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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, I disentangled the phenotypic correlates of individual vulnerability 

to angling gear. Using both, benthivorous and piscivorous model species I identified 

the strength and direction of selection. I then compared survival and reproductive 

fitness 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, I 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 gegenüber bestimmten 

Merkmalen der Fische, wodurch eine menschlich-induzierte Evolution hervorgerufen 

werden kann. Das Potential evolutionärer Veränderungen von lebensgeschichtlichen 

Merkmalen durch kommerzielle Fischerei fand in den vergangenen Jahren große 

Beachtung, wohingegen das evolutionäre Potential selektiver anglerischer 

Fischentnahme kaum berücksichtigt wurde. Durch intensive Beschreibung 

individueller Merkmale wie Verhalten, Lebensgeschichte, Morphologie und 

Physiologie der Fische habe ich die phänotypischen Korrelate der individuellen 

Angelfangbarkeit entflechtet. Anhand benthivorer und piscivorer Modellarten konnte 

ich so die Stärke und die Richtung anglerischer Selektion bestimmen. Zudem habe 

ich die Überlebenswahrscheinlichkeit und den Reproduktionserfolg dieser Fische 

gemessen, um das evolutionäre Potential anglerischer Fischereisterblichkeit 

abschätzen zu können. Ich konnte zeigen, dass die Risikofreude im Zusammenhang 

mit der Nahrungsaufnahme bei benthivoren Fischen dem stärksten Selektionsdruck 

ausgesetzt ist, während bei piscivoren Arten Aggression die bestimmende 

Eigenschaft war. Zudem waren Risikofreude und Wachstum positiv korreliert. Die 

intrinsische Fraßaktivität- und Geschwindigkeit erklärte, warum risikofreudige Fische 

selbst in Gruppen die höchste Hakwahrscheinlichkeit aufwiesen. Diese besonders 

leicht fangbaren Individuen wurden zudem mit höherer Wahrscheinlichkeit von 

Räubern in Teichen und in einem 25 ha großen Natursee gefressen, sodass 

anglerisch induzierte und natürliche Selektion bei juvenilen Fischen in die gleiche 

Richtung wiesen. Bei adulten, nestbewachenden Fischen konnte ich zudem zeigen, 

dass Eigenschaften, die zu einer erhöhten Fangbarkeit führen, auch den Laicherfolg 

steigern, sodass anglerische Selektion negative Auswirkungen auf den 

Reproduktionserfolg haben kann. Diese Resultate können mit hoher 

Wahrscheinlichkeit auf viele Arten übertragen werden. Folglich muss in stark 

beangelten Fischbeständen von einem anglerisch induzierten Schüchternheits-

syndrom ausgegangen werden, wodurch die Anzahl großer, 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 Schutzwürdigkeit 

individueller Verhaltensdiversität hin, welche am leichtesten durch den Schutz 

besonders großer, schnellwüchsiger 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 (Arreguín-Sánchez 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 

Merilä 2007; JØrgensen 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 (JØrgensen 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; Alós 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 
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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, Alós 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 (Alós 

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 Godø 

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 (Alós 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; Härkönen et al. 2014; 2016; Alós 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 (Alós 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; Alós et al. 2014; 2015a; Härkönen et al. 2014; 2016; Kekäläinen 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, Alós 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, Alós 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.  
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Recently, selective pressure through angling on risk-taking related behaviors was 

also detected from measurements under more standardized conditions within the 

laboratory and ponds. Härkönen et al. (2014) found activity of brown trout (Salmo 

trutta) to be predictive for their vulnerability towards artificial fly-fishing techniques, 

and Härkönen 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, Kekäläinen 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 (Alós 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; LØkkeborg et al. 2010), although these behaviors might be again 

correlated with general boldness. Fernö and Huse (1983) distinguished ten different 

behaviors that vary in how a baited hook is approached and ingested that have been 

modified by LØkkeborg 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 

(LØkkeborg 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 (Boulêtreau et al. 2016). However, 

individual behaviors towards the baited hook are also strongly influenced by learning 

from past experience (LØkkeborg 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) 
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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 (Pavlov 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; Løkkeborg et al. 

2014; Atema 1980). Accordingly, the response to baited hooks by fish differs as a 

function of their recent food consumption (Løkkeborg et al. 1995; Stoner 2003; 

Stoner and Sturm 2004) and food searching behavior increases with food deprivation 

(e.g. Løkkeborg 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 (Fernö 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 GodØ 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, 
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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; 

Alós 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 (Alós 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; Sundström 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; Nyqvist 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 (β) are the central measures of 

selection in quantitative genetics (Hereford et al. 2004). They can be converted into 

mean standardized selection gradients (βμ) 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 fitness 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; Härkönen et al. 2014; 2016; Alós 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 fitness components like fecundity 

must be considered as fecundity can override survival as superior fitness 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 (Alós 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-Heikkilä 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 GodØ 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 fitness landscape seem to be possible so that shy 

fish might become more proactive as a response towards higher fitness 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.    

 

 



21 
 

 

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; Näslund 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; Näslund 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; Niemelä 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; Niemelä 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 (Niemelä 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 (Höjesjö 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; Kekäläinen 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 (Niemelä 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 (Brännäs & Alanärä 1993; Brännäs 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 (Härkönen et al. 2014; 2016; 

Kekäläinen 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 I 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) I tested for the natural fitness of these individuals 

based on both survival and reproductive fitness. 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 

 How reliable are non-lethal assessment methods of energetic state and 

behavioral measurements of exploration and boldness under laboratory 

conditions (II, III, IV)? 

