coding for the modeling approach taken from ref.
50). Ponds were considered to be blocks to account for interpond variance,
and the selected line (HV, LV) entered as a fixed factor. To account for
possible size-dependent contributions to individual reproductive success,
male TL was used as a covariate in the model. To test for offspring size
differences among paternal lines, offspring sizes were pooled for individual
males, and resulting means were compared across lines using the approach
described above. When comparing offspring sizes, the covariate male size
was replaced by the day of spawning (starting with 1 for the first nest) to
account for differences in offspring age. All initial models contained an in-
teraction term between the main effect (selected line) and the covariate
(size). Main effect by covariate interactions were removed from the final
models when nensignificant, indicating homogeneity of slopes (51).
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Geffroy et al. [1] proposed that nature-
based tourism reduces the fearfulness
and antipredator behavior of animals, lead-
ing towards a boldness syndrome that ele-
vates natural predation rates and could
trigger cascading effects on populations
and communities. We agree with the
framework, hypotheses, and future
research needs proposed in [1], but they
apply strictly to nonthreatening human-
wildlife interactions. However, nature-
based tourism is often consumptive, where
wild-living animals are chased, stressed,
and eventually harvested in activities such
as recreational fishing and hunting. No
threatening forms of human use of animals
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were elaborated in[1]. As acomplementary
perspective, we here propose that con-
sumptive nature-based tourism might lead
to opposite behavioral outcomes to those
proposed in [1] by inducing a timidity, rather
than a boldness, syndrome (Figure 1).

Human exploitation of wild-living animals
creates a ‘landscape of fear' [2,3]. A com-
monly reported plastic  behavioral
response of animals to human-induced
predation risk involves increased antipred-
ator behavior and heightened timidity,
characterized by a greater use of refuges
and reduced activity [2-8]. For such
effects to happen, the experience of non-
lethal, yet threatening stimuli caused by
humans are often sufficient. For example,
catch-and-release angling is increasingly
common in tourism-based fishing opera-
tions. Being hooked, physiologically
stressed, and eventually released pro-
motes refuge-seeking behaviors that
reduce wvulnerability to fishing, which
may also affect nonhooked conspecifics
through social learing [8,9]. In addition to
plastic effects within the behavioral reac-
tion norm, lethal consumptive tourism may
also cause evolutionary responses in a
range of life-history and behavioural traits
that collectively increase the average
timidity levels of surviving individuals
[3,6,7,10-12]. For example, bold, explor-
ative, aggressive, and active behavioral
types (aka ‘personalities’) within exploited
wildlife populations are often selectively
harvested [3,7,10-12]. The positive heri-
tability characterizing most personality
traits in turmn could facilitate an evolutionary
(i.e., genetic) response of timidity-related
behaviors [6,7,12]. Increased timidity due
to learning and/or evolutionary adaptation
can occur in both predator and prey pop-
ulations when they are exposed to threat-
ening stimuli by recreational fishers or
hunters. The net result for a prey species
should generally involve a reduction,
rather than an increase [1], in natural
mortality risk because either the prey
becomes shyer when they are exploited
or it benefits from an increased timidity of
the exploited predator, thereby being
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Figure 1. Animals Respond to Human Presence Along a Gradient of Consumptiveness from
Entirely Nonconsumptive Nature-Based Tourism to Harvesting-Based Exploitation (from Left to
Right). When nonconsumptive and consumptive humans interact with wild animals, they create a temporal shield
with different responses, including habituation (A) and fear of humans (B,C). (A) The original boldness syndrome
introduced by [1]. The arrows represent the fluxes in-and-out of the prey organisms, once the humans leave the
shield and the predators come in. In (A), a temporal shield between humans and animals is expected to induce
higher boldness in the animals as a result of habituation to humans. When the humans leave the shield and
predators enter, the prey is expected to be more vulnerable to natural predators as predicted by [1]. (B,C) The
timidity syndrome introduced here. (B) A nonharvest shield that emerges when fishes exposed to catch-and-
release fishing or wildlife exposed to hunting induce fear and antipredator behavior. The mechanismhereis focused
on learning in response to previous capture-and-release experiences or experience of shooting, possibly aggra-
vated by social information flow. The flux of animals to the shield should be unidirectional because the animal density
should remain fairly constant due to the lack of harvest. However, the fear of consumptive humans may in the long
run also induce a migration outside of the shield if animals move into refuges, which might attract novel bold and
explorative individuals to the shield, restarting the cycle. (C) The case when humans chase and harvest wild animals,
where surviving individuals are bound to become shyer, increase their fearfulness and flight initiation distance (FID)in
response to the behavioral-mediated selective process and through learning by private or public information. The
surviving individuals then characterize a lower encounter probability not only with humans, but also in relation to
natural predators, creating a temporal shield through a timidity syndrome. Animals might leave the shield to avoid
the risk of deathimposed by hunting or fishing, similar to (B), while naive bold and highly explorative individuals may
occasionally enter from outside the shield because harvesting relaxes the density-dependent food competition
and, hence, attracts migrants. The newcomers may then also be selectively harvested or plastically respond to the
human predation risk, Similar to (A), fishers or hunters may also leave the shield in (B,C) due to seasonal patterns of
exploitation, including holiday patterns, or because of constraints imposed by policy (e.g., a seasonal closure or a
protected area). This would attract predators to the shields during the absence of humans, but prey might be less
vulnerable to predation. Modified from [1] (A).

