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Summary 

Nest-guarding fish species constitute a sensitive target to disturbances by recreational 

fisheries during reproduction period. Individuals that are guarding offspring typically show 

increased aggressiveness, rendering them more susceptible to capture by angling. Although 

captured nesting individuals are typically released through protective regulations, catch-and-

release (C&R) induces an at least temporary cessation of nest-guarding and a stress response 

in the adult fish. Both increase the potential for enhanced brood predation to occur, with 

implications for reproductive output. Although pikeperch Sander lucioperca is a famous nest-

guarding species with high importance for recreational fisheries throughout Europe, the 

consequences of angling interferences have never been assessed in regard to the reproductive 

success of nesting individuals. In addition, knowledge about the selectivity of angling for 

certain phenotypes of pikeperch allows an extension of insights from ecological to potential 

evolutionary implications of both extractive and non-extractive angling. This study aimed to 

quantify the impacts of C&R angling on individual reproductive success of pikeperch and the 

severity of induced behavioral alterations both during and after nest-guarding season. In 

addition, phenotypic traits of pikeperch that are subjected to both sexual- and angling-

induced selection, were identified. Firstly, pikeperch displayed high aggressiveness during 

nest-guarding, corroborating previously untested assumptions about their increased 

susceptibility to angling. Angled-and-released males showed unexpectedly long absence times 

from the nest after catch-and-release, suggesting potentially severe consequences for brood 

survival. However, the lack of observed nest predation and a low sample size of nesting males 

left this insight preliminary. Although swimming activity of a majority of pikeperch remained 

unaffected by C&R during growth season, individuals that were responsive showed prolonged 

alterations of activity exceeding seven days in all cases. Importantly, while a reduced activity 

space, possibly relating to territoriality or social dominance, was beneficial to the mating 

chances of both sexes in pikeperch, this trait tended to be selected against by angling. 

Conclusions about the impacts of catch-and-release angling on reproductive success of 

pikeperch remain speculative due to the low statistical power in this study. This is reinforced 

by the finding that the severities of stress responses induced by C&R may indeed vary 

substantially across individuals, as was observed with respect to activity during growth season. 

Thus, in light of the remaining uncertainties, it is recommended to keep catch rates and 

treatment of captured pikeperch during nest-guarding period at a moderate level. The 

observations of prolonged nest absence times induced by C&R during spawning and the 

emerging trend of potential counterselection for space-use between sexual- and angling-

induced selection revealed important future research needs that are highlighted in this work.
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1. Introduction 

Parental care in fish is an association between offspring and a parent that performs various 

behaviors to enhance the survival chances of a fertilized brood (SARGENT and GROSS 1986). In 

the European pikeperch (Sander lucioperca), male parents actively aerate the eggs by fin 

movements, while preventing potential nest predators from intruding and depleting the 

brood (LAPPALAINEN et al. 2003). This form of parental care enables the benefit of increased 

survivorship of young (GROSS and SARGENT 1985), but simultaneously implies high energetic 

costs due to enhanced and constant locomotory activity, while feeding opportunities are 

reduced (HINCH and COLLINS 1991; GILLOOLY and BAYLIS 1999; COOKE et al. 2002b; 2006; HANSON 

and COOKE 2009a). Although not actively feeding, caretaking individuals are often particularly 

aggressive through their engagement in nest defense, which increases their vulnerability to 

capture by fishing, particularly angling (SUSKI and PHILIPP 2004). With respect to pikeperch, 

however, only anecdotal information on the aggressiveness during nest-guarding is available 

to dat (LAURENT et al. 1973, cited in LAPPALAINEN et al. 2003). 

Disturbances by anglers typically result in either harvest of an individual or, through protective 

regulations during reproduction period or personal ethic, release of the individual upon 

capture (POLICANSKY 2002; ARLINGHAUS et al. 2007). However, even non-extractive fisheries that 

are catch-and-release (C&R) induce at least to a temporary absence of a guarding male from 

the nest, increasing the predation risk for the unguarded brood in the meantime (e.g., KIEFFER 

et al. 1995; PHILIPP et al. 1997; STEINHART et al. 2004). Extensive predation of the brood together 

with the physiological stress burden after C&R can lead to deliberate nest abandonment by 

the male or impaired nest-guarding behavior upon return, both exacerbating reproductive 

failure (PHILIPP et al. 1997; SUSKI et al. 2003; HANSON et al. 2007; DIANA et al. 2012). Interference 

of anglers with nest-guarding species during reproduction period may thus take a high toll on 

an individual’s reproductive- and general fitness through lost feeding opportunities without 

return (COOKE et al. 2002a; SIEPKER et al. 2007). To evaluate and improve current management 

approaches, it is necessary to gain species-specific knowledge about the ramifications of 

human interference with brood-caring individuals (COOKE and SUSKI 2005).  

Implications of catch-and-release angling for fitness may, however, extend beyond the 

reproduction period. That is, C&R in general may induce unintended mortalities (MUONEKE and 

CHILDRESS 1994; BARTHOLOMEW and BOHNSACK 2005), or sublethal impacts such as altered activity 

and habitat-use after release (COOKE et al. 2002a). Although the behavioral impacts of C&R 

outside spawning season are often short-term (e.g., ARLINGHAUS et al. 2009; CLINE et al. 2012; 
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BAKTOFT et al. 2013; FERTER et al. 2015), their effects on feeding and thus condition may carry 

over to mid-term growth impairments (O’CONNOR et al. 2010; KLEFOTH et al. 2011). Monitoring 

the responses to C&R angling in terms of routine swimming activities helps to map the big 

picture of non-extractive fisheries impacts.  

Detrimental effects of intense lethal or sublethal angling practices on individual fitness may 

be amplified by the selective nature of the gear that targets specific phenotypes, frequently 

those that correlate with increased fitness (JØRGENSEN et al. 2007; SUTTER et al. 2012). While 

selective forces can be initiated already by elevated mortality (JØRGENSEN and HOLT 2013; 

ANDERSEN et al. 2018), angling may strengthen or additionally induce selection for specific traits 

relating to life-history (e.g., size or growth), behavior (e.g., activity or boldness) or physiology 

(e.g., stress responsiveness; reviewed in LENNOX et al. 2017). Consistent withdrawal or 

disadvantage following non-lethal events (as described above) of individuals with particular 

phenotypes may therefore induce rapid evolution (JØRGENSEN et al. 2007; BIRO and POST 2008).  

Lastly, to better understand how trait-selective capture alters the fitness landscape, the 

direction of sexual selection must be known to identify how the two forces act together and 

shape evolutionary changes over time (CARLSON et al. 2007; HUTCHINGS and ROWE 2008; 

SBRAGAGLIA et al. 2019). For example, mate-choice may favor larger and more aggressive 

individuals as they provide better parental care, while fishery-induced selection will more 

likely favor smaller and shyer individuals less susceptible to fishing gears (CARLSON et al. 2007; 

HUTCHINGS and ROWE 2008; SUTTER et al. 2012). Identifying the traits that are favored by sexual- 

versus angling-induced selection contributes to the improvement of management strategies 

for evolutionary sustainable exploitation of populations by recreational fisheries (ROWE and 

HUTCHINGS 2003; KINDSVATER et al. 2020). 

Using pikeperch as a model species for a valuable and strongly targeted game fish exerting 

parental care, this thesis addresses the following research questions: 

1. Which life-history and behavioral traits are favored by sexual selection through mate 

choice?  

2. What are the drivers of aggressiveness during parental care with implications for 

vulnerability to capture? 

3. Which life-history, behavioral and physiological traits are favored by selection through 

recreational fisheries? 

4. What are the impacts of catch-and-release angling on the individual reproductive 

fitness and on activity?  
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2.  Literature review 

2.1   Ecology of pikeperch and its importance for recreational and commercial fisheries 

The pikeperch is a large predatory percid that occurs in freshwater lakes, moderately running 

rivers, and in brackish coastal waters with low salinity concentrations of up to 12 ‰ (SONESTEN 

1991; LEHTONEN et al. 1996). Through stocking and introductions (SVÄRDSON and MOLIN 1973; 

ESCHBACH et al. 2014), pikeperch is nowadays common across all parts of Europe, Turkey 

(AKSIRAY 1961) and parts of North Africa (BRUNET 1957). Individuals attain sexual maturity 

typically at ages of 2 – 6 years, with the majority maturing at 3 – 4 years, corresponding to a 

size range of 32 – 46 cm (see meta-analysis by LAPPALAINEN et al. 2003). Males tend to mature 

one year earlier and at smaller sizes than females (LAPPALAINEN et al. 2003). Maximum body 

lengths of 100 – 130 cm at weights of 15 – 20 kg have been reported, with maximum ages of 

20 – 24 years in slow-growing (northern) populations and 8 – 9 years in fast-growing 

(southern) populations (SONESTEN 1991).  

Pikeperch is a top-predator species in many waters, therefore fulfilling a key ecological role in 

these ecosystems (KANGUR and KANGUR 1998; KOPP et al. 2009). The species is adapted to feed 

under low light conditions through its well-developed visual and olfactory senses, and 

therefore fairs well turbid, moderately eutrophic to polytrophic waters where the abundance 

of prey fish is high and pikeperch is able to hunt well (ALI et al. 1977; BARTHELMES 1981; SONESTEN 

1991). Relatedly, pikeperch are known to be mostly active during twilight or at night (ALI et al. 

1977; POULET et al. 2005). Individuals typically become piscivorous in their first summer, 

depending on prey availability and temperature, with the potential to feed on fish at lengths 

as small as 20 mm (NAGIĘĆ 1977; THIEL 1987, 1989; BUIJSE and HOUTHUIJZEN 1992; MEHNER et al. 

1996). Because pikeperch are strongly gape-limited predators (DÖRNER et al. 2007), within the 

available prey spectrum they actively select small-sized and slender-bodied prey species such 

as smelt (Osmerus eperlanus), ruffe (Gymnocephalus cernuus), vendace (Coregonus albula) or 

herring (Clupea harengus) where available (THIEL 1987; WINKLER 1989; SONESTEN 1991; TURESSON 

et al. 2002).  

Pikeperch is a high-demand species in commercial fisheries across Europe and has a large 

economic value due to its fine, nearly tasteless flesh (EERO 2004; HEIKINHEIMO et al. 2006; 

KESTEMONT et al. 2015). Pikeperch is among the economically most important fish species in 

freshwaters of many European countries and nearshore areas of the Baltic Sea, frequently 

facing high exploitation rates (LEHTONEN et al. 1996; BALIK et al. 2004; ANDERSSON et al. 2015). 
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Likewise, the species is a prime target of recreational fisheries in Europe (STEFFENS and WINKEL 

1999; ARLINGHAUS and MEHNER 2004; JACOBSEN et al. 2004; VAN DER HAMMEN and DE GRAAF 2015; 

ENSINGER et al. 2016; TRELLA and MICKIEWICZ 2016). In Finland, the harvest by recreational 

fisheries has constituted up to 87% of the total annual pikeperch catch in the past (but note 

that this estimate also included small-scale gillnet fisheries; FINNISH GAME AND FISHERIES RESEARCH 

INSTITUTE 2014). Moreover, the number of recreational fishers targeting and harvesting 

pikeperch show increasing trends (VAN DER HAMMEN and DE GRAAF 2015; NATURAL RESOURCES 

INSTITUTE FINLAND 2018). In response to locally high exploitation rates, declining trends of 

important pikeperch populations under use by recreational- or commercial fisheries have 

been reported, partially accompanied by evolutionary changes in life-history traits such as 

earlier maturation (BALIK et al. 2004; JACOBSEN et al. 2004; MUSTAMÄKI et al. 2014; GINTER et al. 

2015; KOKKONEN et al. 2015).  

 

2.2   Natural spawning behavior and sexual selection of pikeperch 

The reproductive system has implications for the vulnerability of fishes to overfishing 

(KINDSVATER et al. 2020). Detailed knowledge about a species’ reproductive behavior including 

mating preferences can be used to improve the accuracy of model predictions and efficiency 

of management actions (KINDSVATER et al. 2020). However, there are some relevant knowledge 

gaps about the natural behavior of pikeperch during reproduction (but see review by 

LAPPALAINEN et al. 2003). 

Pikeperch spawning typically begins in spring at water temperature ranges of 10 – 14 °C 

(LEHTONEN et al. 1996). Reproduction period may start as early as February in southern 

populations (OZYURT et al. 2011), and end as late as July in the northernmost populations (URHO 

et al. 1990). Up to one month before spawning, pikeperch migrate to shallow, warm bays of a 

lake, slow-flowing areas of a river, or shallow inlets of low salinity (in the Baltic) to spawn 

(VIRBICKAS et al. 1974; SONESTEN 1991; LEHTONEN et al. 1996). Homing behavior of pikeperch has 

been observed with respect to spawning grounds, as pikeperch often returned to the same 

spawning site in consecutive years (JEPSEN et al. 1999). Pikeperch is considered an annual 

spawner and lays all the eggs in one batch (HOKANSON 1977). Female pikeperch have a 

relatively high weight-specific fecundity of up to 250 eggs per gram body weight, facilitated 

by a small size of the eggs (DEMSKA‐ZAKĘŚ et al. 2005; SIMON et al. 2008). Wild pikeperch spawn 

on shallow bottoms at 0.5 – 3 m depths (SONESTEN 1991; LAPPALAINEN and LEHTONEN 1995). 

Pikeperch belongs to the spawning guild of nest-guarding phytophils (BALON et al. 1977). The 
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preferred spawning substrates in nature are sand, gravel and clay, which may contain plant 

roots or other plant material. The males arrive at the nesting sites first, and females follow 

later (KOVALEV 1973, cited in JEPSEN et al. 1999; VIRBICKAS et al. 1974). The males are stationary 

for a total of 2 – 6 weeks across the spawning season related to nest site choice, preparation, 

and guarding (JEPSEN et al. 1999). On soft substrate, pikeperch form an indentation of 0.5 – 

1 m diameters into the bottom and clean any plant material from mud (ERM 1981, cited in 

LAPPALAINEN et al. 2003; SONESTEN 1991).  

The spawning act usually takes place during night or early morning (SCHLUMBERGER and PROTEAU 

1996). The male tries to attract a ripe female that passes by the nest by shaking his head in 

specific movements (DRAȘOVEAN and BLIDARIU 2013). In controlled breeding, it has been 

observed that the male chases the female away in their first encounters, but allows more 

frequent and longer stays of the female on the nest over time (DRAȘOVEAN and BLIDARIU 2013). 

Shortly before spawning, the described courtship behavior morphs into a distinct 

reproduction “dance”, which is described in Figure 1. At the end of this “dance”, the female 

lays the sticky eggs onto the spawning substrate. As soon as egg deposition is completed, the 

male chases the female away from the nest and fertilizes the eggs (SONESTEN 1991; DRAȘOVEAN 

and BLIDARIU 2013). The male starts to continuously guard the egg clutch from potential 

intruders, while also cleaning and aerating the eggs. Length of the nest-guarding period can 

take up to 11 days (at low water temperatures; SONESTEN 1991), with eggs needing a total of 

100 – 110 degree-days for incubation until hatching (SCHLUMBERGER and PROTEAU 1996). The 

guarding behavior ceases when the larvae are hatched (ERM 1981, cited in LAPPALAINEN et al. 

2003).   

Pikeperch aerate their eggs through pectoral fin movements (MARSHALL 1977) or push 

oxygenated water towards the eggs with their floating belly and ventral fins (DRAȘOVEAN and 

BLIDARIU 2013). Although anecdotes exist about divers being bitten by pikeperch after having 

Figure 1 The "reproduction dance" of pikeperch. (a) At the beginning of the “reproduction dance", the female 
sometimes leaves the nest and makes sudden zigzag moves in the water. All this time, the female maintains its 
head upwards and its tail downwards. After this dance she returns to the nest to circle around it together with 
the male. (b) The male circles around the nest with its head down (45 degrees) while the female becomes more 
and more agitated. More often she will keep her head up and tail down all the time during the mating dance.    
(c) The period before the spawning. The male has a distinctive downwards position and it is shaking its head in 
order to arouse the female until it lays the eggs (taken from DRAȘOVEAN and BLIDARIU 2013). 

(a)                                               (b)                                                        (c) 
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come too close to a nest (LAURENT et al. 1973, cited in LAPPALAINEN et al. 2003), apparently no 

attempts have been made to empirically assess the aggressiveness of male pikeperch during 

nest-guarding. In particular, it remains worthwhile to examine whether aggressiveness or 

vigilance vary with the developmental stage of the offspring as has been reported for other 

nest-guarding species (e.g., ONGARATO and SNUCINS 1993; VESTERGAARD and MAGNHAGEN 1993; 

JAROENSUTASINEE and JAROENSUTASINEE 2003). Increased aggressiveness during spawning and any 

relationship with brood age would in turn have implications for the vulnerability to capture by 

fishing.  

2.2.1   The drivers of mate-choice 

In pikeperch, as males arrive at the spawning grounds first, mate-choice decisions in pikeperch 

are assumed to be mainly initiated by females. Hence, natural selection will likely benefit the 

male traits that are consistently preferred by females, because mate-preferences are 

consistent and repeatable in many fish species (e.g., HOYSAK and GODIN 2007; LEHTONEN and 

LINDSTRÖM 2008; GODIN and AULD 2013). Mate preferences could entail size, coloration, 

morphology or behavioral differences that signal male quality to the female (see review by 

JENNIONS and PETRIE 1997). Identifying the determinants of female mate-choice will contribute 

to our understanding of evolutionary processes in pikeperch and how the populations might 

respond to fisheries exploitation. 

In nest-guarding species, males show inter-individual differences in their propensity and 

ability to conduct parental care, directly affecting reproductive fitness (PARKOS et al. 2011). 