Phenotypic description and angling induced selection 

 How do individual behavior, growth, morphology and energetic state influence 

vulnerability to angling and is behavior correlated with growth (IV, V, VIII)? 

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

 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 

 How important is energy-acquisition related behavior for determining 

vulnerability to angling gear (I, VI)? 

 How does learning influence catch rates (VI)? 

 How do environmental factors influence catch rates (VII)? 

Consequences of angling-induced selection 

 Is survival fitness of juvenile fish correlated with vulnerability to angling 

(unpublished)? 

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

 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 I). The mechanistic pathway of 

fishing-induced evolution by selection on fishing vulnerability is described in paper I 

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.  

 

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 I). 
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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, III, 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 II, III, 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 VII 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 fitness. 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 h² = 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 II, IV, VI), amago salmon 

(paper V), and largemouth bass (paper VIII), 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 

I 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 fitness 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 m x 4 m x 1 m; L x W 

x H) and within comparably sized semi-natural ponds (12 m x 5 m x 1 m; L x W x H), I 

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 II and IV. Paper II 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 II 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 II 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 I used relative condition factor 

(Kn), bioelectric impedance analyses (BIA) and fat meter (FM) measurements. In 

paper III I 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 l) which contained a swimming 

chamber of 15 cm in diameter and a ventilation circuit with a volume of 125 l. 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-1. 

Subsequently flow velocities of 0.5, 0.75, 1.0 and 1.5 bl s-1 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: Mo2 = kVresp x M-1α where Mo2 is the 

oxygen consumption in mg O2 kg-1 h-1, Vresp is the volume of the respirometry 

chamber in L, M is the fish mass in kg and α is the solubility of O2 in water at a given 

temperature. Metabolic scope in mg O2 kg-1 h-1 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. 

I compared the metabolic scope in mg O2 kg-1 h-1 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 I 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 

I tested the individual vulnerability to angling of carp in papers II, IV, and VI. This was 

done either in large laboratory tanks (paper II) or in semi-natural ponds (papers II, 

IV, and VI), aiming to test for boldness-related expressions of the fish in the vicinity of 

angling-induced predation-risk (paper II), 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 

(βμ) based on logistic regression coefficients were estimated following Matsumura et 

al. (2012). The βμ 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. 
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6.3.6 Survival fitness  

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 Vätersee approximately 100 km north of Berlin. Pike of this size 

can easily handle prey with maximal body depths above 80 mm (Nilsson and 

Brönmark 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.  

I compared survival fitness 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 “lme4” 

(Bates et al. 2015; http://cran.r-project.org/web/packages/lme4) in the R package 

version 3.1.2. (R Development Core Team 2008). 
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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 

Döllnsee (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 I 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 

Hühn et al. (2014). After transmitter implantation fish were allowed to recover in 80 l 

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 VIII. 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 Döllnsee 

(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 

I 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 II and IV). In paper IV I 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 II 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 (Niemelä 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 II. Because consistent and repeatable individual variation of behavior is 

a prerequisite when aiming to show a selection response, as I 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; Niemelä and Dingemanse 

2014). My findings in paper II 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, I also 

confirmed that rapid behavioral assessments under laboratory conditions can lead to 

misinterpretation of results as I 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. I 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 II). 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 I 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 (LØkkeborg et al. 2010). In paper III I 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 (Kn) 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 I 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 I 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 I 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 (ßµ = -0.655) 

compared to juvenile growth (ßµ = -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 (Alós et al. 2014). However, comparable to the 

findings of Alós et al. (2008) and Alós et al. (2014), I 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 I 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 II), 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 II 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 I 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). I 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 O2 kg-1 h-1 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 O2 

kg-1 h-1 for scaled and mirror carp respectively, F = 0.296; P = 0.598; Fig. 7) and I 

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 II, 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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Fig. 6: Means ± SD of metabolic scope of carp previously caught (fitness = 0, N = 6) 

and uncaught (fitness = 1, N = 6) during experimental angling in ponds. 

  

Fig. 7: Means ± SD of metabolic scope of scaled (N = 5) and mirror carp (N = 7).  
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Fig. 8: Relationship between individual boldness in ponds as indicated by the number 

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 I 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; Alós 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 II 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 
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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 II). In salmonids like amago salmon, 

angling-induced selection has been shown repeatedly to favor timid and low 

explorative individuals (Mezzera and Largiadèr 2001; Härkönen 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 Alós 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 II) may 

impact behavior and therefore vulnerability of fish. In paper VI I 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 Döllnsee was conducted, I 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 I experimentally tested the 

hypothesis that natural selection of juvenile fish points into the same direction than 

artificial selection through angling. I 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 Döllnsee 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 Döllnsee 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 

Döllnsee 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 Döllnsee 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 fitness components like reproductive success override survival as superior 

fitness 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 fitness. 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 

fitness. 

My results from papers IV, V, VI and VIII, and my additional fitness 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 (Alós 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), Alós 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 fitness 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, I 

identified the potential for angling-induced evolutionary changes. In addition I 

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. 

I 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 

naïve 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 I am currently working as a fisheries manager, I 
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will try to transfer my own research results directly into practice, aiming to establish 

biologically sustainable fisheries.  
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