short-term behavioral alterations caused
by stress.

released from predation risk. However, in
catch-and-release angling, released indi-
viduals might also suffer from immediate
predation before even reaching refuges
due to physical exhaustion and

The timidity syndrome proposed here in
response to consumptive tourism not only

Cell>r

predicts reduced natural mortality risks in
prey organisms, but also implicates sev-
eral other ecological and managerial con-
sequences for social groups, populations,
food webs, ecological services, and
assessment of stocks. For example, ani-
mal groups might systematically lose key-
stone individuals and then show reduced
ecological performance, such as during
spawning migrations, where the leader-
ship by old, experienced animals may
be particularly important. Moreover, tro-
phic relations are bound to be altered
when hunted and fished animals are
forced into refuges and away from profit-
able foraging sites. Thus, the timidity syn-
drome may moderate the degree of
bottom-up or top-down control of food
webs depending on the exact geographi-
cal configuration of foraging and refuge
sites in an ecosystem [2]. Finally, from a
social and economic  perspective,
increased ability to avoid capture (a key
component and indicator of the timidity
syndrome that we propose [5-9]) may
not only lower the satisfaction of anglers
and hunters by reducing catch rates or
sightings, but also contribute to system-
atic erosion of the quality of user-depen-
dent monitoring data as a surrogate of
stock abundance due to hyperdepletion
effects where catch rates or sightings
decline more strongly than underlying
abundance [6]. Reduced exposure to fish
and wildlife due to increased timidity may
also foster a belief among tourists that
there is less wildlife or fewer fish than
desired, which either threatens the eco-
nomic operation by reducing demand or
increases stakeholder conflicts.

Similar to the boldness syndrome [1], one
of the most important outstanding ques-
tions in relation to the timidity syndrome is
investigating whether the reduced expo-
sure to fishing gear or hunters observed
in heavily exploited stocks also alters the
natural behavior of the exploited species in
relation to natural predators. If fish and
wildlife only selectively responded to
human threat signals in the short term,
the ecological and food-web effects of
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the timidity syndrome could be small and
only socioeconomic impacts would be
prominent. To sort this and other pertinent
questions out, improved collaboration
among field behavioral ecologists, fisheries
and wildlife biclogists, managers, and tour-
ism operators is needed to investigate the
propositions introduced here (Figure 1) and
in [1]. Answering these questions is cer-
tainly not only of academic appeal, but also
of large importance to fish and wildlife man-
agement as well as tourism.
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In Defense of the
Ecotourism Shield:
A Response to
Geffroy et al.

Lee A. Fitzgerald'* and
Amanda L. Stronza®

Geffroy et al. [1] pose a bold scenario:
nature tourists and ecotourists may create
a ‘human shield’ in some circumstances,
but ultimately tourism habituates animals
and makes them susceptible to poaching
and predation. In short, tourism is harmful
to wildlife. The authors state that these
problems from tourism can extend across
entire populations of species and they
suggest that tourism can even select for
increased predation risk and drive loss of
genetic diversity. We argue that these
ideas are speculative and merit more care-
ful analysis. We write with some urgency
to critique the arguments and highlight the
fallacies. We echo the authors’ call for
rigorous studies ‘in the wild with real pred-
ators’ and hope the paper will inspire
many. In the meantime, asserting that
nature tourism and ecotourism may be
harmful to animals is premature and prob-
lematic. It sends a countervailing, mixed
message to conservation stakeholders
about the real importance of tourism for
protecting wildlife, both in protected areas
and in surrounding communities [2].

The shield of ecotourism extends across
areas greater than the places where
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tourists interact with wildlife. When
designed to provide benefits to conserva-
tion and local communities, ecotourism,
sustainable tourism, and other forms of
nature tourism help generate revenues
and political support while also creating
direct incentives to protect wildlife, eco-
systems, and landscapes. The very foun-
dation of the world's first national parks in
the USA, and countless protected areas
around the world, has been tourism. Tour-
ism creates a large umbrella that is neces-
sary for wildlife conservation and
protection of large landscapes. Tourism
helps fund programs for local villagers,
who act as gatekeepers against poachers
[3]. In Botswana, safari operators are lead-
ing efforts to reintroduce rhinos, bringing
them in from areas where poaching is
escalating. These animals are not habitu-
ated and most may never see an ecotour-
ist [4]. Tourism has led to reduced hunting
and transitioning from hunting to guiding,
from direct, consumptive uses of biodiver-
sity to indirect, less consumptive uses [5].
Buckley [3] noted that ‘for over half of the
red-listed mammal species at least five
percent rely on tourism revenue to survive.
For one in five - including rhinos, lions, and
elephants — that rises to at least 15 per-
cent of individuals. Simply put, if tourism
money is cut abruptly, poaching wil
increase’ [3].