These differences in paternal quality can be influenced by body size. It is well-known that the 

intensity of parental care behavior and reproductive success increases with male’s body size 

(e.g., GINGERICH and SUSKI 2011; SUTTER et al. 2012). Larger males show reduced nest 

abandonment rates overall (LUNN and STEINHART 2010; STEINHART and LUNN 2011), provide 

parental care for longer durations (MACKERETH et al. 1999; PARKOS et al. 2011), are more 

aggressive as they often receive higher numbers of eggs (SUSKI and PHILIPP 2004), and show 

higher tenacity after disturbance (WIEGMANN and BAYLIS 1995). Past breeding experience may 

also make larger, thus typically older males better caretakers or enable them to acquire better 

nest sites (CURIO 1983). A physiological basis to the size-dependent parental care intensity has 

been suggested, with larger males having the higher energy reserves to invest more into 

offspring care (MACKERETH et al. 1999). Simultaneously, it has been suggested that females are 

able to discriminate between potential mates with respect to characteristics that indicate 

paternal quality, and that this affects their male choice (ANDERSSON 1994; HANSON and COOKE 
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2009b). Male body size may thus serve as an a priori cue for females to evaluate paternal 

quality of candidate males (WIEGMANN and BAYLIS 1995). Indeed, female mate selection for 

larger body size has been observed for numerous fish species (NOONAN 1983; MARCONATO et al. 

1989; WIEGMANN and BAYLIS 1995; CLOTFELTER et al. 2006; HANSON and COOKE 2009b). Despite the 

apparent benefits of choosing a mate of relatively large body size, there are observational 

studies reporting that mating partners in pikeperch are preferentially similar-sized (DRAȘOVEAN 

and BLIDARIU 2013). Female choice for smaller, less sexually harassing males has also been 

observed, despite benefits of larger males for hatching success and offspring size, creating 

stabilizing selection pressures for intermediate male sizes (UUSI-HEIKKILÄ et al. 2012). It is thus 

hypothesized that body size affects mate-choice, but the direction of preference remains 

empirically unexplored for pikeperch. 

Few studies have examined the importance of male spatial behavior prior to spawning with 

respect to mating success (e.g., timing of nest occupancy or nest attentiveness before mate-

acquisition). Some evidence exists that certain pre-spawning behavioral traits relate to a 

male’s paternal abilities and ultimately reproductive fitness:  For example, males occupying a 

nest early in the spawning season were more likely to occupy a suitable habitat for juvenile 

production and showed higher reproductive success (PARKOS et al. 2011; TENTELIER et al. 2016). 

The higher mate acquisition chances of early nest occupying males may be facilitated by 

female preferences for certain structural features of male nests, such as substrate types 

(WIEGMANN et al. 1992). Especially in novel environments, increased explorative behavior early 

before spawning could thus be beneficial, as males will likely search and trade off a larger 

number of potential nesting sites, enabling a more informed site choice. For example, JEPSEN 

et al. (1999) reported that individual pikeperch move within potential spawning habitats for 

very different durations of 2 – 6 weeks across the spawning season. This could indicate that 

some individuals search more intensely before occupying a suitable nesting site, in turn 

increasing their probability to successfully attract a female. Nest attentiveness, i.e., the 

proportion of time spent on the nest versus apart from it, during the guarding period is also a 

common indicator of male’s parental care quality, potentially affecting survivorship of 

offspring (WIEGMANN et al. 1992). The differences in nest attentiveness are likely driven by 

energetic condition, as fish leaving the nest more often are assumed to do this owing to 

foraging demands (MACKERETH et al. 1999). It is thus conceivable that the nest attentiveness of 

the male displayed before egg acquisition will mirror the behavior during nest-guarding 

period. Higher nest attentiveness might also relate to the ability of a male to assert and 

successfully defend a suitable nesting site upon occupation. However, it remains nebulous to 
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date whether females can gauge a male’s attentiveness to the nest before spawning affecting 

female’s mating decision. It is worthwhile to investigate whether selection through female 

mate-choice happens for certain pre-spawning behavioral cues that would thus likely be 

favored on the long-term by sexual selection.  

Although males are assumed to be the competitive sex with respect to mate selection in 

pikeperch, this does not necessarily prevent competing males from being choosy too, as is 

known from other species (BERGLUND et al. 2005). Generally, there are some common 

phenotypic traits that could benefit the chances for successful mating in both sexes. These 

deserve additional attention because they will likely amplify the strength of selection for any 

phenotypes on a population level. For example, variation in activity may relate to condition 

and the encounter rate with potential mates, both possibly affecting the probability of being 

chosen (JENNIONS and PETRIE 1997; AMUNDSEN and FORSGREN 2003). High site fidelity or 

analogously reduced space-use, in contrast, might indicate territoriality in males or dominance 

in females, which are traits that have been associated with increased reproductive success in 

other fishes (WEBER and WEBER 1976; KODRIC-BROWN 1977; KANOH 2000; WEIR et al. 2004). For 

females in particular, a lower space-use before spawning may indicate that they spend most 

time in vicinity of one particular (attractive) male, potentially actively keeping other females 

from approaching the nest, increasing the own encounter rate with the male and thus chances 

of being selected (e.g., BERGLUND and ROSENQVIST 2001). However, whether dominance-

subordinate hierarchies exist in pikeperch is unknown. Larger body size can pay off for both 

sexes, with larger females being preferred by males as they promise a higher reproductive 

output due to the strong size-fecundity relationships in fish (PTACEK and TRAVIS 1997; MAUTZ 

and JENNIONS 2011; BARNECHE et al. 2018). 

The first part of the present work aimed to identify the determinants of pikeperch’s 

reproductive success in general and for males in particular, to gain insights about which 

phenotypic traits are beneficial in the course of sexual selection. Moreover, important 

knowledge gaps in the nest-guarding behavior of pikeperch shall be filled with respect to the 

correlates of aggressiveness during spawning and the of question whether nest-guarding 

behavioral traits are repeatable. 
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2.3   Impacts of catch-and-release angling on nest-guarding species 

Disturbing events during the early developmental stage of fish can have important influences 

on the recruitment of young-of-the-year (YOY; HOUDE 1987; LUDSIN and DEVRIES 1997). In nest-

guarding species in particular, the output from the parental care stage is often closely related 

to the recruitment to age-1 (PARKOS and WAHL 2010; but see also ALLEN et al. 2011 and review 

of recruitment effects in the following). High natural fluctuations in breeding success have 

been reported for pikeperch (reviewed in PICKLING and LEE 1983), thus any additional impacts 

by humans may have exacerbating effects. For example, the number of storms as a natural 

disturbance, together with impacts through angling offered the best model to explain nest 

survival in smallmouth bass (STEINHART et al. 2005). During nesting period, caretaking 

individuals are usually highly aggressive, thus facing an increased risk of being captured by 

fishing gear such as angling (e.g., SUSKI and PHILIPP 2004). Accordingly, LEHTONEN (1983, cited in 

LAPPALAINEN et al. 2003) stated that “pikeperch is very easy to catch with lures and rods during 

the spawning period”.  

The use of actively moved, artificial lures (‘spinfishing’) is popular among recreational anglers 

in different areas, particularly in urban areas (ENSINGER 2015). As urbanization proceeds, the 

use of this technique can be expected to further expand. Through the active nature of 

spinfishing, where angler and bait are consistently moving in search for the fish, the 

probability to encounter an aggressive, nesting pikeperch is strongly increased. Moreover, 

live-bait fishing, which currently still seems to prevail among anglers targeting predatory fish 

(ENSINGER 2015; BAILEY et al. 2019) is typically deployed from the shore and thus naturally 

constrained to sites and depths where pikeperch may potentially spawn. Therefore, the 

likelihood of a pikeperch encountering any passive or actively moved fishing lure is particularly 

high during nesting period. Further evidence for the effectiveness of recreational fishing for 

Sander spp. in springtime is given in BAILEY et al. (2019), where angler’s catch rates in an open 

walleye (Sander vitreus) fisheries were highest in April – May, coinciding with spawning 

periods.  

Any capture of a guarding individual, however, implies at least a temporary absence from the 

nest, leaving the brood unattended, with unknown consequences for offspring survival. 

SONESTEN (1991) writes in his summary on the biology of pikeperch: “Egg mortality is usually 

low due to the guarding behavior of the male, but can be high if the male does not guard the 

nest”. For example, only one instance of successful nest intrusion and egg consumption has 

been observed in 10 h of video material when a guarding male smallmouth bass was on the 



 
Literature review  10 

nest (STEINHART et al. 2004). However, when guarding males are removed from the nest by 

capture, even for shorter periods of time if the fish is released, predators such as sticklebacks, 

gobiids, small percids or crayfish can  quickly  predate  the  unguarded offspring (SARGENT 1988; 

KIEFFER et al. 1995; STEINHART et al. 2004; NILSSON 2006). Not only can brood size be reduced by 

predators, a returning male might moreover decide to deliberately abandon a depleted nest 

due to the reduced reproductive value of it (PHILIPP et al. 1997; SUSKI et al. 2003; DIANA et al. 

2012). 

To improve recruitment chances of pikeperch, closed areas or prohibitions of techniques that 

could target pikeperch are sometimes implemented during spawning period (LEHTONEN 1983, 

cited in LAPPALAINEN et al. 2003; VAN DENSEN et al. 1990). This management strategy may reduce 

disturbances during nesting, but sacrifices angler’s satisfaction, and may lead to increased 

non-compliance that compromises the intent of the regulation (SCHNEIDER et al. 1991; PHILIPP 

et al. 1997). The alternative management regulation, commonly applied to nest-guarding 

species, is a protected season, where angling is allowed during spawning season, but captured 

specimen of a protected species have to be released (QUINN 2002). However, for pikeperch in 

particular, the scientific basis to evaluate the goodness of the different management 

strategies, is lacking entirely so far. 

While there is consensus that even temporary absence of a guarding male through C&R can 

have substantial impacts on the individual reproductive output, the exact consequences of 

harvest or intense C&R rates on the population level are in debate. Some studies suggest a 

severe impact on reproductive fitness of an angled individual, with potential implications for 

the population-level YOY recruitment if angling pressure is high (RIDGWAY and SHUTER 1997; 

RICHARD et al. 2013). The latter scenario is in debate as some studies suggest that the reduction 

of successful nests through intensive harvest or C&R during spawning is compensated on the 

population-level by increased offspring survival of remaining spawners (ALLEN et al. 2011; 

CATALANO and ALLEN 2011). This mechanism is termed “density-dependent prerecruit survival” 

(CATALANO and ALLEN 2011) and is assumed to apply as long as the number of successful broods 

does not fall below a certain critical threshold (e.g., five broods per ha in largemouth bass; 

SHAW and ALLEN 2016). However, brood survival is highly variable across parent individuals 

through effects of size (positively correlated with ability to defend the nest), spawning date, 

and the duration of provided parental care (SUSKI and PHILIPP 2004; PARKOS et al. 2011). 

Therefore, reduced nest success of many individuals as through intense C&R is likely to at least 

increase the risk for population-level recruitment impacts. Moreover, high C&R rates during 

spawning season sustained over long terms, with associated reduction of successful broods, 
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will likely lead to a truncation in population-level genetic variability, further lowering a 

population’s resilience to environmental change.  

Knowledge about the impacts of catch-and-release angling on the reproductive success of a 

target species is not only important to assess the ecological consequences. It has been 

suggested that spawning-season recreational fisheries selectively captures individuals with 

particular traits (e.g., large size and high aggressiveness) that are typically correlated with a 

higher reproductive fitness potential (SUSKI and PHILIPP 2004; SUTTER et al. 2012). Thus, 

knowledge about the consequences of being captured and released during nest-guarding for 

an individual’s reproductive success are fundamental for evaluating the potential for 

evolutionary impacts of intense spawning-season angling. 

2.3.1   Consequences of catch-and-release for the individual reproductive success 

There are four essential mechanisms that shape the severity of a catch-and-release event for 

the individual reproductive output: 1) The total absence time of a male from the nest or the 

ability to find again the nest at all, 2) The rate of nest predation during absence, 3) The rate of 

deliberate nest abandonment upon return, and 4) Impairments in parental care behavior after 

experiencing physiological stress through the angling event. 

The absence time of a male from its brood as induced by C&R is strongly dependent on the 

intensity of the capture event (e.g., duration of air-exposure or retention before release; 

PHILIPP et al. 1997; HANSON et al. 2007). For example, the absence times of male black bass in 

the course of a C&R event reported in the literature range from < 1 minute to ca. 17 minutes 

(after extensive air-exposure and retention in a livewell; PHILIPP et al. 1997). During this 

absence of the male, nest predators can quickly invade the nest and consume the offspring. 

At a consistent density of potential egg predators, the absence time of the male from the nest 

proportionally relates to the level of nest predation (KIEFFER et al. 1995; PHILIPP et al. 1997). For 

example, STEINHART et al. (2004) estimated that on average 35 % of a smallmouth bass’s brood 

are consumed by a single predator species (round goby Neogobius melanostomus) during a 

C&R event across different treatment intensities. Because parental care is energetically costly, 

the amount of parental investment into a current brood is theoretically tailored to the 

expected reproductive benefit, most obviously depending on brood size (SARGENT and GROSS 

1986; RIDGWAY 1989; COLEMAN and FISCHER 1991). Consequently, it has been observed that 

males deliberately abandon their nest after returning from C&R, if they find that a large 

portion of the eggs had been eaten by nest intruders during their absence (PHILIPP et al. 1997; 

SUSKI et al. 2003; DIANA et al. 2012). The decision to abandon a nest may additionally be 
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triggered by prolonged air-exposure (HANSON et al. 2007), rise in cortisol levels (O’CONNOR et 

al. 2009), and a higher overall energy expenditure in the course of the C&R event (COOKE et al. 

2000).  

Finally, angling induces a physiological stress response in fish (GUSTAVESON et al. 1991; KIEFFER 

et al. 1995; MEKA und MCCORMICK 2005), which may impair the quality and intensity of a male’s 

provided parental care after release and return to the nest (COOKE et al. 2000; SUSKI et al. 2003). 

The energetic capabilities of nesting largemouth bass inferred from their locomotory activity 

were found to be impaired for ≥ 24 hours after a catch-and-release event (COOKE et al. 2000). 

For comparison, locomotory activity after an angling event in non-nesting fish was recovered 

within two hours (COOKE et al. 2000). Moreover, SUSKI et al. (2003) found that the ability (or 

willingness) of male smallmouth bass to defend a nest against a model intruder was reduced 

after experiencing C&R, with additional simulated nest predation enhancing the level of 

reduction in aggressiveness. Contrarily, injecting guarding male largemouth bass with cortisol, 

simulating experienced stress, did not result in a change of nest-guarding behavior in terms of 

nest fidelity, vigilance, and defense (O’CONNOR et al. 2009). However, an increased number of 

skin fungus infections were noticed, suggesting that fish even continued parental care despite 

compromised immune function. 

In sum, the documented or predicted implications of spawning-season catch-and-release vary 

across studies, but the potential for detrimental impacts on reproductive success of a 

population is clearly given. COOKE and SUSKI (2005) consequently highlighted the necessity of 

species-specific studies examining the severity of impacts by spawning season catch-and-

release on which fisheries managers can rely. The second part of the present work aimed to 

undertake a first step in creating the scientific basis of potential threats posed by spawning 

season catch-and-release for the intensely targeted pikeperch by looking at individual-level 

effects of C&R on reproductive success. This was investigated with respect to the return times 

of an angled male, nest abandonment rates, the role of nest predation, and impairments of 

parental care behavior. The gained insights shall ultimately help decision makers to weigh the 

potential regulations for fishing during reproduction period as a basis for ecologically and 

socially sustainable use of wild pikeperch populations. 
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2.4   Impacts of catch-and-release angling on activity 

Apart from reproduction period, catch-and-release is practiced frequently as byproduct of 

harvest regulations, mostly in the form of length-limits or bag limits during growth season, 

which are implmeneted to secure long-term sustainability of a fished stock (RADOMSKI et al. 

2001; ARLINGHAUS et al. 2007; COOKE and SCHRAMM 2007). Release rates of fish began to increase 

as harvest-restrictions gained in popularity and became more and more widespread (see 

BARNHART 1989 for historical review; BARTHOLOMEW and BOHNSACK 2005). In addition, many 

anglers nowadays increasingly engage in voluntary C&R for conservation purposes with the 

primary aim to contribute to maintenance of long-term fishing quality (POLICANSKY 2002; 

ARLINGHAUS 2007; STENSLAND et al. 2013). For example, in marine recreational fishing in the 

United States, proportions of fish that were released upon capture grew from 34% in 1981 to 

59% in 1999 (BARTHOLOMEW and BOHNSACK 2005). In absolute terms, as many as 30 billion fish 

are estimated to be captured and released each year by recreational fisheries worldwide 

(COOKE and COWX 2004). 

The effectiveness of mandatory or voluntary catch-and-release decisions is based on the 

assumption that a released fish will survive the stressful procedure with no measurable impact 

on fitness (COOKE et al. 2002a; POLICANSKY 2002). Any capture of a fish, however, implies a more 

or less exhaustive physical exercise for the animal, frequently followed by handling under air-

exposure for unhooking, measuring, and sometimes even photographing the fish. This 

procedure induces an initial, physiological stress response via the neuroendocrine system with 

differing outcomes extending up to death of the fish (WENDELAAR BONGA 1997; COOKE et al. 

2002c). It has been shown that the mortality rates induced by C&R can be substantial, ranging 

across species and contexts from 0% to 100% (ALVERSON et al. 1994; MUONEKE and CHILDRESS 

1994; BARTHOLOMEW and BOHNSACK 2005). When hooking mortalities are high, mandatory 

catch-and-release through harvest regulations can fail to fulfill their designated management 

objective, which is to counteract recruitment overfishing (PINE et al. 2009; JOHNSTON et al. 