The Geffroy et al. [1] model hinges on the
transfer of habituation to the suite of pred-
ators in nature. To date, there is no con-
clusive evidence. The study on fox
squirrels 6] cited as the most compeliing
showed that at one university and in sub-
urban parks fox squirrels were less
responsive to recordings of red-tailed
hawks and coyotes. Because coyotes
and hawks are scarce at the campus
and parks, that study could not distinguish
between transfer of habituation and low
predation risk. Another study [7] found that
in dik-diks habituation did not transfer to
jackals. Likewise, predation on domestic
cattle is an unconvincing example of how
wildlife can become susceptible when
habituated. The salient message from that
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Introduction

Heritable behavioural traits might be under strong
selection in capture fisheries (Uusi-Heikkila et al.
2008) as the behaviour of fishes determines the
ease with which individuals are captured (Lokke-
borg et al. 2014). In addition, fishes plastically alter
their behaviour to reduce vulnerability to capture
(e.g. Raat 1985; Kleloth et al. 2013; Alos et al
2015a,b). However, despite its introduction as a
hypothesis in the mid-20th century (Miller 1957),
the question of whether and to what degree fisheries
lead to persistent behavioural change and what are
its consequences remain largely unanswered (Heino
and Gode 2002; Uusi-Heikkila et al. 2008; Heino
et al. 2015). Here, we argue that an exploitation-
induced timidity syndrome may be widespread in
fish populations exploited by passive gear (i.e. gear
where the capture process depends on the active
behavioural decision by the target individual, von
Brandt 1984). Passively operated gears, such as
long-lining, angling, trapping, pots or gill nets, are
common in many commercial and recreational fish-
eries and have been shown to preferentially catch
bold, aggressive, explorative or active individuals
(e.g. Biro and Post 2008; Hirkonen et al. 2014;
Wilson et al. 2015). By contrast, active gears, such
as trawls or purse seines, may preferentially capture
bold and social individuals (Heino and Gode 2002;
Diaz-Pauli et al. 2015), but considerably less empiri-
cal research is available for active as opposed to pas-
sive gears. Therelore, we focus on passive gear types
for the remainder of this paper.

An  exploitation-induced  timidity = syndrome
caused by passive fishing gear is defined as the
emergence of fish populations that are consistently
(i.e. across ecological contexts and time) more
timid when exploited compared to unexploited pop-
ulations of the same species (Arlinghaus et al.
2016). Depending on the species and type of gear,
a timidity syndrome may involve greater use of
refuges, reduced activity and space use (home
range), reduced exploration, decreased willingness
to ingest bait, reduced encounters of gill nets or
traps and reduced aggression towards lures. If the
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exploitation-induced timidity syndrome we propose
indeed alters the mean and variance of behavioural
traits in the exploited population and assuming
behavioural changes towards gear translate to
changing intraspecific and interspecific interac-
tions, this could have far-reaching implications for
ecological and community processes as well as fish-
ing quality and management as elaborated below.

Evidence for fisheries-induced behavioural
change and its mechanisms

Consistent among-individual variation in behaviour
in animal populations, referred to as behavioural
types or animal personality, is now well established
(for reviews in fish, see Conrad et al. 2011; Mittel-
bach et al. 2014). Réale et al. (2007) proposed five
personality axes, that is exploration, activity, socia-
bility, aggression and boldness (any form of risk tak-
ing), which are often correlated with each other
forming behavioural syndromes (Sih et al. 2004).
Natural selection tends to promote and maintain
variation in personality traits, inter alia due to fluc-
tuating selection pressures (e.g. Nicolaus et al
2016). Moreover, natural predation has been
shown to foster the development and/or evolution
of behavioural syndromes between aggression and
boldness, thus further maintaining variation in
these personality traits (Fig. 1: Bell and Sih 2007;
Dingemanse et al. 2007). By contrast, human har-
vesting is expected to result in directional selection
on behavioural traits, eroding variation and result-
ing in a consistent shifts towards increased timidity
(Fig. 1; Alés et al. 2012; Arlinghaus et al. 2016).
Increased boldness is possible too, but these effects
seem to be constrained on harvesting being unre-
lated to size or other traits (Jorgensen and Holt
2013) or strongly focused on juveniles (K. Ander-
sen et al. unpubl. data), both of which are rare in
most wild fisheries. The behaviour of exploited fish
populations may also be modified as an indirect
response to harvesting selection operating on corre-
lated life history or morphological traits, particu-
larly body size (Biro and Post 2008; Uusi-Heikkild
et al. 2015).
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Figure 1 Phenotypic change induced by human exploitation and predation on a hypothetical population. Prior to
exploitation or predation, individuals (grey circles) differ from each other in their levels of aggression and boldness.
After exploitation, surviving individuals are on average less bold and less aggressive. After predation, however,
surviving individuals converge on a behavioural syndrome where there is a positive correlation between an individual's
level of aggression and their level of boldness as shown in several papers as a result of life-history trade-offs or genetic
correlations (Bell and Sih 2007; Dingemanse et al. 2007). No such convergence is to be expected in the face of human