2015). Moreover, even low mortality rates can become a substantial impact cumulatively, if 

fishing intensity is high (BARTHOLOMEW and BOHNSACK 2005; COGGINS et al. 2007). A meta-analysis 

by HÜHN and ARLINGHAUS (2011) revealed a mean hooking mortality of ca. 16% across European 

freshwater and diadromous fish species. For pikeperch in particular, average mortality rates 

of 23% ± 14%, reaching up to 47% following simulated angling stress and different air-

exposure treatments have been observed for undersized fish (calculated from Table 2 in 

ARLINGHAUS and HALLERMANN 2007). 
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If a fish survives a capture event, it may suffer from sublethal effects which are common and 

may likewise impair the fitness of a released individual (COOKE et al. 2002c; SIEPKER et al. 2007). 

The initial, neural response to acute stress usually initiates behavioral responses that vary in 

their extent and recovery rate, and may have implications for the fitness of an affected 

individual (SCHRECK 1981; LOCKRIDGE 1997). Behavioral impacts of C&R (outside reproduction 

period) mainly comprise alterations in swimming activity and/or habitat-use. Observed 

response patterns to C&R range from reduced activity (e.g., COOKE et al. 2000; KLEFOTH et al. 

2008; ARLINGHAUS et al. 2009) to increases in activity (“hyperactivity”), sometimes after initial 

immobility (GURSHIN and SZEDLMAYER 2004; THORSTAD et al. 2004; ARLINGHAUS et al. 2008), altered 

habitat-use (GURSHIN and SZEDLMAYER 2004; KLEFOTH et al. 2008; 2011), and abnormal migration 

behavior (mostly in diadromous fish, MÄKINEN et al. 2000; THORSTAD et al. 2007).  

The physiological stress is usually recovered within less than 12 hours after angling (KIEFFER 

2000; COOKE et al. 2002b; ARLINGHAUS et al. 2009). This may correspond to the recovery time of 

behavioral alterations (e.g., KLEFOTH et al. 2008; ARLINGHAUS et al. 2009; FERTER et al. 2015), but 

not infrequently, altered activity levels extend to a few days and up to one week (THORSTAD et 

al. 2004; KLEFOTH et al. 2011; BAKTOFT et al. 2013; RIEBLE et al. 2019). In the most extreme cases, 

C&R may lead to mean resting periods of released migrating fish exceeding one month 

(THORSTAD et al. 2007), or to carryover effects of missed feeding opportunities after stress, 

forcing lowered activity during harsh seasons (O’CONNOR et al. 2010). 

Changes in behavior induced by angling stress may have implications for essential activities 

such as food acquisition, predator avoidance, and habitat selection (LOCKRIDGE 1997; COOKE et 

al. 2002a). For example, if the activity of a fish is reduced for a prolonged period of time after 

stress, the individual will lack feeding opportunities, whereas the metabolic rate is typically 

increased by acute stress (reviewed in WENDELAAR BONGA 1997). Moreover, an increased 

vulnerability to predation has been observed for fish that showed low mobility during recovery 

from the experienced stress by C&R (COOKE and PHILIPP 2004; THORSTAD et al. 2004). Similarly, 

hyperactivity after stress may imply increased metabolic costs, while feeding of fish is usually 

depressed in the period of hyperactivity after experiencing stress (JONES et al. 1987). The lack 

of food acquisition as a result of both response types may lead to growth impairments (AALBERS 

et al. 2004; KLEFOTH et al. 2011), which in turn implies fitness deficits (WERNER et al. 1983). For 

instance, angled largemouth bass showed a noticeable weight loss within six days as a result 

of experiencing C&R (CLINE et al. 2012). These temporary effects on behavior and ultimately 

growth, however, may be followed by a compensatory period of increased (feeding) activity 

fostering recovery to normal weight (see review by ALI et al. 2003; ARLINGHAUS et al. 2009; CLINE 
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et al. 2012). Nevertheless, diminished growth has been found in pike (KLEFOTH et al. 2011) as 

well as largemouth bass (O’CONNOR et al. 2011) even several months after actual or simulated 

catch-and-release, which would contradict to the widely assumed short-term nature of 

sublethal C&R impacts.  

One essential weakness of many previously conducted studies on C&R impacts is that the 

behavior of captured fish was monitored only after impact. That is, fish were marked at the 

time of the capture event, typically using different forms of external tags (e.g., BETTOLI and 

OSBORNE 1998; COOKE and PHILIPP 2004; ARLINGHAUS et al. 2009). Beside the uncertainties about 

tagging effects, this approach lacks a true control of non-manipulated fish, which would allow 

to account for whole system alterations (e.g., weather or temperature; KLEFOTH et al. 2011; 

BAKTOFT et al. 2013) that could affect the displayed post-release behavior. In combination with 

the use of telemetry and previously tagged fish, a Before-After-Control-Impact (BACI) 

approach has been suggested, explaining alterations in behavior of a captured fish in 

comparison to the behavior of undisturbed control fish at the same time (BAKTOFT et al. 2013; 

FERTER et al. 2015). However, studies that first used the BACI approach analyzed the C&R 

impacts by averaging the relative activities in time intervals of 2 h (FERTER et al. 2015) up to 

48 h (BAKTOFT et al. 2013) and comparing before and after impact groups in a linear model. 

One drawback of this analytic approach is that it does not allow for gradual, non-stepwise 

impacts and assessment of recovery.  

The named shortcomings can be overcome by using a progressive change Before-After-

Control-Impact-Paired-Series (BACIPS) approach (THIAULT et al. 2017). In this approach, activity 

levels of an angled and released fish are expressed relative to the mean activity of the 

undisturbed population at the same given time. The BACIPS approach was utilized in this study 

with a custom function, recently developed by RIEBLE et al. (2019). The model describes an 

expected recovery pattern after experiencing an acute stress event (as per C&R), which is 

flexible to different impact- and recovery rates and types, and is fitted to a time series of 

relative swimming activities. The model can be fitted in a hierarchical approach, allowing 

population- and individual-level effects to be analyzed in one model without multiple testing 

(as was necessary in previous approaches), while improving statistical accuracy through 

nesting of repeated measures. 

Cumulatively, catch-and-release angling may induce mortality and sublethal behavioral 

impacts, which can become relevant to the fitness of an individual. Therefore, managers are 

interested in quantifying both mortality rates and the severity of behavioral effects of C&R 
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(during growth season) to assess the efficacy of implemented harvest restrictions towards 

improved sustainability in recreational fisheries.  

Again, the necessity of species-specific studies on catch-and-release effects to develop 

guidelines for sustainable fisheries management has been stressed (COOKE and SUSKI 2005). 

Nevertheless, while the sublethal impacts of C&R have been exhaustively studied in some 

favored model species such as the northern pike (e.g., ARLINGHAUS et al. 2008a; 2009; KLEFOTH 

et al. 2008; 2011; STÅLHAMMAR et al. 2012; BAKTOFT et al. 2013; LOUISON et al. 2017b; PULLEN et 

al. 2017), only one study exists for pikeperch assessing mortality rates and growth impacts of 

simulated angling on undersized individuals (ARLINGHAUS and HALLERMANN 2007). This attention 

deficit for pikeperch appears negligent given that observed mortality rates after stress and air-

exposure were above the average of other species (see mortality rate mentions above; 

ARLINGHAUS and HALLERMANN 2007), indicating pronounced stress-sensitivity of pikeperch. 

The third section of the present work aimed to illuminate the mortality rates and behavioral 

consequences in terms of swimming activity induced by catch-and-release angling for adult 

pikeperch. For that purpose, a state-of-the-art model (RIEBLE et al. 2019) was implemented  to 

describe the recovery pattern of relative activity after experiencing C&R in a Before-After-

Control-Impact-Paired-Series experimental approach. 
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2.5   Vulnerability to angling and fisheries-induced selection 

Capture of fish out of a population by angling, during both reproduction and growth season, 

is usually a non-random, but selective event (SUTTER et al. 2012; LENNOX et al. 2017). Elevated 

mortality rates and consistent targeting of individuals with certain, heritable phenotypes 

through intense fishing both may drive evolutionary changes in wild fish populations over time 

(LAW 2000; CONOVER and MUNCH 2002; BIRO and POST 2008; ALLENDORF and HARD 2009; JØRGENSEN 

and HOLT 2013; ANDERSEN et al. 2018).  

Fisheries-induced evolution (FIE) is known to modify life-history traits of populations, leading 

to changes in adult growth rates, reductions in age- and size-at-maturation and increases in 

reproductive investment (HEINO and GODØ 2002; JØRGENSEN et al. 2007; KUPARINEN and MERILÄ 

2007; for pikeperch see VAINIKKA and HYVÄRINEN 2012). The life-history traits subjected to FIE, 

e.g. adult growth rates, may be targeted directly (through size-selective gear) or indirectly 

through correlations with certain behavioral traits (e.g., high activity and boldness often relate 

to fast growth; BIRO and POST 2008). Differences in behavior and ultimately life-history 

between individuals of a population usually have a genetic basis, which forms the underlying 

target of selective pressures (see review by STIRLING et al. 2002; PHILIPP et al. 2009; ARIYOMO et 

al. 2013; KLEFOTH et al. 2013).  

Although still contested, there are several studies predicting that the fisheries-induced 

changes in population traits happen over a rapid time-scale, prompting urgent needs for 

research and management efforts (BIRO and POST 2008; AUDZIJONYTE et al. 2013; but see also 

HUTCHINGS and KUPARINEN 2020). At the same time, these changes are often slowly reversible, 

with implications for population recovery (WALSH et al. 2006; ALLENDORF and HARD 2009; but 

see also CONOVER et al. 2009; HUTCHINGS and KUPARINEN 2020). To assess potential evolutionary 

consequences of selective fishing, it is important to gain species-specific insights into what 

phenotypes are selected by any particular gear (KUPARINEN et al. 2009). This knowledge can be 

implemented in applied conservation strategies and management plans to enable an 

evolutionary sustainable use of aquatic resources (ARLINGHAUS et al. 2017; LENNOX et al. 2017; 

PALKOVACS et al. 2018). 

Recreational fisheries, including angling, form the dominant source of fishing mortality in a 

majority of inland waters with a pronounced selectivity on species, size, age, sex, physiological 

and behavioral traits (ARLINGHAUS et al. 2002; COOKE and COWX 2004; LEWIN et al. 2006). High 

proportions of a population may be extracted rapidly through angling, which therefore poses 

a selective force of comparable strength as that described for commercial fisheries (POST et al. 
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2002; COOKE and COWX 2006; ALÓS et al. 2016). The vulnerability of a fish to angling can be 

described as a heritable complex of correlated behavioral, physiological, morphological, and 

life-history traits that shape an individual’s likelihood of being captured (UUSI-HEIKKILÄ et al. 

2008; PHILIPP et al. 2009). Similarly, some of these individual traits covary with each other to 

form common syndromes in a fish that are assumed to be the primary target of selective 

pressures (RÉALE et al. 2010; CONRAD et al. 2011; ARLINGHAUS et al. 2017). In recent years, 

increasing efforts have been undertaken to identify common, as well as species-specific 

behavioral, physiological, and life-history correlates of this vulnerability trait (see review by 

LENNOX et al. 2017). 

Although the determinants of vulnerability to angling have been comprehensively studied in 

many popular European target species such as rainbow trout Oncorhynchus mykiss (HÄRKÖNEN 

et al. 2014; KOECK et al. 2019), perch Perca fluviatilis (HÄRKÖNEN et al. 2016; VAINIKKA et al. 2016; 

MONK and ARLINGHAUS 2018) or carp Cyprinus carpio (KLEFOTH et al. 2013, 2017; MONK and 

ARLINGHAUS 2017), there is still a gap in the phenotypic selection pressures of angling with 

respect to pikeperch. In a pond experiment, RAAT (1991) has tackled the vulnerability of 

pikeperch to angling during growth season, but only considered sex, growth, condition, and 

prey availability as potential determinants, while behavioral and physiological traits were 

neglected. Only prey availability showed effects on vulnerability on the first angling occasion 

in June – July, but not on the second in August – September (RAAT 1991). This result indicates 

that on one hand, drivers of vulnerability to angling may differ across seasons, while on the 

other hand, mechanisms that were not tested by (RAAT 1991) such as behavior or physiology 

might be better able to explain variation in pikeperch vulnerability. 

2.5.1   Common correlates of vulnerability to angling 

Particularly recognized for fisheries techniques that use passive gears such as angling is the 

alteration and depletion of behavioral phenotypes, rather than a selection for life-history 

traits (UUSI-HEIKKILÄ et al. 2008). In angling, vulnerability and capture ultimately depend on the 

internal state of a fish, its encounter with an angling lure and its decision to bite it (UUSI-HEIKKILÄ 

et al. 2008; LENNOX et al. 2017).  

One obvious behavioral trait correlating with the likelihood to of encountering and particularly 

striking a passive lure is boldness. Boldness can be broadly defined as the propensity to accept 

risks of various kinds in return for potentially higher foraging or reproductive gains (RÉALE et 

al. 2007). A general prediction thus is that bold and aggressive fish are more likely to ingest an 

angling bait than shy and less aggressive fish (KLEFOTH et al. 2012, 2013; SUTTER et al. 2012). 
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Several studies have examined whether boldness or risk-taking in fishes is linked to 

vulnerability to angling, with inconsistent results. While studies often found a positive link 

between boldness (sometimes measured as explorative behavior) and vulnerability to angling 

(KLEFOTH et al. 2013; HÄRKÖNEN et al. 2014, 2016), other studies observed no link (KEKÄLÄINEN et 

al. 2014; VAINIKKA et al. 2016; LOUISON et al. 2017a; KEILING et al. 2020a) or even a negative link 

of these two mechanisms (WILSON et al. 2011). The study results either indicate species-

specific responses or were affected by ecological or study context. Consistent selection against 

individuals with a bold personality may, beside a plastic response through learned hook 

avoidance, induce pronounced timidity in an exploited stock, lowering the population-level 

catchability and thus catch prospects on the long-term (ARLINGHAUS et al. 2017; ANDERSEN et al. 

2018). Moreover, higher boldness in general may be concomitant with increased aggression 

during parental care, as part of a behavioral syndrome, which is positively related to 

reproductive success in nest-guarding species (BALLEW et al. 2017). Therefore, consistent 

selection against bold individuals could have consequences for the recruitment potential of a 

population. The mixed results of previous studies examining the link between boldness and 

vulnerability suggest that there are interspecific differences, necessitating investigation of this 

relationship with respect to pikeperch.  

Another broadly recognized behavioral trait, frequently found associated with vulnerability to 

capture in multiple gear types, is the activity of fish (HEINO and GODØ 2002; ALÓS et al. 2012; 

OLSEN et al. 2012). In general, more active individuals face higher probabilities of encountering 

a gear, which makes them more vulnerable to capture (RUDSTAM et al. 1984). Angling selection 

against active phenotypes has been found repeatedly (ALÓS et al. 2012 for small-bodied 

coastal fish; OLSEN et al. 2012 for cod Gadus morhua; KOECK et al. 2019 for rainbow trout), but 

does not necessarily apply to all species (BINDER et al. 2012, LOUISON et al. 2017, KEILING et al. 

2020 for largemouth bass; MONK and ARLINGHAUS 2017 for carp and tench Tinca tinca; MONK 

and ARLINGHAUS 2018 for perch; KOECK et al. 2019 for brown trout Salmo trutta). Encounter 

rates and the strength of selection may also be different across angling styles commonly 

applied when targeting pikeperch, as some techniques are mobile such as spinfishing or boat-

angling and some are stationary, such as dead baiting (DIAZ-PAULI et al. 2015; BAILEY et al. 2019).  

Swimming activity may potentially, but not necessarily be equivalent to space-use in individual 

fish (MONK and ARLINGHAUS 2018). Space-use of animals is typically expressed as an estimate of 

home range, which can be defined as the area that is traversed by an individual to fulfill its 

normal activities of e.g. food gathering, mating, or caring for young (BURT 1943). An estimate 

of space-use may thus grasp additional mechanisms not covered by “raw” swimming activity 

relating to habitat preferences for different ecological tasks. Past studies have found space-
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use to be an important predictor of angling vulnerability, either in combination with activity 

or independently (ALÓS et al. 2012, 2016; OLSEN et al. 2012; MOLAND et al. 2019), but again with 

inconsistencies across species (MONK and ARLINGHAUS 2017, 2018). Angling-induced evolution 

could therefore favor less active and spatially confined individuals, which forms part of the 

“timidity syndrome” predicted for heavily exploited fish stocks (ARLINGHAUS et al. 2017). A 

constrained dispersal and mobility of individuals may have spillover effects on fish 

communities and ecosystem functioning (reviewed in ARLINGHAUS et al. 2017; ALLGEIER et al. 

2020), and reduce catchability of a target species, diminishing angling quality and robustness 

of stock assessments (ALÓS et al. 2014b; 2019). 

Additional to behavioral and life-history traits, it has been suggested that angling may select 

for physiological traits, e.g. relating to measures of stress-responsiveness (see review by 

HOLLINS et al. 2018). Primarily mediating the physiological response of fish to stress is the 

hormone cortisol, which rises to individually differing degrees after experiencing stress to 

mobilize energy reserves (WENDELAAR BONGA 1997). The glucocorticoid stress response in fish 

is a repeatable trait, intrinsic to the personality of a fish and thus a potential subject of 

selection (COOK et al. 2011). For example, LOUISON et al. (2017a) found that physiological stress 

responsiveness, measured as the cortisol-level response to standardized air exposure, was the 

primary driver of differences in angling vulnerability across individual largemouth bass. The 

effect of this physiological trait even outweighed boldness, one of the most prominent 

behavioral traits prone to angling selection. Similar evidence of angling actively targeting the 

most stress-resilient individuals has been reported for rainbow trout by KOECK et al. (2019). 