exploitation, which happens to be directional.

In relation to passive gear, a fish's behaviour will
affect two key processes: (i) encountering the gear
and (ii) being retained by the gear. Spatial beha-
vioural traits, such as swimming activity, explo-
ration and the degree of space use, should affect the
encounter rate (Rudstam et al. 1984; Alos et al.
2012). Indeed, there are a few examples that high
swimming activity (Biro and Post 2008) and partic-
ularly exploration (Hirkonen et al. 2014, 2016)
increase the probability of capture in some passive
fisheries. However, several recent studies failed to
find a clear signature of fishing-induced selection
on swimming activity, suggesting instead that other
behaviours (e.g. the temporal dimension of space
use or fine-scale attack behaviour in front of hooks)
might be more important determinants of capture
in selected fishes than activity per se (Binder et al.
2012; Olsen et al. 2012; Kekaldinen et al. 2014;
Matthias et al. 2014; Bouletreau et al. 2016;
Hérkonen et al. 2016; Vainikka et al. 2016). There
is also evidence from several fish species that indi-
viduals with larger space use are more vulnerable
to capture by passive gear fishing (pearly razorfish
Xyrichtys novacula, Labridae: J. Alos et al. unpub-
lished data; northern pike Esox lucius, Esoxidae:

© 2016 John Wiley & Sons Lid, FISH and FISHERIES

Pieterek et al. 2016; negative findings Olsen et al.
2012 and C. Monk et al. unpublished data), sug-
gesting that emergent spatial behavioural traits
rather than activity per se can be under selection
under certain situations (Alds et al. 2012; Matthias
et al. 2014). In addition, there is increasingly firm
evidence that both traps and angling remove
aggressive and/or bolder individuals (which may or
may not be more active), leaving behind stocks
whose individuals are less aggressive and more
timid (Wilson et al. 1993; Redpath et al. 2010; Sut-
ter et al. 2012; Klefoth et al. 2012; Biro and Samp-
son 2015; Diaz-Pauli et al. 2015; Wilson et al.
2015; but see Wilson et al. 2011 for an exception).
Although there is a need to more clearly identify
the types of personality traits under selection in
angling, overall increasing evidence suggests that
in many situations behavioural traits will be under
selection from passive gears and that in many situa-
tions selection operates on boldness or correlated
traits such as aggression.

An evolutionary response to selection requires
that the trait under selection be at least partly her-
itable. Philipp et al. (2009) documented that the
composite phenotype of ‘angling vulnerability’ was
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indeed heritable (b = 0.15), which corroborates
more recent research documenting a large herita-
ble component
(Dochtermann et al. 2015). There is also consider-
able evidence across a number of species showing
subpopulation-specific differences in catchability to
angling when subpopulations were tested in com-
mon garden angling experiments (Beukema 1969;
Brauhn and Kincaid 1982; Raat 1985; Dwyer
1990; Nuhfer and Alexander 1994; Garrett 2002;
Klefoth et al. 2012). This work also suggests that
the behaviours under selection by passive fishing

to most behavioural traits

gears have a genetic basis to allow fisheries-
induced evolution of behaviour.

Importantly, what matters in an ecological and
fisheries context is phenotypic, not genotypic
change per se (Palkovacs et al. 2012), and here, a
fish’s ability to plastically adjust its behaviour to
risk becomes important. There is abundant evi-
dence that exploited fishes adjust their behaviour in
response to human exploitation, regularly becom-
ing more timid (Beukema 1969. 1970a.b: Askey
et al. 2006; Januchowski-Hartley et al. 2011; Kle-
foth et al. 2013; Alds et al. 2015a,b; Philipp et al.
2015; Bergseth et al. 2016; Colefax et al. 2016:
Tsuboi et al. 2016). A prime example are catch-
and-release fisheries where fish become harder to
catch as they increase their use of refuges and
reduce their use of the open-water column
(Yoneyama et al. 1996; Young and Hayes 2004;
Askey et al. 2006: Klefoth et al. 2008, 2011, 2012;
Baktoft et al. 2013). This response appears to be

strongly driven by developmental plasticity and
learning mechanisms (Ferno and Huse 1983), but
in addition, cognition may itself show heritable
variation and be selected upon by fisheries.

Ecological and managerial consequences of
increased timidity

If populations exploited by passive gear are indeed
systematically more timid than unexploited popula-
tions, this could have far-reaching consequences for
social, population and community dynamics (Sih
et al. 2011; Palkovacs et al. 2012) and the sustain-
ability of fisheries. Next, we outline potential
consequences for social groups, populations, com-
munities management,
acknowledging that in reality, the consequences
may feedback on each other as alluded to in Fig. 2.

and fisheries and its

Social consequences

We propose that the exploitation-induced timidity
syndrome may lead to decreased group perfor-
mance by impairing social behaviour through at
least three mechanisms (Fig. 3a).

First, removal of bolder individuals may lead to a
loss of collective information. When older and lar-
ger individuals are bolder through lower predation
risk (Brown et al. 2007), selectively removing these
individuals may leave behind a group composed of
younger, less experienced individuals, reducing the
quality of collective information. For example,
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Figure 2 Conceptual diagram that outlines how changes at the level of the timidity of individual fishes feed back to
affect ecological and in turn human interactions. Arrows ending in a box are meant to affect all elements in the box.
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Figure 3 A schematic overview of the key consequences of exploitation-induced timidity syndromes (black

arrows = before and dashed lines = after exploitation) for (a) social groups, (b) populations (b1 = changes in carrying
capacity, b2 = stock and recruitment), (c) food webs (c1 = trophic cascades, ¢2 = functional responses) and (d)
fisheries management. Note that these are prototypical expectations that may well be modified depending on ecological
context and not always be expressed the way they are shown here, in particular for population and community levels

(see text for details).

removing older individuals from a group can lead
to rapid change in migratory patterns (De Luca
et al. 2014), which may have been the case in Cal-
ifornian sardine (Sardinops sagax, Clupeidae) ceas-
ing migration in the 1950s after overharvesting
older and larger individuals (Petitgas et al. 2010).

Second, removing bolder individuals from a
group could lower the accuracy in decision-mak-
ing. Collective intelligence, often dubbed as the
‘wisdom of the crowd’, is widely seen in many
social animals, and groups often outperform the
decisions of single individuals even in the absence
of well-informed individuals. Collective intelligence
arises from offsetting ambiguity in information
among individuals (Conradt and Roper 2003;
Sumpter and Pratt 2009), and consequently,
groups composed of diverse individuals may out-
perform groups composed of experts (Hong and
Page 2004). Because boldness-selective fisheries
could erode the diversity of personalities in a
group, fishing might result in less diverse groups
that are unable to make use of collective intelli-
gence for vital decision-making regarding foraging
and predator avoidance, for example.

Third, removal of bolder individuals might ham-
per behavioural coordination. Bolder individuals
are more likely to use individual information

© 2016 John Wiley & Sons Ltd, FISH and FISHERIES

compared to shyer ones (Webster and Laland
2011). This difference in information use leads to
the specialization of social roles, such as leaders and
followers in collective movement (Johnstone and
Manica 2011). In stickleback (Gasterosteus aculea-
tus, Gasterosteidae), for example, differences in bold-
ness between individuals reinforce social roles of
leaders and followers through positive feedback
(Harcourt et al. 2009). Shy individuals show low
behavioural plasticity and struggle to take leader
roles even when they are experimentally rewarded
to do so, leading to decreased group performance
(Nakayama et al. 2013). Therefore, selectively
removing bolder individuals from the group might
result in a leaderless group, with potential
ramifications for fitness and population dynamics.

Population-level consequences

Population dynamics emerge from four processes,
namely growth, recruitment, survival and disper-
sal. We acknowledge that dynamic interactions
among these processes will ultimately determine
the consequences of behavioural changes for pop-
ulation dynamics, but we will elaborate on poten-
tial consequences of a timidity syndrome for each
of the four processes separately.

w
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First, a key prediction of life-history evolution in
response to fishing is the reduction in adult body
size (i.e. downsizing, Jergensen et al. 2007; Alds
et al. 2014). In addition, passive gears tend to
remove the fastest growing segment of the popula-
tion (Biro and Post 2008; Saura et al. 2010; Alds
et al. 2014; Crane et al. 2015; Evangelista et al.
2015; Pieterek et al. 2016). Hence, a timidity syn-
drome suggests an even stronger downsizing than
expected from life-history evolution alone, which
can ultimately affect population growth rate and
biomass at carrying capacity (Fig. 3bl). Timidity
could also incur a growth cost via trade-offs
between survival and growth (Stamps 2007).
Behaviours can also be linked with metabolism
(Biro and Stamps 2008; Réale et al. 2010), which
could have further effects on growth, possibly in
counterintuitive ways (Cooke et al. 2007; Redpath
et al. 2010; Hessenhauer et al. 2015). Depending
on the local availability of food, less vulnerable
individuals with lower metabolic rates may actu-
ally grow faster, and not slower, than their high-
vulnerable, high metabolic rate, more aggressive
conspecifics who under food limitation might not
be able to turn their genetically higher growth
capacity into rapid somatic growth (as shown in
largemouth bass selected for vulnerability to
angling, Micropterus salmoides, Centrachidae, Red-
path et al. 2010; Sutter et al. 2012). The popula-
tion dynamical consequences of behavioural
selection associated with changes in growth might
then be small or absent. Differentiating between
competing hypotheses in relation to how selection
on behaviour might affect growth is an important
area for future research.