Together, these findings would predict an evolution towards increasingly stress-responsive 

individuals whenever a fish population is intensively harvested by commercial fishing or 

angling. Truncating the variation of physiological phenotypes in fish populations may in turn 

have consequences for their potential to cope with environmental change (DE LOURDES RUIZ-

GOMEZ et al. 2011; DUNCAN et al. 2019). For nest-guarding species in particular, permanently 

reduced stress-resilience may have implications for the recruitment potential, as stress-

sensitivity has been found negatively associated with individual reproductive success (ALGERA 

et al. 2017a, 2017b). 

Associations of body size with vulnerability to fishing gear have been widely recognized. The 

common pattern is a positive size-selective vulnerability, with larger fish being more 

vulnerable to fishing than smaller conspecifics (e.g., BRAUHN and KINCAID 1982; ALÓS et al. 2014; 

TSUBOI et al. 2016; VAINIKKA et al. 2016). Larger fish are assumed to be more readily captured 

than smaller conspecifics due to a positive correlation between body size or growth rate and 
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boldness or aggressiveness (HENDERSON and CHISZAR 1977; BIRO and POST 2008; VAINIKKA et al. 

2016), higher metabolic thus feeding demands of large fish (BRAUHN and KINCAID 1982; 

YAMAMOTO et al. 1998), potential size-based dominance in feeding hierarchy (KOEBELE 1985; 

FORRESTER 1991; YAMAMOTO et al. 1998), and obviously through the increased gape size of larger 

fish enabling to ingest a wider range of lure types (e.g., ARLINGHAUS et al. 2008b). In addition to 

the size-selective capture, harvest decisions likewise depend on body size of the captured fish 

with preferred retention of larger individuals, which may strengthen selective pressures 

against large body size exerted by angling (e.g., ISERMANN et al. 2005). Growth potential is a 

heritable trait (SAURA et al. 2010), thus selective capture of large individuals may lead to an 

evolutionary downsizing (CONOVER et al. 2009), with implications for long-term population 

productivity under consistent harvesting, resilience over environmental change, and recovery 

speed (SWAIN et al. 2007; UUSI‐HEIKKILÄ et al. 2015). Vulnerability for large individuals could be 

particularly critical in nest-guarding species such as pikeperch, because while larger females 

have disproportionately higher fecundity (BARNECHE et al. 2018), larger males provide better 

parental care and strongly contribute to the population-level recruitment (PARKOS et al. 2011; 

SUTTER et al. 2012). 

Consistent differences in behavior, physiology, bioenergetics, and morphology (in pikeperch 

relating to size) may exist between male and female fish forming the potential for differing 

catchabilities of the two sexes (e.g., CASSELMAN 1975; HANSON and COOKE 2009b). Behavioral 

differences between sexes that could shape differences in vulnerabilities could relate to 

boldness and activity patterns. For example, male plaice (Pleuronectes platessa) showed 

increased nocturnal activity rates during spawning period, which led to increased catch rates 

of males (SOLMUNDSSON et al. 2003). Male individuals of nest-guarding species are often 

particularly aggressive during spawning season, likewise rendering them more vulnerable to 

capture by angling during spawning (SUSKI and PHILIPP 2004). Further reasons for differing 

vulnerabilities between sexes could relate to energetic demands (e.g., HEERMANN et al. 2013). 

Mature females generally allocate a higher proportion of their energy reserves towards gonad 

development each year compared to males, explicitly evidenced for Sander spp. species 

(MOLES et al. 2008). This may result in greater depletion of essential nutrients in females 

throughout spawning, potentially leading to higher feeding demands before and after 

spawning and making females more vulnerable to capture in post-spawn season. The size-

selective nature of many recreational fisheries may add to increased vulnerability of the 

usually larger-sized females. Sex-selective harvest may lead to skewed sex ratios in a 

population, resulting in gamete limitation, thus reduced offspring production and increased 
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genetic drift (HINES et al. 2003; CHOPELET et al. 2009; STUBBERUD et al. 2019). However, in a first 

attempt to study the drivers of vulnerability to angling in pikeperch, RAAT (1991) found no 

systematic differences between sexes during growth season. 

Collectively, it is hypothesized that angling selectively captures the larger, bolder, more active, 

widely roaming, and stress-resilient individuals out of a target population.  

One common limitation of many past studies is that they only focused on a few or individual 

traits of behavior, physiology, or life-history with regard to effects on the angling vulnerability 

of a fish. Moreover, the total picture revealed very inconsistent results across species with 

respect to almost any focal trait that was examined. Studies that fail to find evidence for a 

selection pattern that would be predicted by the literature suggest that the drivers of 

vulnerability are not necessarily generalizable across species (e.g., through different feeding 

ecologies; KEILING et al. 2020). Stock assessment and management is often species-specific and 

if evolutionary aspects of fisheries are to be implemented into management strategies, the 

correlates of selective capture must be explicitly known for any species of concern. 

The last part of this work aimed to identify the behavioral-, physiological-, and life-history 

correlates of vulnerability to angling that are specific to pikeperch. This knowledge can help 

to assess whether potential ramifications of angling for pikeperch may extend beyond 

ecological to evolutionary aspects. To achieve this, one or several representative metrics for 

any of the introduced trait categories were tested for effects on vulnerability to allow 

comprehensive conclusions. Because environmental conditions may independently affect the 

catchability of individuals (reviewed in LENNOX et al. 2017), a common-garden experimental 

approach with multiple identical ponds was chosen to standardize the environmental 

conditions for each fish. 
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3. Methods 

All of the experiments described in the following were conducted at the facilities of Kainuu 

Fisheries Research Station in Paltamo (Finland) in spring – summer 2018. All animal 

experimentation was conducted under the supervision of Prof. Anssi Vainikka (University of 

Eastern Finland) and under the license obtained from the national Animal Experiment board 

in Finland (license number ESAVI/3385/2018). 

3.1   Study fish acquisition, tagging and sex determination 

Study fish consisted of both wild and hatchery-reared pikeperch. Wild fish were captured by 

trap nets after ice-off by three different commercial fishermen in Lake Oulujärvi (Finland). 

After capture, the study fish were immediately brought to the research station in an aerated 

transport tank and stocked into 50 m² concrete raceways (Figure 2) where they were allowed 

to recover for about 24 hours. The hatchery fish used in this study were from one 14-year old 

cohort that was held in indoor glass fiber tanks at the field station. 

For tagging, fish were dip-netted from the raceways or tanks one by one and immediately put 

into a bath of anesthesia solution using MS-222 in concentrations of 100 ml MS / 10 l water. 

When fish became calm and swam upside down upon anesthesia, they were taken out, 

measured to the nearest millimeter (TL), and weighed to the nearest gram. Fish were 

implanted with a 32 mm long Passive Integrated Transponder (PIT) tag (OregonRFID Inc.) 

through a small scalpel incision in the posterior part of the abdomen, about 2 cm behind the 

anus (Figure 3a). Sex was determined using a catheter with a short, ca. 8 cm long tubule that 

was carefully inserted into the cloaca, and a small sample of gonads was extracted by applying 

suction (ROSS 1984; Figure 3b). Fish, where no gonads could be gained with the catheter were 

assumed to be either immature or skipping spawners and were thus not used for the 

experiments. A wet towel was laid over the 

front part of fish’s body during handling for 

calming and protection of the mucous layer. 

After this procedure, pikeperch were returned 

to concrete holding raceways and allowed to 

recover for at least 48 hours before being 

transferred to the experimental ponds. Cold 

ground water was consistently added to the 
 Figure 2 Concrete holding raceways (50 m²) for sample 
pikeperch. 
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holding raceways to keep temperatures low (< 12 °C) and avoid any unwanted premature 

spawning. Similarly, the water temperature of indoor tanks was held at ~ 10°C to delay 

spawning of hatchery fish until they were transferred to the experimental ponds outdoor. 

 

3.2   Experimental design and pond setup 

The presented studies consisted of three experimental stages: 1) Spawning-related studies 

including mate-choice, nest-guarding behavior and catch-and-release angling of nesting 

pikeperch, 2) An experimental angling conducted post-spawn to determine the drivers of 

vulnerability and activity-related C&R, and 3) a posteriori assessments of boldness and 

physiological stress responsiveness under controlled conditions. A timeline of the 

experimental stages is given in Figure 4 to facilitate overview.  

The main experiments, denoted as 1) and 2) above, took place in six drainable earthen ponds 

of 20 m x 20 m size. For spawning experiments, four artificial 1 m x 1 m nests of flat coconut-

fibre material, as is frequently used in pikeperch aquaculture (SCHÄFER 2016; A. Müller-Belecke, 

personal communication), were placed in consistent positions in each pond. The nests were 

weighted with bricks to hold at the pond bottom (Figure 5a). Below the nesting structures, a 

PIT antenna loop (diameter: 1 m; OregonRFID Inc.) was placed to register occurrences of 

tagged fish on the nests (Figure 5). Detection range of antennae covered the entire antenna 

surface within a distance of ca. 40 cm above and beside the antenna frame. The antennas 

were connected to computers that recorded signal detections nine times per second (see 

VAINIKKA et al. 2012 for details). The pond water level was raised to 1.2 meters prior to stocking 

sample fish, representing a depth that is frequently used in pikeperch pond aquaculture 

(SCHLUMBERGER and PROTEAU 1996).  

 Figure 3 Location of the implanted PIT-tag (a) and sex determination using catheterization (b). 
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Each of the six experimental ponds was stocked with five males and four females of wild origin 

at the end of May 2018, conforming to sex ratios that are recommended for pikeperch pond 

reproduction (HORVÁTH et al. 1984).  

Total length of the wild pikeperch ranged between 417 – 740 mm (mean ± SD: 579 ± 79 mm), 

and 415 – 623 mm (mean: 528 ± 42 mm) for hatchery fish (one-sided t-test, t = 4.50, P <0.001). 

Total weight of wild fish ranged between 710 – 4420 g (mean: 2042 ± 853 g), and weight of 

hatchery fish was between 644 – 2354 g (mean: 1290 ± 324 g; one-sided t-test, t = 6.47, P 

<0.001). It was taken care that all length classes were similarly represented in each pond. 

Pikeperch that were found dead were replaced as long as more fish of the same origin were 

 
Figure 4 Overview timeline of experiments. Six experimental ponds (400 m²) were initially stocked with wild fish 
exclusively ("first experimental run"). Sample fish were exchanged once, stocking three ponds with wild- and 
three ponds with hatchery fish ("second experimental run“). Additional four concrete raceways (75 m²) were 
stocked with hatchery pikeperch briefly after start of the second experimental run. 

 Figure 5 Artificial spawning nest mounted on a circular PIT-antenna and weighted with bricks to be held at the 
pond bottom (a) and locations of introduced nests/antennas, consistent for each pond (b). 



 
Methods  26 

available. Pikeperch were fed dead fish (roach and vendace), supplying ca. 50 grams per 

pikeperch in the pond every three days. 

The wild fish stocks were replaced once after two weeks, because initially poor condition 

(water molt infections) in a larger portion of the sample fish and low numbers of successfully 

spawned nests were noted. For the second experimental run (see Figure 4), three ponds were 

stocked with new wild fish and three ponds were stocked with hatchery fish. The latter were 

assumed to be more stress-resilient and thus more likely to spawn after handling and 

translocation. For the second run of fish, the pond water level was raised to 1.6 m with the 

aim to slow temperature increases in the pond, allowing less abrupt temperature changes that 

the fish had to undergo. Six males and five females of a given origin were stocked per pond to 

increase capacities for successful spawning observations. 

For a similar reason, four additional concrete raceways (75 m²; Figure 6a) were stocked with 

hatchery pikeperch as part of the second experimental run. Each raceway was equipped with 

three artificial nests, built of fir branches that were tied together (no more coconut material 

was available; Figure 6b). The nests were distributed along the edges of the circular raceways 

as to allow maximum possible distances between nests. Each of the additional tanks was 

stocked with three males and three female pikeperch. Water level in the raceways was 1.2 m. 

In contrast to the earthen ponds, a PIT-system could not be installed in the raceways, 

therefore spatial data could not be generated. The additional raceways were thus only used 

for assays of nest-guarding behavior and impacts of catch-and-release during nesting period, 

as inferred from camera surveys, but did not contribute to the analyses of mate-choice, 

angling vulnerability, and spatial activity-related C&R impacts.  

 

 

 Figure 6 Outdoor raceways (75m²) for spawning experiments that were stocked as part of the second 
experimental run (a), and provided nests of tied together fir branches fixed on a metal grid (b). 
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3.2.1   Nest predators 

Ten wild roach and 20 perch (wild or hatchery-reared) of 150 – 230 mm total length were 

introduced into each of the six earthen ponds to represent potential nest predators. In the 

concrete raceways, ten perch (wild or hatchery-reared) were stocked as nest predators per 

raceway, using the same size range as described above. The objective with these was to pose 

a natural threat to spawned broods, eliciting and allowing comprehensive studying of the nest-

guarding behavior of pikeperch and the role of nest depletion during catch-and-release. The 

introduced nest predators were large enough to avoid predation by the stocked pikeperch 

(see KESKINEN and MARJOMÄKI 2004 for predator-prey size relationships in pikeperch). Except 

for individuals that succumbed delayed mortality after transport stress, all nest predator 

individuals could be recovered at the end of experiments. 

 

3.2.2   Identification of spawning events 

After the pikeperch had been stocked, the introduced spawning structures were inspected 

daily for occurrences of spawned nests by either snorkeling or close-up camera recordings 

with a “Hero 4” (GoPro®, San Mateo, California) attached to a long plastic stick. The day of 

nest identification was recorded and identities of spawning individuals were identified a 

posteriori from the PIT-data.  

Literature suggests that the act of spawning takes place during night and that it takes between 

30-40 minutes, of which only a couple of minutes are the actual spawning act after initial 

courtship behavior (ERM 1981, cited in LAPPALAINEN et al. 2003; DRAȘOVEAN and BLIDARIU 2013). 

Therefore, the PIT-data were scanned for simultaneous occurrences of a male and a female 

on the same antenna for a prolonged period during the night before egg detection. Consistent 

occurrence of a female on a nest for several minutes was an indication of the egg-laying act, 

if paired with inconsistent occurrences the time before (interpreted as courtship). Because 

the male chases the female away from the nest right after spawning is done (SONESTEN 1991; 

DRAȘOVEAN and BLIDARIU 2013), a sudden abort of the female’s PIT signal with following 

prolonged absence was indicative of the ending point of the spawning act. This approach 

allowed distinct identification of the respective individuals involved in any spawning event 

that was registered.  
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3.3   Determinants of spawning success – data procession and analysis 

3.3.1   Quantifying spatial behavior and condition 

The raw PIT-data was filtered so that presence (1) or absence (0) data was available at a 1-min 

resolution using the “PIT Data: Software for analyzing data from PIT tags” 

(http://www.pitdata.net). From the minute-resolved PIT-data, two measures of activity were 

calculated for each fish, the number of switches between antennas and a minimum swimming 

distance per day. The latter took into account the different distances between antennas and 

represents the minimum distance a fish must have displaced based on its trajectory of antenna 

switches. As a measure of space-use within the ponds, a home range was estimated for each 

individual following the methodology suggested by SIMPFENDORFER et al. (2002) and HEUPEL et 

al. (2004). For that purpose, mean centers of activity were calculated for each timestep (∆T) 

of 12 hours (Figure 7). The home range was then estimated as the area of a minimum convex 

polygon drawn along the outermost activity centers using the adehabitatHR package in R 

(CALENGE 2011). The proportion of outlier positions that were excluded from this estimation 

was ten percent. The activity and space-use metrics were calculated for the period of ten days 

before the spawning date of the successful spawners, and ten days before the latest run-

specific spawning event for all unsuccessful individuals. Fish with fewer than ten observation 

days after an initial 24 hour acclimation period (e.g., replacement fish for dead fish) were 

omitted from the analysis. Finally, the number of antenna switches within the first 72 hours 

after stocking were quantified as a measure of exploration behavior, to examine whether 

individuals exploring the potential spawning sites early on had better chances to succeed in 

spawning. 

 Figure 7 Location of mean centers of activity with a ∆T of 12 hours for fish in one sample pond (a) and estimation 
of space use area ("home range") from the minimum convex polygon (HEUPEL et al. 2004) for one sample fish after 
excluding ten percent of outlier positions (b). 



 
Methods  29 

The measures of activity (number of antenna switches and minimum swimming distance) and 

space-use (“home range”) were entered into a Principal Components Analysis (PCA). This was 

done to explore whether activity and space-use represent the same behavioral motif. Activity 

measures and space-use loaded on different axes, thus representing different behaviors 

(Table 1). Scores of each individual on the main Principal Component axis (PC-Activity), with 

which both activity measures were highly correlated, and therefore PC-Activity was used as 

the activity variable. The raw estimates of home range were kept as a descriptor of space-use. 

A condition index was calculated as the ratio of a fish’s observed weight to the predicted 

weight for a fish of equal length from a log(length)-log(weight) regression (Adj. R² = 0.98 for 

wild-origin regression; Adj. R² = 0.81 for hatchery-origin regression). Length-weight 

regressions were calculated for the wild and hatchery population separately due to systematic 

differences in condition with wild fish being consistently better-conditioned than hatchery fish 

(one-sided t-test of condition index from joint length-weight regression, t = 6.55, P <0.001). 

 

3.3.2   Repeatability of behaviors 

Behavioral measures are only considered consistent and intrinsic to an individual if they are 

repeatable, which is the basis for behavior to potentially be subject to selection (BELL et al. 

2009). Repeatability tests were thus performed to test whether the spatial behavioral traits 

used as predictors of spawning success, activity and space-use, could be considered 

personality traits. Repeatability was estimated as the Intraclass Correlation Coefficient (ICC; 

MCGRAW and WONG 1996) derived from linear mixed-effects models, where repeated 

behavioral measures were nested within individuals (NAKAGAWA and SCHIELZETH 2010).  