Second, foraging arena theory (FAT) predicts
that risk-sensitive refuge use leads to Beverton—
Holt-type recruitment (Walters and Juanes 1993;
Walters and Korman 1999; Ahrens et al. 2012).
Effects on recruitment may then be brought about
or strengthened through increased risk-sensitive
foraging of exploited, timid fish, shifting the stock—
recruitment curve down (Fig. 3b2; Ahrens 1999).
Beverton—Holt-type recruitment generally dampens
population fluctuations and increases population
stability (Ahrens et al. 2012). Risk-sensitive forag-
ing in foraging arenas could also cause substantial
delays in recovery of over-exploited populations,
particularly in low-density environments (Walters
and Juanes 1993). Fishing generally reduces the
density of large adults, which can increase the rel-
ative and absolute densities of juveniles through
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relaxation of density-dependent reproduction and
mortality (Schroder et al. 2009; Ohlberger et al.
2011). Such ‘stage-specific positive mortality
effects’ (Schroder et al. 2014) may be reduced in
strength or even disappear if behaviourally selec-
tive fishing generates more timid populations with
lower reproductive output. Indeed, Sutter et al.
(2012) found that high-vulnerable largemouth
bass had higher offspring numbers and were pre-
ferred mating partners; therefore, removal of these
individuals may reduce recruitment.

Third, in terms of natural survival, a clear-cut
prediction from life-history evolution caused by
fisheries is that natural mortality goes up with a
faster life history (Jergensen and Holt 2013). It is
unclear whether the same result holds when fish-
ing also selects on behaviour directly (a process
not considered in Jorgensen and Holt 2013). In
fact, a timidity syndrome might mean that fishes
spend less time foraging and thus expose them-
selves less to risk. If exploitation reduces overall
population sizes, this can increase resource avail-
ability and even timid fish could engage in short,
but productive foraging bouts. In that case, natural
mortality might not necessarily decline (Arlinghaus
et al. 2016). In fact, bold, risky behaviour is often
related to high natural mortality (Smith and Blum-
stein 2008), suggesting that timid fish might actu-
ally exhibit lower natural mortality levels.

Finally, timid individuals can have lower disper-
sal tendencies and movement distances than bolder
individuals (Cote et al. 2010; Chapman et al.
2011), undertake shorter and fewer trips outside
safe habitats or have smaller home ranges (Kobler
et al. 2009; Harrison et al. 2015). By inducing
timidity syndromes, fisheries may thus decrease the
dispersal-based connectivity between local subpop-
ulations. This could reduce the stability of meta-
populations that rely on a balance of local extinc-
tion and re-colonization rates (Hanski 1998), alter
source-sink dynamics as determined by the
strength and direction of interhabitat movement of
individuals (Arneson et al. 2009; Casini et al
2012) or slow down range expansions, impeding a
population’s scope for dealing with environmental
change (Opdal and Jergensen 2015).

Consequence for communities and food webs

Any changes to population dynamics or key traits
in the population due to a timidity syndrome are
bound to have spillover effects on communities,
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food webs and ecosystem functioning (Bolnick
et al. 2011; Ahrens et al. 2012; Kuparinen et al.
2016). A timidity syndrome will influence an
exploited population’s interactions with other spe-
cies and have potentially strong non-consumptive
(Werner and Peacor 2003; Carpenter et al. 2010)
and consumptive effects in addition to altering
nutrient cycling (Palkovacs et al. 2012) (Fig. 3c1).
Scaling up the effects of a timidity syndrome as we
see it to communities and food webs is particularly
complex and an area to highlight in need of more
empirical research. Yet despite this complexity,
whole-lake experiments have shown that predators
can have strong non-consumptive effects on their
prey that can exceed direct predation impacts and
release lower trophic levels from predation control
(Carpenter et al. 2010). The corollary of this argu-
ment would be that if predators themselves
become timid in response to human predation
threat. prey might be released from the ‘cost of
fear’, which could have opposing effects than
those described in the whole-lake bio-manipulation
literature (reviewed in Carpenter et al. 2010).

A timidity syndrome in an exploited population
that leads to weaker interactions among predator
and prey has the potential to alter the functional
response of survivors (Holling 1959) and thereby
impact other trophic levels (Fig. 3c2). In simple
food webs with strong interaction strengths, a
reduction in overall feeding rate by a top predator
on an intermediate consumer could have conse-
quences on more basal trophic levels as the inter-
mediate consumer is released from heavy predation
pressure (Fig. 3cl: reviewed in Schmitz et al
2004). Another plausible scenario emphasized in
FAT is that more timid individuals may strongly
reduce and occasionally even forgo feeding when
resource availability is low and the risk of preda-
tion outweighs the benefits of feeding (Walters and
Juanes 1993: Ahrens 1999). This could decouple
predator and prey interactions and may then
induce a sigmoidal type III functional response
rather than the more typical type 11 (Pettorelli et al.
2015). Such changes would destabilize food webs
(McCann et al. 1998; Fig. 3¢2). Understanding the
impact of increased timidity in a predator on their
functional response through dedicated experiments
is needed to sort out among the competing
hypotheses.

Finally, because the timidity syndrome is
expected to affect the habitat choice of exploited
species and may alter metabolism (Redpath et al.
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2010), it can also affect nutrient dynamics directly
by influencing where nutrients are taken up,
digested and excreted (Palkovacs et al. 2012) and
indirectly through correlated changes in popula-
tion-level metabolic rates (Hessenhauer et al.
2015). However, the predictions of what effects to
expect are not clear cut. In the largemouth bass
example, the low vulnerable phenotype showed
lower basal metabolic rate (Redpath et al. 2010),
but the same phenotype ingested more natural prey
in mesocosm studies than the high-vulnerability
conspecifics (Nannini et al. 2011). If the prey is
digested in safe refuges by the low-vulnerable phe-
notypes, it will affect the distribution of nutrients,
while the overall nutrient excreted may not neces-
sarily change given the higher prey intake rate.
More research in this area is certainly needed.

Consequences for fisheries and fisheries
management

Consequences of a timidity syndrome for fisheries
and fisheries management can be summarized in
five areas.

First, the timidity syndrome allows the exploited
population to compensate for fishing pressure. The
adapted population can generally be expected to
be more productive than the non-adaptive one in
an exploited situation (Heino et al. 2013; Uusi-
Heikkild et al. 2015). However, a timidity syn-
drome and associated changes in life histories
should also lead to a downsizing of adults (Jergen-
sen et al. 2007) and can thereby possibly lead to a
decrease in yield (Matsumura etal 2011).
Increased refuge use and ability to avoid capture
will also negatively affect catch rates ol fishers
(Philipp et al. 2009, 2015; Aloés et al. 2015a.b;
Tsuboi et al. 2016), with negative effects on fish-
ing quality and fisher well-being (Arlinghaus et al.
2014; Beardmore et al. 2015).

Second, trophies are key determinants of satis-
factory recreational experiences (Arlinghaus et al.
2014). The timidity syndrome should not only
lead to fewer individuals reaching trophy size, but
it will also reduce the exposure of these individuals
to humans (Colefax et al 2016; Tsuboi et al
2016). Moreover, the positive size-dependency of
capture probability may be disrupted as shown in
a freshwater salmonid (Tsuboi et al. 2016). The
slow disappearance of trophy animals may have
social and economic consequences (Arlinghaus
et al. 2016), in particular when trophies constitute
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an important component of the economic and
social activity (e.g. trophy tourism angling). An
alternative outlook could be that increased shy-
ness reduces the exploitation probability of rare,
highly desired specimens, increasing their general
availability that fishers can, however, less and less
enjoy due to reduced exposure to hooks (Tsuboi
et al. 2016).

Third, a timidity syndrome might also reduce
the effectiveness of traditional fisheries manage-
ment tools such as protected areas (Bergseth et al.
2016). For example, if the propensity for long-
distance fish migrations changes due to increased
timidity, this might affect the optimal spacing of
protected zones designed to maintain gene flow
and meta-populations (Harrison et al. 2015).
Alternatively, erosion of catchability could be a
form of a natural harvest limit that works without
putting harsh controls on fisher behaviour.

Fourth, the timidity syndrome promises to pro-
duce an evolving mismatch between catch rates
and the true underlying abundance with important
consequences for inferring the status of fish stocks
(Alés et al. 2015a; Philipp et al. 2015) (Fig. 3d).
Myers and Worm (2003), for example, suggested a
large decline of top predator biomass in the oceans
based on historical catch rates of passive gear. It is
possible that over the long exploitation time, the
surviving fishes evolved a lower vulnerability,
which might have contributed to the drop in catch
rates over time due to hyperdepletion effects (Alos
et al. 2015a). Then, the status of the population or
stock might look much worse than it actually is.
Assessments that predict fewer lish in the water
than are actually present could motivate ill-defined
management responses such as the illegal introduc-
tion of fishes (Johnson et al. 2009) or the elevation
of stocking to correspond with dissatisfied users that
are unhappy with their low catches (van Poorten
et al. 2011), which will put further pressures on the
wild stock component (Post et al. 2002).