The ICC (often also denoted as repeatability coefficient R) was calculated as the variance 

among group means (group-level variance 𝑉𝐺 ) over the sum of group-level and data-level 

(residual) variance 𝑉𝑅: 

𝐼𝐶𝐶 =
𝑉𝐺

(𝑉𝐺 + 𝑉𝑅)
 

 

That is, behaviors that show relatively low within-individual variance compared to high 

among-individual variance are more repeatable, where an ICC near 0 represents low 

repeatability and an ICC near 1 represents high repeatability. 

For activity metrics, i.e., the number of antenna switches and minimum swimming distance, 

repeatability tests were conducted on daily estimates across the analyzed ten days prior to 
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spawning. Analyzing daily measures of home range estimates (or activity centers), however, 

appeared unreasonable due to the overall low number of PIT-detections. Some fish, for 

example, would not be detected at all within certain days. For more representative estimates 

of space-use repeatability, it was decided to compare home range estimates from the five 

days before spawning (or reference date for unsuccessful individuals) with the five days before 

that period (i.e. days 6 – 10 before spawning). Fish with fewer than ten days of PIT-

observations before spawning or reference date were omitted from the repeatability assays. 

To meet the normality assumption of the linear mixed-effects models, activity metrics were 

log-transformed and home range estimates were square-root transformed. Statistical 

significance of the repeatability was tested by likelihood ratio tests against H0: ICC = 0. 

Standard Errors of ICC estimates were generated using parametric bootstrapping with 1000 

bootstraps as suggested by STOFFEL et al. (2017). Repeatability analyses were conducted using 

the “rptR” package in R (STOFFEL et al. 2017).  

 

3.3.3   Modeling predictors of spawning success 

To examine the determinants of successful spawners, the two sets of sample fish were pooled 

to have the maximum possible number of spawning events in the response variable data. To 

better justify pooling fish of the first and second run, the probability density functions of 

explanatory variables used in the following models were visually compared between the first 

run and the second run of fish (Appendix 1). This step was taken to check for systematic 

differences between the two sets of consecutively examined sample fish, as behavioral or 

other metrics could potentially be influenced by time. Activity metrics, and to a lesser extent 

total length, showed consistent differences between fish from the first and second 

experimental run (Appendix 1). Therefore, a binary variable “Run” indicating the experimental 

run as 1 or 2 was included as a predictor to the spawning success models to account for 

potentially confounding time or order effects. Origin (hatchery or wild) was included as a 

covariate to account for potential differences between strains in coping with the introduction 

to the new environment of the experimental ponds. 

Because the literature on determinants of spawning success (for pikeperch and in general) is 

sparse, a rather large set of variables and interaction terms for which an effect on spawning 

success was plausible was considered. The  full  model  to  predict  spawning  probability  as  a                                                                             
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binomial Generalized Linear Mixed-Effects Model (GLMM) was defined as follows (interaction 

terms are indicated by a “:”): 

Spawned (0/1) ~ (1 | Pond) + Origin + Run + Condition index + PC-Activity + Space-use + 

Exploration + Sex:PC-Activity + Sex:Space-use + Origin:PC-Activity + Origin:Space-use + 

Run:PC-Activity + Run:Space-use 

where (1 | Pond) indicates ponds were treated as random intercepts. 

The full model as defined above was too complex (“overfitted”) for the limited number of 

spawning events in the data (BABYAK 2004). Therefore, logistic models were run for all possible 

combinations of predictor variables up to a maximum of three fixed terms plus the random 

term. Model fit of candidate models was evaluated using the conditional Akaike Information 

Criterion (AICc), which is recommended for relatively small sample sizes (BURNHAM and 

ANDERSON 2002). Models with an AICc estimate ≤ 2 points from the best-ranked model were 

assumed to have equal explanatory ability (BURNHAM et al. 2011; SYMONDS and MOUSSALLI 2011). 

Consequently, parameters of the best-performing set of models (i.e., ∆AICc ≤ 2) were 

averaged to account for the uncertainties in model selection (BURNHAM and ANDERSON 2002). 

The relative importance of each covariate was calculated as the sum of AICc weights of models 

in which the covariate occurred (BURNHAM and ANDERSON 2002). 

All predictor variables (except for categorical variables) were z-transformed prior to inclusion 

in the models for standardization, and thus comparability, of effect sizes. To deal with 

multicollinearity, Variance Inflation Factors (VIFs) were calculated for the chosen set of 

predictor variables to ensure that none of the included covariates had VIFs > 3, which would 

indicate collinearity in the model (ZUUR et al. 2007). 

 

3.4   Spatial behavior during spawning and mate choice determinants – data analysis 

3.4.1   Behavioral measures as predictors of mate choice success 

To analyze the spatial behavior of pikeperch prior to and immediately after spawning, the 

minute-resolved PIT-detections of successful spawning couples and unsuccessful candidate 

males were first visualized in timesteps of eight hours for the period of four days before until 

two days after any spawning event (Figure 13). Any males within a pond that did not show any 

repeated or prolonged occurrences on the nests at all were considered to not show spawning 

behavior and thus excluded from the following analysis. For any male to be considered a 

spawning candidate, it must have been detected for > 10% of the time within three 8h-
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timesteps on a given nest before the focal spawning event. The number of antenna switches 

of individuals were calculated as a proxy of activity. Moreover, the encounters between 

candidate males and the spawning female were quantified as the number of simultaneous 

detections of both fish within the same minute on a given antenna.  

To identify the drivers of female mate choice additional to the determinants of spawning 

success, the importance of four spatial behavioral traits, calculated for a given candidate male, 

were examined: Exploration behavior, time at first nest occupation, nest attentiveness 

(defined below), and encounter rate with a spawning female. Exploration behavior was 

described as the number of antenna switches within 72 h after stocking. To describe the speed 

at which a male found and occupied a nesting site, the detections data was searched for the 

first three 8h-timesteps after stocking, at which a male occupied one nest for < 10% of the 

time in each timestep. The number of hours before the focal spawning date at which this 

occupancy started was then recorded. The term “nest attentiveness” is used in the following 

as the proportional amount of time a male spent on the nest area versus apart from it (after 

TWARDEK et al. 2017). To derive scores of male’s nest attentiveness, maximum number of 

detections on any receiver were taken for any 8h-timestep within four days before the 

spawning event, and these values were then averaged. Finally, the number of encounters 

between any candidate male and the spawning female were summed from stocking date until 

24 h before the spawning date. This censor was chosen, because the plots revealed increasing 

frequencies of encounters between female and the chosen male starting 24 h before 

spawning, suggesting that mate choice decision may have been made at that point. 

In addition to the spatial behavioral measures, two measures of body size were examined with 

respect to their impact on female mate choice: Total length of any candidate male and the 

size difference between any male and the spawning female as an absolute value. 

The described measures of behavior and (relative) size were modeled as explanatory variables 

in binomial GLMMs to predict the probability of a male being chosen by a successful female 

(0 = male was not chosen; 1 = male was chosen). Each predictor variable was modeled 

individually to test for significant univariate effects, because the low number of spawning 

events did not allow higher model complexity. The candidate males available within the same 

pond for any focal spawning female were treated as nested random intercepts.  
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3.5   Nest-guarding behavior – data analysis 

3.5.1   Quantifying aggression and vigilance of nesting males 

Three behavioral tests were applied to allow a description of the nest-guarding behavior of 

male pikeperch over time on the nest. Whenever a spawned nest was identified, assays of 

nest-guarding behavior began on the first day after nest identification and were conducted 

for seven days. Two aspects of nest-guarding were examined in particular: aggressiveness and 

vigilance. For that purpose, three different behavioral tests were conducted twice a day in 

randomized order, between 9 a.m. – 1 p.m. and 6 p.m. – 10 p.m. respectively. On the fourth 

day after spawning, three tests were conducted.  

To quantify aggressiveness, a soft plastic intruder, fixed on a hookless jighead, was moved 

around on the nest area with small up- and down movements for 60 seconds using rod and 

line. This test was conducted using a small stickleback replica representing a classic egg 

predator (Westin “Stanley The Stickleback”, 3 inch, color “Spawning Stickleback”; Figure 8b), 

and a larger fish intruder representing a potential competitor (Lunker City “Fin-S Fish”, 10 inch, 

color “Perch”; Figure 8a). The large model allowed to differentiate between nest defending 

behavior and predation attempts towards the replica, because the size of the larger replica 

was outside the prey size spectrum of the male pikeperch sizes (see Fig. 2a in KESKINEN and 

MARJOMÄKI 2004).  

During these direct intrusion tests, rushes and strikes towards the presented model were 

counted as per the definition by SUSKI et al. (2003): A rush occurred when a male swam quickly 

toward the model but did not bite it, and a strike was counted when a male made physical 

contact with the model by hitting or biting it. Yawning, as was additionally quantified as 

aggressive behavior in smallmouth bass by SUSKI et al. (2003) could not be observed for 

pikeperch. Cumulative counts of rushes and strikes towards a model intruder are referred to 

as “TAB” score (= Total Aggressive Behaviors; SUSKI et al. 2003) in the following.  

The third aggressiveness test was aimed to evaluate vigilance in nest-guarding by simulating 

an intruder approaching the nest progressively. For this test, a hard bait replica (Cormoran 

“Micro Jerkman”, 3.5 inch, Figure 8c) was mounted on the end of a 2 m dowel rod (modified 

from TWARDEK et al. 2017). The replica was moved in place by swaying the stick, starting at a 

distance of two meters from the nest and moving 0.5 m closer to the nest every 30 seconds. 

The farthest distance causing the focal male to leave the nest towards the model intruder was 

recorded.  
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The behavioral metrics of interest (TAB scores and response distance) were analyzed from 

video material recorded in parallel to the described tests. In the vigilance assay, response 

distance was recorded when the whole male’s body left the spawning structure towards the 

direction of the presented intruder model. Males were filmed from above using a transferable, 

self-made tripod construction at the end of which a GoPro® camera was attached (Figure 9). 

One guarding male (PIT 6) had built a nest close to the shore and was thus filmed from the 

front due to the shallow depth. The camera was put in place 20 minutes before behavior 

assays started to allow the fish a recovery period from a potential disturbance through camera 

placement. It must be noted that two of the three examined individuals (PIT 45 and 326) faced 

a disturbance of being angled and released on the fourth examination day, to answer a 

different research question (see section 3.8.2). 

 

The assessed behavioral metrics of nest-guarding, aggressiveness and vigilance, were tested 

for repeatability as described in section 3.3.2 to examine whether these behaviors can be 

considered personality traits. The estimations were based on each observation of the three 

conducted aggression tests. For the “direct intrusion” tests, where the number of aggressive 

behaviors towards a model were counted, a Poisson-type mixed-effects model was applied. 

The “response distance” test for vigilance was analyzed using a Gaussian-type mixed-effects 

model with square-root transformed raw data to meet the normality assumption of the 

model.  

 

 Figure 8 Models used for the aggressiveness assays: 
Big intruder (a), small intruder (b), and replica to 
estimate a response distance (c). 

 Figure 9 Camera tripod and placement for nest-guarding 
behavioral assays in earthen ponds. A similar setup was 
used in the concrete raceways. 
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3.5.2   Modeling the predictors of aggressiveness during spawning 

Finally, a Poisson-type GLMM was computed to predict the number of aggressive behaviors 

towards a model intruder, which were found to be a repeatable behavior (Table 5). Male total 

length, time (days on the nest) and intruder size (small or large) were used as predictors. 

Repeated observations of individuals were nested using a random effect. 

 

 

3.6   Determinants of vulnerability to angling 

3.6.1   Experimental angling 

Experimental angling was conducted by the author in daily sessions of different durations from 

July 5 – July 11, 2020. Angling was conducted between 6 p.m. and 2 a.m., where pikeperch 

were assumed to be most active (ALI et al. 1977; POULET et al. 2005). On each angling occasion, 

all ponds were fished where less than half of the population was captured at that moment. 

Whenever >50 percent of the population were captured in any pond, angling ceased, and 

uncaptured individuals were defined as non-vulnerable fish to ensure a sufficient number of 

control individuals. Within any session, each pond was fished from two opposing shore sites 

for 15 minutes each, with the starting site being randomly chosen. One of two soft plastic lures 

was chosen for every 15-minute session in alternating order: Keitech Easy Shiner, 4 inch, color 

“Red Crawdad” (action-shad; Figure 10a) or 

Lunker City Fin-S-Fish, 5 inch, color “Smelt” 

(no-action-shad; Figure 10b). When both 

lures were unsuccessful in one session, a 

third soft plastic lure imitating a crayfish was 

deployed for the next two sessions (Ecogear 

Rock Claw, 3 inch, color “Brown Bug”; Figure 

10c). These lures were presented on a 5 g 

jighead (hook size 2/0) and slowly moved 

across the pond bottom in typical jigging 

motion. When the crayfish replica was 

unsuccessful, small dead baits (roach), on a 

floater montage, were deployed as the final 

bait type. This lure type was fished until 

 Figure 10 Lures deployed in the experimental angling. 
Keitech Easy Shiner, 4 inch, color "Red Crawdad" (a), 
Lunker City Fin-S Fish, 5 inch, color "Smelt" (b), and 
Ecogear Rock Claw, 3 inch, color "Brown Bug" (c). 
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experimental angling ceased. The angling gear consisted of a “Roadrunner XLNT2” spinning 

rod with 213 cm length and 10 – 40g casting weight (Savage Gear, Denmark), a “Technium 

3000 SFD” reel (Shimano, Sakai, Japan), and “STROFT GTP R” braided line (strength: 7 kg Test; 

WAKU GmbH, Reinfeld, Germany). 

The maximum total angling time at any pond was eight hours at those ponds where less than 

50 percent of the population could be captured until this point. More than half of the 

population could be successfully captured in all hatchery fish ponds and in one of three wild 

fish ponds. Casting directions were randomized. For every captured fish, playing time and 

hooking location were recorded. The playing time was kept as short as possible. Fish were 

exposed to air for 60 seconds, during which the PIT-number was identified. Afterwards, fish 

were released gently at the site of capture and angling continued. 

 

3.6.2   Behavioral and physiological predictors of angling vulnerability  

Measures of activity (antenna switches, minimum swimming distance), space-use (“home 

range”), and a condition index were calculated as described in section 3.3.1. For vulnerable 

individuals, the spatial behavioral metrics were calculated for the period of two weeks before 

capture date, and for non-vulnerable fish for two weeks before the first capture of a 

vulnerable fish within the same pond.  

Boldness under controlled conditions and hormonal stress responsiveness were assessed a 

posteriori. Ponds were drained, one per day, starting at earliest seven days after the last 

vulnerable fish within a given pond was captured. Fish were carefully netted using scoop nets 

in the shallow water and transported to outdoor glass fiber tanks. The tanks were 2 x 2 m in 

size and separated into two arenas of equal size by dividing the tank with opaque plexiglass 

boards. An opaque box (ca. 80 x 50 cm) that was open towards the arena was placed on one 

end, and a GoPro® camera was placed on the opposite site of the arena (Figure 11b). One 

pikeperch was introduced into each arena and allowed to recover for 24 hours. On the next 

day, fish were exposed to standardized stressing by manual chasing for 30 seconds in a 

separate box with subsequent air exposure for one minute in a scoop net to simulate a typical 

angling event. Fish were then put back into the open box within the arena.  

From video recordings of the camera, the duration until emergence of the full head, full body, 

and hesitation (time until full body emergence minus time until head emergence) were 

protocoled. Fish were assigned a maximum emergence time and hesitation of 30 minutes if 
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they did not leave the box at all within that timeframe. This “open field” test (Figure 11) 

following standardized stressing was repeated after five hours.  

Thirty minutes after the second open field test, a blood sample was taken for the later 

determination of cortisol levels. Pikeperch were dip-netted from the arena and rapidly placed 

in a 100 l plastic box with 30 l of water with 200 mg/L MS-222 solution for 30 seconds. A blood 

sample was then taken from the caudal vein of the immobilized fish within 86 ± 60 seconds 

after anesthesia into a 1 ml heparinized syringe and kept on ice until a maximum of twelve 

samples were taken. After sampling, the pikeperch were quickly returned to a 100 l box with 

50 l of fresh water and transferred to a 75m² concrete pond for recovery. No mortality was 

observed during or after the sampling. Blood was stored in Eppendorf tubes at -80°C until 

further procession. Because by accident plasma was not separated before freezing, cortisol 

had to be isolated from the whole blood. This was done by ethanol extraction similar to the 

procedure for extraction of cortisol from plasma (BABERSCHKE et al. 2019). Briefly, 50 µL of 

thawed and mixed blood were added to 950 µL of ethanol, put on a shaker for 1 h (200 rpm), 

and then centrifuged for 5 min at 3000 x g. The supernatant was collected, evaporated 

overnight and cortisol was dissolved in 1000 µL phosphate buffered saline (PBS, pH 7.2) 

supplemented with 0.1 % bovine serum albumin (BSA, Sigma-Aldrich, Germany) and 

5 % ethanol. Cortisol was measured in extracted samples at a dilution of 1:50 in duplicate with 

an enzyme-linked immunosorbent assay (Cortisol Saliva ELISA, IBL International, Hamburg).  

The described measures of activity and boldness showing significant repeatability were 

entered into a Principal Components Analysis. The main axis was extracted from each PCA and 

scores of any individual on these axes were henceforth used as covariates representing the 

respective personality trait. In addition, because boldness and cortisol were correlated in 

previous studies (e.g., RAOULT et al. 2012), cortisol value was tentatively included into the PCA 

for boldness measures, but found that it was uncorrelated with boldness. 