Finally, the timidity syndrome introduced here
promotes behaviours along the bold—shy contin-
uum that are adapted to an exploited environ-
ment but are maladaptive to an unexploited one
(Uusi-Heikkila et al. 2015). It is unclear whether
and how fast population-wide levels of boldness
can recover to pre-exploitation levels once
exploitation ends. A key prediction of life-history
evolution is that evolutionary change impairs full
demographic recovery (Enberg et al. 2009; Heino
et al. 2013; Uusi-Heikkila et al. 2015), and it is
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likely that this is also the case in the timidity
syndrome. In particular, if passive gears promote
shy individuals, this might result in populations
performing worse during interspecific competition
(Colletér and Brown 2011: Briffa et al. 2015),
thus decreasing the ability of an overfished popu-
lation to rebound. Under some circumstances,
when population numbers are driven too low,
maladaptive behaviours can contribute to Allee
effects, which might render that population
unable to recover (Hutchings 2014). Further
research is needed to understand whether the
timidity syndrome aggravates issues already asso-
ciated with the reduced abundance and altered
size-structure at high fishing rates.

Implications for management and future
research needs

The best approach to cope with the increasing
timidity is promoting diversity of behavioural phe-
notypes (Fig. 2; Watters et al. 2003). Such diver-
sity could be enhanced by the implementation of
well-designed protected areas (Januchowski-Hartley
et al. 2011; Alés et al. 2015a,b; Bergseth et al
2016), fish relocation or stocking and in general
mortality reductions. Properly designed protected
areas should maintain and generate natural
behavioural diversity, which can then spill over
into exploited areas (Alos et al. 2015b). Where
protected areas are infeasible, using stock enhance-
ments or relocations of deliberately selected
behavioural types could help maintain natural
behavioural diversity. Another option is to
change behavioural selectivity patterns by modify-
ing size-based harvest regulations. Recent models
suggest that harvest slots select for fast growth,
rather than slow growth, and maintain high yield
levels (Jorgensen et al. 2009; Matsumura et al.
2011) and more natural behaviours (Uusi-Heikkila
et al. 2015). Moreover, such regulations promise
to maintain behavioural variation because it cre-
ates disruptive selection on key traits (Edeline et al.
2009).

The potential for fishing-induced selection on
behaviour is perhaps well reasoned and increas-
ingly documented. At the same time, there are
many conflicting results on behaviour-selective
fisheries involving laboratory tests of fish beha-
viour and there is a widespread lack ol studies
from the wild (Heino et al. 2015). For this rea-
son, we stress that the various negative
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consequences of a potential timidity syndrome for
groups, populations, communities, fishers and
management outlined here must be considered
reasoned  hypotheses that demand proper
research and testing. From the various areas
mentioned above, probably the most direct effects
of the timidity syndrome can be expected towards
fisheries and fishing quality by altering catchabil-
ity, but whether the timidity syndrome is wide-
spread and affects natural ecological processes is
an open question. It is well possible that
exploited fishes only change their behaviour in
relation to gear but not in relation to natural
predation (Arlinghaus et al. 2016). It is therefore
pertinent to improve our understanding of the
degree to which a timidity syndrome is present
in wild fish populations and what are the actual
consequences.

To that end, we recommend a range of research
areas that will help to understand how fish popu-
lations use space and time and the degree to
which behaviour is plastic or under genetic con-
trol. The first research need is to better understand
the heritability of key behaviours expressed by
fishes in the wild. The second area is to improve
assessments of fishing-induced selection and phe-
notypic change on behaviour, ideally conducted in
the wild and in real fisheries. Documenting both
heritability of traits and selection are necessary
ingredients to demonstrate the potential for fishing
to act as an evolutionary force on behaviour, but
it is equally important to study phenotypic
changes in behaviour caused by plasticity in the
wild. Finally, there is a need to test the proposi-
tions of the timidity syndrome for social groups,
populations, communities and food webs as well
as fisheries. Both microcosms studies with small-
bodied model organisms and work under natural
conditions are needed in this respect. Ideally,
experiments can be conducted targeting whole
lakes or other replicated units (e.g. coral reefs or
river sections) that allow entire communities to be
assessed for their responses to behaviour-selective
fisheries compared to controls. Such research will
probably rely on cutting-edge telemetry
approaches or other novel tools (e.g. underwater
video cameras where feasible) to directly measure
behaviour of animals in situ. Assessments of beha-
viour could then be coupled with assessment of
ecosystem functioning and the tracking of ofl-
spring—parent relationships to understand fitness
and ecosystem effects.
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