 Figure 11 Arena setup for "open field" tests to assess boldness of pikeperch. 
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Repeatability of activity and space-use measures had already been assessed in the context of 

spawning experiments (see section 3.3.2). However, repeatability of a behavior may be 

influenced by outer conditions, which may (to a certain degree) have varied over the timeline 

of the experiments. It was thus assessed again for the individuals and observation period, for 

which spatial behavioral metrics were calculated in the vulnerability analysis (see definition of 

the period above). Intraclass correlation of the activity measures (antenna switches and 

minimum swimming distance) was estimated based on daily measures for the two weeks of 

observations. For space-use, an estimate of home range for the first and the second week of 

the analyzed period were tested for repeatability. Input data were log-transformed where 

necessary to meet the normality assumption of the Gaussian mixed-effects model from which 

repeatability was estimated (see section 3.3.2 for details). 

  

3.6.3   Modeling the drivers of vulnerability to angling 

The determinants of vulnerability to angling were modeled in two ways. Cox proportional 

hazard regressions were run to predict the capture speed (i.e., survival time until capture) of 

individual fish under the consistent hazard of angling. Survival time data were right-censored, 

because angling was stopped when more than half of the population in a given pond was 

captured. For ponds where less than half of the population could be captured, angling ceased 

after eight angling hours in real time, and this time was recorded as the censor for uncaptured 

fish. Survival models were fit in R using the package “coxme” (THERNEAU 2020). In addition, the 

vulnerability of individuals to angling per se was modeled as a binary outcome (0 = uncaptured 

or 1 = captured) in logistic GLMMs. To account for potential pond effects, individual data were 

nested within ponds as random intercepts in both modeling approaches. Recaptures were not 

considered in these analyses, because too few individuals (N = 2) were recaptured. Only the 

first catch event of recaptured fish was used in the analysis. In both analyses, the full model 

was defined as follows: 

Vulnerability (survival object or binary term) ~ (1 | Pond) + Total length + Sex + Condition 

index + Origin + Cortisol value + Origin:Cortisol value + PC-Boldness + PC-Activity + Space-use 

where (1 | Pond) indicates ponds were treated as random intercepts. Cortisol value means 

the hormonal stress responsiveness measured as blood cortisol levels (in ng/ml) after 

standardized stressing. Cortisol was included as a main and interaction effect with Origin, 

because consistent differences in cortisol value ranges between origins were apparent 

(Appendix 3). In the GLMM, however, Origin was not included as a predictor (but used in 
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interaction terms), because the experiment by design created an equal amount of vulnerable 

and non-vulnerable fish for both origins, hatchery and wild. 

Starting from this full model, stepwise backward variable selection was performed using the 

conditional Akaike Information Criterion (AICc) as measure of fit (HEINZE et al. 2018). In each 

step, the variable whose exclusion from the model caused the largest drop in AICc, was 

eliminated. This procedure was followed until further exclusion of variables caused a clear 

increase in AICc. Model averaging was then performed on the candidate models that ranged 

within two AICc points from the best model with the overall lowest AICc, as described in 

section 3.3.3 (BURNHAM and ANDERSON 2002). 

All predictor variables (except for categorical variables) were z-transformed prior to inclusion 

in the models for standardization, and comparability of effect sizes. To deal with 

multicollinearity, only covariates with Variance Inflation Factors < 3 were included in the 

models (ZUUR et al. 2007).  

 

3.7   Catch-and-release impacts on activity 

To assess the behavioral consequences of catch-and-release angling outside the reproduction 

period, the swimming activity levels of pikeperch that were caught during experimental 

angling (see section 3.6.1) were analyzed before and after C&R. To recapture, approximately 

half of the sample pikeperch population were caught during experimental angling, conducted 

in early – mid July (Figure 4). Although one pikeperch was still on the nest in one of the 

concrete raceways at the onset of experimental angling, the angling period is interpreted as 

post-spawn season, because fish of the concrete raceways had been artificially held at lower 

water temperatures to delay spawning prior to stocking. All captured fish were played as little 

as possible upon hooking, air-exposed for 60 seconds, and then gently released back into the 

water. 

 

3.7.1   Comparing relative activities before and after angling using a BACIPS approach 

Activity was calculated as the minimum swimming distance in meters derived from the PIT 

data (see section 3.3.1) per timesteps of 24 hours (following KLEFOTH et al. 2008) from seven 

days before until seven days after the exact date and time of capture. A Progressive Change 

Before-After-Control-Impact-Paired-Series (BACIPS; STEWART-OATEN et al. 1986; THIAULT et al. 

2017) design was chosen for the in section 2.4 introduced reasons. That is, the minimum 

swimming distance per any 24 h timestep of a captured-and-released individual was 
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calculated as the difference (i.e., Delta “∆”) to the population average activity of the 

uncaptured fish within the same pond at the same time. This measure is denoted as “∆” in the 

following. Non-vulnerable individuals thus built the controls for the catch-and-release treated 

individuals of this study. The ∆ of any impacted individual i at timestep t has therefore been 

calculated from the raw individual swimming distances Dist as: 

∆𝑖,   𝑡 = 𝐷𝑖𝑠𝑡𝐼𝑚𝑝𝑎𝑐𝑡,   𝑖,   𝑡 −  𝑚𝑒𝑎𝑛(𝐷𝑖𝑠𝑡𝐶𝑜𝑛𝑡𝑟𝑜𝑙,   𝑖,   𝑡   ) 

Where Impact represents any fish that was captured and released and Control represent fish 

that were never exposed to C&R. To the daily estimates of ∆ for captured-and-released fish, a 

specialized, unpublished model was fit (RIEBLE et al. 2019). In this model, the daily estimates 

of ∆ in the period before impact were averaged to build the model parameter 𝑘1. The after-

impact consisted of two parts, one describing the impact of the C&R event and the other 

describing the recovery part of the function. The estimated ∆ at day-1 after impact (C&R) was 

estimated with the following formula: 

∆𝑡=  𝑘1 + 𝑟𝑟 ∗  𝑘1 (1 −
𝑘1

𝑘2
) −  

𝛼

(1 +  𝛽 ∗ 𝑡)
∗ 𝑘1  ;  𝑡 = 1 

      (            recovery part                 )         (            impact part         ) 

Delta activity predictions for all subsequent days (2 – 7 after impact) were computed as: 

∆𝑡=  ∆𝑡−1 + 𝑟𝑟 ∗ ∆𝑡−1 (1 −
∆𝑡−1

𝑘2
) −  

𝛼

(1 +  𝛽 ∗ 𝑡)
∗ ∆𝑡−1  ;  𝑡 = 2 − 7 

                                              (                 recovery part                          )          (               impact part            ) 

 

where t  is the number of days after impact, 𝑘1 is the estimated mean ∆ in the before-impact 

period, 𝑘2 is the predicted activity level at a recovered state (= “recovery state”), 𝛼 represents 

the extent of impact, 𝛽 is interpreted as the rate of impact, and 𝑟𝑟 describes a rate of recovery 

that is proportional to 𝑘2. The impact part of the function is thus shaped by 𝑘1 (resp. ∆𝑡−1), 𝛼 

and 𝛽, whereas 𝑘1  (resp. ∆𝑡−1), 𝑟𝑟 and 𝑘2  affect the recovery term of the model. How the 

single parameters affect the model outcome is visualized in Figure 12 to facilitate 

interpretation. 

Because the function was not designed for negative numbers, which would invert the 

direction of the output curve, the raw estimates of ∆ were transformed so that any Gibbs 

sampled prior value within the tolerance intervals of 𝑘1 and 𝑘2 would never fall below zero. 

Therefore, the lowest estimate of all ∆ observations from the pooled dataset was set to 100 

and all other estimates were calculated as their difference to the lowest observation value 

plus 100. For visualization purposes, the transformation was reversed in plots to facilitate 

interpretation (Figures 19 – 21).  

(eq. 1) 

(eq. 2) 
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The presented model was fitted in a Bayesian hierarchical framework, with two levels of 

hierarchy. Treatment fish were nested within population, and repeated measures of ∆ within 

individuals. Wild fish were found to have a much wider range of observed ∆ estimates than 

did hatchery-reared fish (see Figures 20, 21), which led to convergence issues with a pooled 

model. Therefore, one hierarchical model was fitted each to the wild fish and one to the 

  
Figure 12 Fictional plots to demonstrate how each parameter of the equations (eq. 1, eq. 2) affects the model 
outcome. One example graph is given each for a low or high estimate of a respective parameter, when all other 
parameters are held constant at an intermediate level. Blue arrows and lines indicate how and at what part of 
the function any parameter affects the outcome. 
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hatchery-reared population. Informative prior probability distributions were used, thus 

identical prior settings had to be used in both origin-specific models. The parameter 𝑘1 was 

allowed to vary around the geometric mean of the ∆ estimates of the before-impact period to 

reduce the influence of substantial outliers in ∆ estimates (see e.g., “PIT 43” in Figure 21). The 

parameter 𝑘2  was drawn from a uniform distribution ranging between the minimum and 

maximum estimate of ∆ estimates in the before period with a tolerance. This was decided, 

because it appeared unlikely that the activity level of a fish after recovery would approach 

some level outside the basal activity it showed before capture. The model parameters 𝛼, 𝛽 

and 𝑟𝑟 were drawn from uniform distributions with a tolerance on the population level, and 

from Gaussian or Gamma distributions varying around the population-level estimate on the 

individual level. Further specifications of the chosen prior distributions for the models are 

listed in Appendix 4.  

A significant impact through angling was defined to exist and persist as long as the Bayesian 

credibility interval estimates showed no overlap with the basal level of ∆. For example, “PIT 

177” in Figure 20 showed a significant decrease in ∆, persisting for the seven observed days 

after impact, while “PIT 164” did not show a significant change of ∆ through C&R. Two 

pikeperch were recaptured within three days after first capture and were excluded from the 

analysis, because the second capture event would likely fall within and bias the recovery 

observations. 

The posterior probability distributions for model parameters were inferred using Markov 

chain Monte Carlo (MCMC) simulation, implemented in JAGS 4.3.0 (PLUMMER 2003). Posterior 

probability distributions were estimated from 100,000 iterations with a burn-in period of 

50,000 iterations, a thinning factor of 10, and three Markov chains. The model, data and 

MCMC settings were implemented in R using the “R2Jags” package (SU and YAJIMA 2012). 

Model convergence was assessed visually using trace plots of MCMC chains and R.hat values 

for model parameters. The vast majority of model parameter estimates on both the 

population- and individual level had R.hat values < 1.1 (GELMAN and SHIRLEY 2011), suggesting 

good convergence of the model.  
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3.8   Catch-and-release impacts on individual reproductive success 

3.8.1   Quantifying parental care behavior  

Whenever a spawned nest was identified as described in section 3.2.2, videotaping of baseline 

nest-guarding behavior and examinations of aggressiveness began on the first day after nest 

identification. Three days of nest-guarding behavior observations were collected, treatment 

fish were then angled on day four, and three more days of behavior post-angling were 

surveyed. Control fish had the same observation period, but were not angled. Baseline nest-

guarding behavior and aggressiveness were tested and videotaped twice a day, between 

9 a.m. – 1 p.m. and 6 p.m. – 10 p.m., respectively. Males were filmed from above using a 

transferable tripod construction at the end of which a GoPro® “Hero 4” action camera was 

attached (Figure 9). One guarding male (PIT 6) that had its nest close to the shore had to be 

filmed from the front due to the shallow depth.  

Within each examination, the nest-guarding fish was videotaped for 20 minutes and 

aggression tests subsequently conducted. From the video material, the last five minutes of 

each filming session, after an acclimation period to the camera placement for 15 minutes, 

were analyzed with respect to the intensity of fanning. The number of pectoral fin beats that 

fulfilled a movement amplitude of 90° (from min. perpendicular to the body surface to parallel 

to skin) was recorded. Aggressiveness was assessed from the three different tests introduced 

in section 3.5.1.  

 

3.8.2   Experimental angling of nesting pikeperch 

On the fourth day after nest identification, randomly selected treatment fish were angled and 

released to induce physiological stress and absence in nest-guarding. In the morning on day 

four, baseline aggressiveness and fanning were surveyed. Two hours past this first assay, 

angling was conducted. Pikeperch were targeted with a single-hook soft plastic jig, starting 

with an action-shad trailer (Figure 10a), moving to a No-Action-Shad (Figure 10b) after ten 

unsuccessful casts, and finally to a crayfish type (Figure 10c) after another ten casts until all 

treatment fish were captured. To not accidentally capture other fish of the pond, the angling 

lure was casted very precisely towards the nest location of the treatment fish and quickly 

retrieved once it was out of the nest range. Once hooked, the pikeperch was played as little 

as possible to minimize the risk for the fish to come off the hook. Pikeperch were landed with 

a scoop net and exposed to air for a total of 60 seconds. During this time, the hook was 

removed, and the identity of the targeted fish was confirmed by a PIT-reader. Fish were 

captured from a position close to the nest to reduce disturbance for other fish but released at 

the opposite site of the pond to represent release distances more commonly faced in the wild.  
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For treatment fish of the larger earthen ponds, the release distance was 12 meters, and five 

meters for fish of the concrete ponds. Fish were consistently filmed from 15 minutes before 

angling start until long time after to monitor return times to the nest and occurrences of nest 

predators. Nest-guarding behavior assays were again conducted two and six hours after 

angling, enabling a higher resolution of the recovery times. This implies that on day four of 

nest-guarding examination, behavioral tests were repeated three times. To account for the 

potentially increased disturbance through intrusion tests and filming, control fish were 

likewise assayed three times on their fourth day of nesting despite no angling. 

 

3.8.3   Catch-and-release-impacts – data analysis 

To statistically test for differences between the nest-guarding intensity before and after catch-

and-release, linear models were computed using “period” (before/after C&R) as a predictor 

and aggressiveness test results (TAB score or response distance) or pectoral fin beats as the 

dependent variable. Because there were too few items (= individuals) to be nested within a 

random effect by treatment (GELMAN and HILL 2007), the linear models were computed for 

each individual and each response variable of nest-guarding behavior separately. To reduce 

potential bias by the influence of time on the nest on nest-guarding intensity (see section 

4.1.3), only observations of aggression tests within 48 hours before and after C&R (or the 

equivalent period for the control fish) were considered for the examination of angling effects. 

This corresponds to the timeline considered in previous analyses of C&R effects on nest-

guarding behavior (SUSKI et al. 2003). For catch-and-release impacts on fanning rates, the three 

filming occasions before angling and the three sequences after angling (i.e., -26h, -18h, -2h, 

+2h, +6h, and +22h) were considered. All of the statistical analyses as part of this work were 

conducted in R 3.6.2 (R CORE TEAM 2019). 

 

  



 
Results  45 

4. Results 

4.1   Spawning- and nest-guarding behavior  

A total of 137 pikeperch (mean length ± SD: 556 ± 70 mm, mean weight: 1712 ± 770 g) were 

introduced to both pond types for spawning assays across the two experimental runs 

(including replacement fish for dead individuals). A delayed mortality rate of 50 % was 

observed for wild fish, and 4 % for hatchery fish throughout the course of the experiments. 

The high mortalities were likely attributable to physiological stress after extensive handling 

together with exceptionally warm and rapidly rising temperatures during the spring of 2018. 

In total, eight successfully spawned nests containing eggs (male success rate: 13.3%) were 

recorded between June 9 (water temperature: 13°C) and July 1, 2018 (water 

temperature: 16.5°C). That is, two broods were recorded during the first experimental run and 

six nests during the second run. Two of the nests were of wild parent origin, the remainder 

were spawned by hatchery fish. Of the recorded eight nests, two nests were not guarded by 

a male at all (hatchery), one nest was abandoned gradually starting two days after spawning 

(hatchery), one nest was small and unidentified until pond draining (wild), and one nest was 

spawned immediately before pond resetting to exchange fish, thus remaining unnoticed until 

drainage (wild). Three nests (all hatchery) were guarded consistently by a male for on average 

10.3 ± 2.1 days until abandonment. Guarding males were never observed to be absent from 

the nest, except for rushes towards conspecifics passing by the nest, but with an immediate 

return. 

 

4.1.1   Determinants of spawning success 

A total of N = 76 fish contributed data to the analysis of determinants of spawning probability 

(N = 33 hatchery and N = 43 wild fish). A Principal Components Analysis revealed that activity 

and space-use loaded on different axes, therefore representing different behavioral motifs 

(Table 1). Both metrics of activity and space-use were significantly repeatable (Table 1). 

In the selection procedure to predict spawning probability, a model combining space-use, 

activity (as a PC-score), and the interaction of sex and activity received the lowest AICc 

estimate, with an AICc weight of 0.3 (Table 2). All predictor combinations that had AICc 

estimates less than two points higher than the best-performing model are listed in Table 2. 

These models were considered having equal explanatory abilities and parameters of these 

models were averaged in the next step. Parameter averaging revealed that none of the 

covariates significantly affected spawning probability (Table 3). Space-use formed the most 

important variable with a summed AICc weight of 0.75, showing a trend of being negatively 
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related to spawning probability (Z = 1.75, P = 0.08). P-values of all other averaged predictors 

were > 0.1 (Table 3). 

 

 

 

 

 

 

 

 

 

 

 

4.1.2   Determinants of female mate-choice and spatial behavior before spawning 

The logistic GLMMs to predict the probability of a candidate male to be chosen by a female 

revealed that the nest attentiveness prior to spawning significantly and positively affected 

male’s mating success (T = 358.3, P = <0.001). The other examined predictor variables (TL, 

length relative to female, early encounters with the spawning female, explorative behavior, 

and time at first nest occupancy) showed no significant univariate relationship with the 

probability of being chosen (Table 4).  

 Variable Eigenvalue Expl. Variance (%) Loading ICC P 

PC1 - Activity 2.00 99.9       

Antenna switches     -0.71 0.49 ± 0.05 <0.001 

Minimum swimming distance   -0.71 0.41 ± 0.05 <0.001 

Space-use   0.06 0.50 ± 0.07 <0.001 
      

Model structure AICc ∆AICc log Likelihood wi AICc 

Space-use + PC-Activity + Sex:PC-Activity 58.9 0 -24.0 0.30 

Space-use 59.6 0.7 -26.6 0.21 

Space-use + Origin + Time 60.5 1.6 -24.8 0.14 

Space-use + PC-Activity 60.7 1.8 -26.0 0.13 

Space-use + Time 60.7 1.8 -26.0 0.12 

Covariate Estimate SE Z P Importance 

Space-use -1.11 0.62 1.75 0.08 0.75 

PC-Activity -0.69 1.46 0.47 0.64 0.39 

Sex-male:PC-Activity 1.05 1.79 0.58 0.56 0.16 

Origin-Wild -0.30 0.86 0.34 0.73 0.27 

Time-2 -0.50 1.06 0.46 0.64 0.29 

Table 3 Results of model-averaged parameters from the best-
performing models for predicting spawning success. ":" indicates an 
interaction term. SE = Standard Error. 

 

Table 1 Principal Components Analysis results of the first axis and repeatability estimates (ICC) ± bootstrapped 
SE for activity measures and space-use. Loadings are given for each variable on each axis. 

Table 2 Best performing logistic models for predicting spawning success (∆AICc ≤ 2). “Pond” was included as 
a random effect in any model. ":" indicates an interaction term. The best model’s AICc is highlighted in bold. 

wi AICc = AICc weight. 
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Inspection of the bubble plots visualizing the spatial behavior of successful males and females 

suggested that in three of four successful couples, the encounter rate of male and female 

gradually increased from 24 h before- until spawning (Figure 13). In two cases, the spawned 

nest began to be occupied (male detected on the nest > 10% of the total time within any 

timestep) at 48 h before spawning. Two males had occupied the nest 96 hours before receiving 

eggs. Until 8 h after spawning, occasional visits of the nest by the female could still be recorded 

until female occurrences ceased. 

 

 

 

 

 

Covariate Estimate SE T P 

Relative size 0.15 0.76 0.2 0.85 

Total length 1.57 1.13 1.39 0.22 

Attentiveness 24.96 0.07 358.3 <0.001 

Encounters with female 1.26 1.49 0.84 0.44 

Exploration rate -0.37 0.77 -0.47 0.66 

Time until nest occupancy -0.1 0.76 -0.13 0.89 

Table 4 Results of single-predictor logistic GLMMs to predict probability 
of males to be chosen by the spawning female. 
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Figure 13 Spatial behavior of a spawning female, the successful male (both in colors), 
and unsuccessful candidate male pikeperch (in grey) for four days before until two 
days after spawning. Bubble scales logarithmically with the number of detections on 
any receiver within time intervals of eight hours. Encounters = simultaneous 
occurrences of any male and the spawning female within the same minute on the 
same receiver. Switches = number of switches between antennas for the males and 
female as a measure of activity. (a) and (b) are hatchery fish, (c) and (d) are wild fish. 
SPW = Spawning. 
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4.1.3   Male nest-guarding behavior 

Three spawned nests were found with consistently guarding males (all of hatchery origin) 

contributing to the analysis of nest-guarding behavior. One individual nested on one of the 

designated coconut-fibre nests in an earthen pond, a second individual built an own nest in 

shallow water close to the shore of an earthen pond, and a third individual received eggs on 

a fir branch nest in a concrete raceway. Across these individuals and seven days of nest-

guarding observations, males displayed on average 6.4 ± 3.4 (mean ± SD) aggressive behaviors 

toward a small, egg predator-like model intruder and 8 ± 3.9 aggressive behaviors toward a 

large, competitor-like intruder model per minute the intruder was within the nest area (see 

Figure 14). The average distance at first aggressive response toward an approaching model 

intruder presented on a dowel rod was 0.9 ± 0.5 m. The average pectoral fin beat rate, 

estimated from video surveys between day 3 – 5 after spawning, was 70.5 ± 4.7 fin beats per 

minute.  

The number of aggressive behaviors towards a model intruder moving on the nest area 

showed significant repeatability for both the small (ICC = 0.45, P = <0.001) and the large 

intruder model (ICC = 0.26, P = 0.003; Table 5). The distance at first response towards an 

approaching model intruder was not significantly repeatable (ICC = 0.15, P = 0.124; Table 5). 

In a Poisson-type mixed-effects model to predict the number of aggressive behaviors towards 

an intruder, both the intruder size (Z = 3.56, P = <0.001) and time spent guarding the nest 

(Z = 6.15, P = <0.001) were found to be significant predictors (Table 6). Both variables were 

positively related to the number of aggressive behaviors. Total length of the male was trending 

towards a negative association with aggressiveness, but was not significant (Z = -1.69, P = 0.09; 

Table 6). 

 

  

 

 

 

 

 

 

 

 

Aggresion test ICC P 

Small intruder 0.45 ± 0.21 <0.001 

Large intruder 0.26 ± 0.15 0.003 

Response distance 0.15 ± 0.14 0.124 

Covariate Estimate SE Z P 

TL -0.21 0.12 -1.69 0.09 

Intruder size 0.28 0.08 3.56 <0.001 

Time 0.12 0.02 6.15 <0.001 

Table 6 Results of the Poisson-type GLMM on predictors of 
the aggression intensity as the number of aggressive 
behaviors towards a model intruder. 

Table 5 Results of repeatability tests for aggressiveness traits. 
ICC = Interclass Correlation Coefficient ± bootstrapped SE. 
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Figure 14 Results of behavioral assays of nest-guarding behavior over time. Given are averaged metrics of two 
tests that were conducted per day. TAB score = Total number of Aggressive Behaviors. 
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4.2   Impacts of catch-and-release angling on nest-guarding behavior 

Of three male pikeperch that received eggs and consistently guarded the brood, N = 2 were 

assigned treatment fish that were angled and released, whereas N = 1 individual was declared 

a control fish. Of the two angled individuals, both returned to the nest after release and no 

mortality of any guarding pikeperch was observed. The required return times to the nest after 

C&R were 25.1 mins at a release distance of 12 m (i.e., 2.1 min/m; captured in earthen pond), 

and 6.9 mins at a release distance of 5 m (i.e., 1.4 min/m; captured in concrete pond; Figure 

15). Several short-term occurrences ≤ 10 secs of the absent male after C&R on two foreign 

nests were recorded by the PIT-system for the fish captured in an earthen pond.  

There was no significant change in aggressiveness towards two differently sized model 

intruders for any of the individuals after catch-and-release (Figure 16, left; linear models, big 

intruder: PPIT 45 = 0.56, PPIT 326 = 0.84, PPIT 6 = 0.31; small intruder: PPIT 45 = 0.56, PPIT 326 = 0.06, 

PPIT 6 = 0.31). One individual showed a significant increase in vigilance within 48 h after 

treatment (Figure 16a, right; linear model, PPIT 45 = 0.02), but this did not hold true for the 

other treatment individual (Figure 16b, c, 

right; linear models, PPIT 326 = 0.15, PPIT 6 = 

0.15). Visualization of the aggressiveness 

over time suggested that there was only a 

clear drop in aggression after C&R for one 

individual (Figure 17a), which was largely 

recovered within six hours after 

treatment. The second captured-and-

released individual did not show a clear 

response in aggressiveness to the 

treatment (Figure 17b).  

 Figure 15 Required time to return to the nest after 
catch-and-release against the distance at release 
for two pikeperch. 

 
 

Figure 16 Comparisons of aggressiveness before and after 
catch-and-release treatment. Barplots show the mean ± SE 
of aggression test results for tests conducted 48 h before 
until 48 h after treatment. TAB score = Total Aggressive 
Behaviors towards a model intruder. Response distance = 
farthest distance to elicit an aggressive response towards an 
approaching model intruder. (.) = P < 0.10, * = P < 0.05. 
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A significant increase in the rate of pectoral fin beats as a proxy of egg aeration intensity could 

be found for one treatment fish after catch-and-release (Figure 18). The other treatment 

individual and the control fish did not show significant changes in fanning rate. 

 

 

 

 

 

 

 

 

 
Figure 17 Results of aggressiveness assays over time on the nest for Treatment (angled and released) and Control 
fish. TAB score = Total number of Aggressive Behaviors towards a model intruder. Response distance = farthest 
distance to cause pikeperch to respond toward an approaching intruder. 

 Figure 18 Number of pectoral fin beats per minute at three 
filming occasions before and after catch-and-release. One 
observation at -26h is missing where bad lighting 
conditions did not allow robust quantification of fin beats. 
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4.3   Impacts of catch-and-release angling on swimming activity  

No mortality was observed for N = 25 angled and released pikeperch within seven days after 

capture. One hatchery-reared individual was found dead during experimental angling with a 

distinctive eye damage that was not registered at the time of stocking, while one fish was lost 

after hooking before it could be identified earlier in the same pond. This might be a case of 

hooking mortality, but since it cannot be verified finally, zero mortality is reported. Moreover, 

catch-and-release angling did not induce a significant change in relative swimming activity (∆) 

in both wild and hatchery-reared fish, as the estimated 95% Bayesian credibility intervals of 

any observation day after impact encompassed the before-impact ∆ level (Figure 19). The 

observed and model-predicted average ∆ Activity across wild pikeperch, however, showed a 

drop after C&R, which was recovered after 4 – 5 days according to model predictions and 

observed ∆ estimates. For hatchery-reared pikeperch, neither the observed mean ∆ nor the 

model predictions indicated a clear change after treatment. 

The average daily swimming activities (in m) of captured and released wild pikeperch as ∆ to 

the untreated control fish population average, surveyed with PIT-arrays under semi-natural 

conditions, are predicted by: 

∆𝑡=  255.6 + 1.18 ∗  255.6 (1 −
255.6

260.8
) −  

0.24

(1 +  1.13 ∗ 𝑡)
∗ 255.6  ;  𝑡 = 1 

 

∆𝑡= ∆𝑡−1 + 1.18 ∗ ∆𝑡−1 (1 −
∆𝑡−1

260.8
) −  

0.24

(1 +  1.13 ∗ 𝑡)
∗ ∆𝑡−1  ;  𝑡 = 2 – 7 

which is visualized in Figure 19a. 

In the same experimental- and modeling framework, the average impact of a catch-and-

release event on the ∆ Activity (in m) of hatchery-reared pikeperch is described by: 

∆𝑡=  252.3 + 0.87 ∗  252.3 (1 −
252.3

282.3
) −  

0.23

(1 +  0.88 ∗ 𝑡)
∗ 252.3  ;  𝑡 = 1 

 

∆𝑡=  ∆𝑡−1 + 0.87 ∗ ∆𝑡−1 (1 −
∆𝑡−1

282.3
) −  

0.23

(1 +  0.88 ∗ 𝑡)
∗ ∆𝑡−1  ;  𝑡 = 2 – 7 

which is visualized in Figure 19b. 

The swimming activities of three out of N = 9 (= 33%) wild pikeperch and four out of N = 16 

(= 25%) hatchery-reared pikeperch were significantly altered after experiencing C&R. 

Significantly affected fish reacted in both directions: 66% of impacted wild pikeperch and 50% 

of hatchery-reared fish showed decreased activity after C&R, and 33% of wild fish and another 

50% of hatchery-reared individuals displayed increased activity after C&R (Figures 20, 21). 
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Cumulatively, a total proportion of 28% of sampled pikeperch of both origins showed a 

significant response in activity to catch-and-release angling. 

Of all fish whose activity was significantly affected by C&R, none was recovered within the 

observed seven days after capture, as the Bayesian credibility interval estimates on the 

seventh day after impact still did not encompass the basal ∆ estimate in all cases 

(Figures 20, 21).  
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Figure 19 Population-level mean ∆ Activity estimates and predictions of the fitted model with Bayesian credibility 
intervals for wild- (a) and hatchery-reared pikeperch (b). Timing of the catch-and-release event is indicated by the 
dashed line, thus the grey rectangle marks the after-impact period. 

 

* 

* * 

Figure 20 Individual-level daily ∆ Activity estimates and predictions of the 
fitted model with Bayesian credibility intervals for wild pikeperch. Timing 
of the catch-and-release event is indicated by the dashed line, thus the 
grey rectangle marks the after-impact period. Individuals, where ∆ Activity 
was significantly altered after catch-and-release, are denoted with a *. 
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 Figure 21 Individual-level daily ∆ Activity estimates and predictions of the fitted model with Bayesian 
credibility intervals for hatchery-reared pikeperch. Timing of the catch-and-release event is indicated by the 
dashed line, thus the grey rectangle marks the after-impact period. Individuals, where ∆ Activity was 
significantly altered after catch-and-release, are denoted with a *. 
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4.4   Determinants of vulnerability to angling 

N = 23 wild and N = 33 hatchery fish contributed to the analysis of vulnerability correlates. The 

average length of the N = 56 pikeperch contributing to the vulnerability analysis was 530.6 ± 

49.4 mm (mean ± SD). The estimated average minimum swimming distance of all fish was 

30.6 ± 47.8 meters per day, the average latency until fish fully emerged from shelter in an 

open-field test was 18.4 ± 10 minutes, and the mean cortisol concentration after standardized 

stressing was 132.2 ± 69.5 ng/ml blood. The probability density functions of fish variables 

serving as predictors of vulnerability to angling are visualized in Appendix 2 and 3. 

Similar to the behavioral assays before spawning (see section 4.1.1), a PCA revealed that 

antenna switches and minimum swimming distance were highly correlated, whereas space-

use formed a different behavior at the time of experimental angling in post-spawn (Table 7). 

Moreover, all three measures of boldness derived from an open-field test (time until head 

emergence, time until full body emergence, and hesitation time between head- and full body 

emergence) were highly correlated and thus formed a common behavioral motif (Table 7).  

All metrics of both, activity and boldness, showed significant repeatabilities (Table 7). For 

activity measures, ICC estimates ranged from 0.25 – 0.34, and ICCs for boldness measures 

ranged between 0.36 – 0.53. 

 

 Variable Eigenvalue Expl. Variance (%) Loading ICC P 

PC1 - Activity 2.11 100       

Antenna switches     -0.67 0.24 ± 0.05 <0.001 

Minimum swimming distance   -0.67 0.23 ± 0.05 <0.001 

Space-use   -0.31 0.34 ± 0.14 0.02 
      

PC1 - Boldness 2.46 82       

Time until head emergence     -0.54 0.36 ± 0.17 0.05 

Time until body emergence   -0.60 0.47 ± 0.15 <0.01 

Hesitation     -0.59 0.53 ± 0.14 0.01 

Table 7 Eigenvalue and explained variance of the first Principal Component axis for activity and boldness traits, 
loadings of any variable on the first trait-specific PC-axis, Interclass Correlation Coefficients (ICC) ± bootstrapped 
SE and P-value of repeatability tests.  
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4.4.1   Experimental angling and correlates of vulnerability 

N = 29 of 56 pikeperch were captured during the experimental angling, which was conducted 

until a maximum time of 480 minutes, but with pond-specific censor times. N = 11 of 23 wild 

fish and N = 18 of 33 hatchery fish were captured (see origin-specific survival curves in Figure 

22a). The average survival was 26.7 ± 32.3 minutes (mean ± SD) for all vulnerable fish, 34.1 ± 

49.3 minutes for wild fish and 22.2 ± 15.1 minutes for hatchery fish. Survival times of the 

vulnerable fish of the two origins were not significantly different (one-sided t-test, t = 0.96, 

P = 0.17). The average playing time of each captured fish was 16 ± 6.6 seconds. N = 20 

pikeperch (69 %) were caught on the action shad lure type (Figure 10a), N = 8 fish (28 %) were 

caught on the no-action shad (Figure 10b), N = 1 individual (3 %) was captured by dead baiting, 

and no fish was caught on the crayfish lure type (Figure 10c). 

The combination of sex and space-use formed the best-performing model to explain 

individual’s vulnerability to angling as the survival time until capture (AIC = 176.2; Table 8). 

The inclusion of physiological stress responsiveness to this model as well as the exclusion of 

space-use resulted in similarly well performing models (∆AIC ≤ 2). Averaging across these 

models yielded that none of the predictor variables significantly affected speed of capture as 

the 95% confidence interval estimates of the hazard ratios overlapped one (Table 9). The 

hazard ratio for females to be captured was 2.34 times higher than for males and approaching 

significance, as the confidence interval only barely overlapped one. Both space-use and stress 

responsiveness were on average negatively associated with capture speed with hazard ratios 

below one. These trends, however, were far from significance as the confidence intervals of 

hazard ratios clearly overlapped one. Sex was the most important predictor variable with AICc 

weights sum of 1 (Table 9). Sex-specific survival curves and effect sizes, i.e., predicted survival 

curves when a focal covariate was modified to its upper or lower quantile, while other 

covariates were held at the population mean, are shown in Figure 22. The latter are shown for 

males and females, separately, because sex could not be averaged. 

ID Model structure AICc wi AICc 

Full TL + Sex + Condition + Origin + Cortisol + Origin:Cortisol + PC-Boldness + PC-Activity + Space-use 189 0 

1 TL + Sex + Origin + Cortisol + Origin:Cortisol + PC-Boldness + PC-Activity + Space-use 185.9 0 

2 Sex + Origin + Cortisol + Origin:Cortisol + PC-Boldness + PC-Activity + Space-use 183.1 0.01 

3 Sex + Origin + Cortisol + Origin:Cortisol + PC-Activity + Space-use 180.4 0.04 

4 Sex + Origin + Cortisol + Origin:Cortisol + Space-use 179.3 0.07 

5 Sex + Origin + Cortisol + Space-use 179.3 0.07 

6 Sex + Cortisol + Space-use 176.9 0.24 

7 Sex + Space-use 176.2 0.35 

8 Sex 177.2 0.21 

Table 8 Model selection results of a Cox proportional hazards regression predicting capture speed. Pond is 
included as a random effect in any of the models. wi AICc = AICc weight. ":" = Interaction terms. "PC-" = Score on 
the first axis of a trait-specific PCA. The best-performing models AICc and weight are highlighted in bold. 
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The likelihood of an individual being captured was not significantly related to any predictor 

(Table 11). Instead, the null model without covariates received the lowest AIC estimate. 

Including physiological stress responsiveness, its interaction with origin, activity and space-

use did not significantly deteriorate the model fit, indicating some, but weak explanatory 

power of these variables (Table 10). 

 

 

   

Variable Coefficient SE Hazard ratio 2.5 % 97.5 % Importance 

Sex 0.85 0.46 2.34 0.96 5.71 1.00 

Space-use -0.29 0.26 0.75 0.45 1.26 0.79 

Cortisol -0.09 0.19 0.92 0.64 1.32 0.44 

Covariate Coefficient SE P Importance 

Cortisol 0.50 0.90 0.59 0.70 

Origin:Cortisol -1.08 1.47 0.47 0.55 

PC-Activity 0.12 0.35 0.74 0.27 

Space-use -0.19 0.36 0.61 0.39 

Table 9 Model averaged parameter estimates of the selected best models predicting 
capture speed in a Cox regression. 

Table 10 Model selection table of Generalized Linear Mixed-Effects Models (GLMMs) predicting the 
probability of individuals to be vulnerable to angling. Pond is included as a random effect in any of the models. 

wi AICc = AICc weight. ":" = Interaction terms. "PC-" = Score on the first axis of a trait-specific PCA. The best-
performing models AICc and weight is highlighted in bold. 

ID Model structure AICc wi (AICc) 

Full TL + Sex + Cortisol + Origin:Cortisol + PC-Boldness + Condition + PC-Activity + Space-use 80 0 

1 Sex + Cortisol + Origin:Cortisol + PC-Boldness + Condition + PC-Activity + Space-use 76.8 0.01 

2 Sex + Cortisol + Origin:Cortisol + Condition + PC-Activity + Space-use 73.7 0.03 

3 Sex + Cortisol + Origin:Cortisol + PC-Activity + Space-use 71.1 0.1 

4 Cortisol + Origin:Cortisol + PC-Activity + Space-use 70.4 0.14 

5 Cortisol + Origin:Cortisol +  Space-use 70.6 0.12 

6 Cortisol + Origin:Cortisol 70.1 0.16 

7 Cortisol 70.3 0.15 

8 Base 68.9 0.30 

 

Table 11 Model averaged parameter estimates of the selected best models 
predicting capture probability in a GLMM. 
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Figure 22 Observed origin-specific survival curves with crosses indicating the censor times by pond (a). Predicted 
survival curves by sex (b), space-use (= “home range”; c and d), and hormonal stress responsiveness (e and f) 
from the averaged best model, where values of the non-focal model parameters were held at their mean. 
Predicted plots are shown for both sexes in c – f, because sex could not be averaged. Dashed lines indicate the 
time at which 50 % of the (virtual) population were captured. 
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5. Discussion 

5.1   Natural spawning behavior  

5.1.1   Common determinants of spawning success in both sexes 

The probability of both female and male spawning success was not significantly affected by 

any of the explored predictor variables. Space-use, general- and sex-specific activity rates 

formed the best model to predict variation in spawning success, suggesting some, but minor 

explanatory power of these mechanisms. Space-use, estimated as the home range of daily 

activities of a fish, showed a strong trend towards smaller home ranges benefiting spawning 

success.  

Reduced space-use may be indicative of a good ability to occupy and defend a site. A potential 

explanation for the trending association of smaller home ranges with increased spawning 

success might thus relate to dominance or territoriality. Many benthic freshwater fish, 

members of the family Percidae to which pikeperch belong, have developed social hierarchies, 

frequently involving territorial behavior of individuals or specific sexes to defend mating- and 

feeding sites (WINN 1958; PONCIN et al. 1996), which would result in reduced space-use. In 

regard to males, the dominant and territorial individuals in species with social hierarchies are 

preferentially chosen by the female and thus have higher reproductive success (GANDOLFI 

1971; COLE 1982; HUTCHINGS et al. 1999). It could be shown in a follow-up analysis (see next 

section) that male pikeperch that successfully attracted a female were tightly occupying a nest 

with low absence times from it, which corresponds to reduced space-use. Whether a high site 

fidelity in pikeperch is a result of a dominant status, however, is unclear.  

Species where both sexes display social hierarchies and maintain territories are likewise 

known (NURSALL 1977; FOOTE 1990; MACKERETH and KEENLEYSIDE 1993). In those species, both the 

most dominant males and females are typically the ones who spawn at first (MACKERETH and 

KEENLEYSIDE 1993). In addition, some females may use a potential spawning site as center of 

activity and actively court males entering that area (MERAL 1973, cited in MACKERETH and 

KEENLEYSIDE 1993). Finally, however, it is unknown whether dominance-subordinate hierarchies 

are displayed pikeperch in one or both sexes during spawning. The congeneric walleye has 

been reported to not be territorial during spawning (CASSELMAN et al. 2006). However, the 

reproductive biology of walleye shows essential differences from that of pikeperch, e.g., the 

lack of parental care behavior, so it cannot easily be generalized (see review by MARSHALL 

1977). If social hierarchies existed in pikeperch, the observed trend of reduced space-use 

benefiting spawning success chances, would indicate that territorial or dominant individuals 
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of both sexes have increased reproductive fitness, in agreement with previous studies 

(GANDOLFI 1971; COLE 1982; MACKERETH and KEENLEYSIDE 1993; HUTCHINGS et al. 1999). 

Space-use of pikeperch before spawning was found to be significantly repeatable, consistent 

with results of other species (e.g., ALÓS et al. 2016; MONK and ARLINGHAUS 2017; VILLEGAS-RÍOS 

et al. 2017). Space-use could thus be considered an intrinsic behavior of a pikeperch’s 

personality that is potentially heritable. Therefore, the basis for sexual selection to favor 

individuals based on their space-use is given.  

 

5.1.2   Determinants of female mate-choice 

Female mate-choice preference was found significantly related to male’s nest attentiveness 

before spawning. That is, a male’s chances of being chosen by a female mate increased with 

the more time the male spent in vicinity to its occupied nest. Males that spent a smaller 

proportion of the total time on the nest, indicating greater engagement in other activities such 

as exploration or feeding, had reduced chances of successful mating. A male’s total length or 

relative length to the female, exploration behavior, timing of nest occupancy, and the early 

encounter rate with the spawning female were unrelated to the probability of being chosen. 

Previous literature suggests that females use phenotypical cues such as size (e.g., WIEGMANN 

and BAYLIS 1995), coloration patterns (ANDERSON et al. 2016), or courtship rate (OLIVER and LOBEL 

2013) to infer expected parental quality of a male, preferring those cues that were typically 

correlated with a high intensity of provided care. Several studies on black bass species found 

that females indirectly preferred males that were more nest tenacious during egg guarding 

through its correlation with a larger body size (WIEGMANN et al. 1992; WIEGMANN and BAYLIS 

1995; SUTTER et al. 2012). It was often concluded that size was the decisive a priori cue that 

influenced female mate-choice. The results of the present study suggest that female pikeperch 

rather directly selected for nest attentiveness than for size.  

A high nest attentiveness of a male with low absence time from the occupied site, however, 

implies reduced engagement in foraging activities and therefore increased energy 

expenditure (HINCH and COLLINS 1991; MACKERETH et al. 1999). FELDMETH (1983) estimated that 

the energetic cost of defending a territory while trying to attract a female may be almost 

double the cost of resting metabolism. The presented results thus have the following 

implications, in line with or adding to the introduced concepts: First, high energy investment 

extending to the period before spawning is rewarded by higher mating chances for male 

pikeperch. Therefore, consistent selection for highly investing males would propose that 

evolution will favor an extended energy expenditure during mate acquisition with implications 

for the metabolic burdens associated with reproduction in nest-guarding species on the long-
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term. Second, it seems likely that female fish are capable of gauging the degree to which a 

male is nest tenacious. This is a novel insight in so far as male cues for mate-choice by females 

have only been documented for morphological traits (i.e., size or coloration), or courting 

behavior. Again, uncertainty remains about whether increased nest attentiveness relates to a 

social dominance status through the ability to claim and defend a nesting site. It is concluded 

that nest fidelity is not only beneficial to reproductive fitness if exerted after egg receival 

(WIEGMANN et al. 1992), but also if displayed before spawning. 

Some further descriptive information could be derived from this study that help fill our basic 

understanding of the reproductive behavior of pikeperch. First, successful males consistently 

occupied a chosen nesting site at least 48 hours before eggs were received, and in 50 % of 

cases ≥ 96 hours before spawning. Not the timing of first nest occupancy, but the tenacity 

during occupation had implications for mating success. These insights may help assessing the 

energetic costs of reproduction in male pikeperch. Second, occurrences of a female spawner 

on any nest remained a rare event until 24 hours before spawning. This suggests that females 

begin to actively search for a mate about one day before spawning. Encounters with the 

nesting male of choice then gradually increased until spawning (Figure 13). This is in line with 

camera observations of mating pikeperch from DRAȘOVEAN and BLIDARIU (2013): The authors 

reported that males chased away the female upon her first visits, but as the female responded 

with increasing visiting frequency, the male tolerated longer stay durations of the female 

including progressive courtship the closer it came to the spawning event. Lastly, female 

occurrences on the spawned nest were recorded for the initial eight hours after spawning, 

before detections ceased. The incentives behind these visits remain unknown, but it appears 

that there is a small degree of post-spawning maternal care behavior in which the female 

pikeperch inspects the guarded brood briefly after spawning. 

 

5.1.3   Male parental care behavior 

Nest-guarding behavior as a personality trait 

Despite a low number of successfully nesting males, this study could demonstrate that the 

aggressiveness towards a simulated nest intrusion event is a significantly repeatable behavior 

in pikeperch. By contrast, vigilance, measured as the farthest distance of an approaching 

model intruder to elicit an aggressive response in the guarding male, was not repeatable. 

Only one study could be found that looked at the repeatability of different traits present in 

the nest-guarding behavior of fish so far (see review by BELL et al. 2009; STEIN and BELL 2015). 

The repeatability of aggressive behaviors in nest-guarding three-spined stickleback 

(Gasterosteus aculeatus), quantified as bites towards a live intruder, was estimated at 
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ICC ~ 0.6 (see Fig. 1 in STEIN and BELL 2015). The repeatability estimates of aggressiveness 

observed for pikeperch in this study ranged between 0.26 (toward a large, competitor-like 

intruder) and 0.45 (small, egg predator-like intruder). These estimates are below those 

reported for stickleback, but overall range at an intermediate level of repeatability, when 

compared with the average across all behavioral categories and taxa (ICC = 0.37; BELL et al. 

2009). As repeatability of a behavior usually sets the upper bound to heritability (BOAKE 1989; 

DOHM 2002), the estimated level of repeatability suggests a moderate field heritability of the 

trait aggressiveness during nest-guarding. Heritability, in turn, forms the basis for evolution 

through selection to occur. 

Consistent differences between individuals with respect to the intensity of provided parental 

care may have implications for their fitness. For example, increased aggression during nest-

guarding period may have negative consequences for adult energetics, survival and future 

reproductive success, due to the high energetic costs of intense parental care (HINCH and 

COLLINS 1991; GILLOOLY and BAYLIS 1999; COOKE et al. 2002, 2006; HANSON and COOKE 2009a). In 

contrast, consistently more aggressive males may have better chances of receiving eggs from 

females (e.g., through correlations with size), therefore having a higher reproductive fitness 

(e.g., WIEGMANN und BAYLIS 1995; GINGERICH und SUSKI 2011; PARKOS et al. 2011; SUTTER et al. 

2012). Increased aggressiveness during nest-guarding is also associated with a higher 

vulnerability to angling (SUSKI and PHILIPP 2004). The more intense caretakers will thus be 

disadvantaged under intense exploitation rates, with implications being conceivable for the 

reproductive fitness potential of the targeted population (SUTTER et al. 2012).  

Vigilance, measured as the propensity of a male to chase approaching intruders at different 

distances from the nest, was not found to be repeatable. However, environmental conditions 

such as varying visibility may have added noise to results of the response distances not 

allowing a final exclusion of repeatability in nest-guarding vigilance.  

Cumulatively, finding that aggressiveness nest-guarding is a repeatable behavior suggests that 

the basis for selection to act on this parental behavioral trait is given in pikeperch through a 

potential genetic basis. In largemouth bass, for example, angling actively targeted and 

therefore selected against the heritable trait of high aggressiveness during nest-guarding, 

which was, however, tantamount to an increased reproductive fitness potential (SUTTER et al. 

2012). Whether similar selective mechanisms apply to pikeperch, however, remains unclear 

as the low number of nesting males did not allow any examination of this relationship. To 

allow ultimate conclusions about whether nest-guarding intensity can be a target of selection 

in pikeperch, however, repeatability of the behaviors needs to be assessed across multiple 

spawning seasons. 
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Factors affecting aggressiveness during nest-guarding 

The number of aggressive behaviors towards a model intruder presented on the nest area 

increased with increasing brood age and size of the intruder. Male’s total length tended to be 

negatively associated with aggressiveness towards intruders. 

Nesting male pikeperch displayed on average 6.4 aggressive behaviors towards a small model 

intruder and 8 attacks towards a larger intruder per minute the models were presented within 

the nest area, observed across seven days after spawning. The finding that the larger intruder, 

which was outside the gape-limits of the nesting pikeperch, was attacked at higher 

frequencies than the small model indicates that the observed aggressive behaviors were a 

measure of nest defense and not feeding attempts. The observed frequencies of behaviors 

resemble those reported for a renowned aggressive nest-guarding species, the smallmouth 

bass, when they were presented a resin-coated photograph of a typical egg predator species 

on the nest area (see Figure 3 in SUSKI et al. 2003). In a follow-up study, SUSKI and PHILIPP (2004) 

observed that 70% of these individuals were vulnerable to angling. Together, the observations 

suggest that pikeperch show a high aggressiveness during nest-guarding, with obvious 

implications for their vulnerability to capture by fishing gear within this period. 

The documented increasing aggressive behavior displayed by guarding pikeperch over time 

on the nest mimics a common pattern present in numerous parental care providing fish 

(COLGAN and GROSS 1977; PRESSLEY 1981; RIDGWAY 1988; VESTERGAARD and MAGNHAGEN 1993; 

ONGARATO and SNUCINS 1993; JAROENSUTASINEE and JAROENSUTASINEE 2003). Life-history models 

predict that parents should adjust their parental care investment in response to the changing 

expected reproductive value of offspring throughout the brood cycle (ANDERSSON et al. 1980; 

SARGENT and GROSS 1986). That is, the nest defensive behavior gets more intense with 

increasing brood age, because the survival chances and therefore chances of future 

reproduction are greater for offspring at advanced stages of the brood cycle (SARGENT and 

GROSS 1986). In addition, as the amount of invested energy is increasing with the more time a 

male spent guarding a brood, they will be more likely to keep upright or intensify the caring 

as hatching and thus independency of offspring nears (COLEMAN et al. 1985).  

The finding that males attacked a larger, perch-colored model intruder at higher intensities 

than a small, stickleback-colored intruder suggests that nest-guarders plastically adjust their 

defense behavior to the size and type of intruder. This result is in line with a range of studies 

on other nest-guarding fish species (HUNTINGFORD 1976; COLGAN and BROWN 1988; 

JAROENSUTASINEE and JAROENSUTASINEE 2003; STEIN and BELL 2015; ANDERSON et al. 2016). 

Considering the body size of adult pikeperch, this observation becomes particularly 

interesting. This is because increasing aggressiveness with a decreasing relative body size to 

intruder has mostly been observed for small-sized nesting species and was interpreted as 
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compensatory mechanism for the size inferiority (e.g., ANDERSON et al. 2016). Observing this 

pattern for a large-sized guarding species suggests other underlying mechanisms. Assuming 

that there was no confounding effect of detectability, it is conceivable that pikeperch more 

aggressively attack bigger intruders as they pose a larger threat to the brood through higher 

consumptive capacities. An alternative explanation is that nesting pikeperch perceived the 

large model as a conspecific trying to compete for the territory. Conspecific intruders have 

been observed to elicit the most intensive defense behavior in several species (HUNTINGFORD 

1976; COLGAN and GROSS 1977; STEIN and BELL 2015). 

Lastly, there was a trend towards smaller male pikeperch being more aggressive than bigger 

conspecifics. This trend is very preliminary given the low number of three successfully nesting 

study fish, but it would be in accordance with descriptive information given in DRAȘOVEAN and 

BLIDARIU (2013) for pikeperch. Higher aggressiveness in smaller males could be an adaptation 

in the way that intruders might show less fear of approaching a nest that is occupied by a small 

male, wherefore the guarding individual shows a compensatory response through increased 

aggressiveness. Also, because larger males are often preferentially chosen by females, a small 

male that successfully received eggs might defend the brood with more vigor, because it had 

low reproductive success in the past or expects such in the future.  

 

5.2   Impacts of catch-and-release angling during nest-guarding period 

Experiencing catch-and-release during nest-guarding did not lead to nest abandonment in two 

sampled pikeperch. The observed return speeds to the nest after C&R were 2.1 min/m release 

distance and 1.4 min/m after a non-extensive angling treatment. No attempts of designated 

nest predators to prey on pikeperch eggs either during male presence or temporary absence 

in the course of a C&R event could be recorded. Nest-guarding behavior of pikeperch was not 

significantly impaired after release in terms of aggressiveness, vigilance, or fanning intensity. 

Instead, there were single individuals showing increased vigilance and pectoral fin beat 

frequency after capture and release. 

Most surprising about the observed results were the return durations to the nest after release, 

which were unexpectedly long compared to the available literature for other nest-guarding 

species targeted by recreational fishing. In this study, return speeds of pikeperch after catch-

and-release angling and 60 seconds of air-exposure, thus a non-excessive treatment, ranged 

between 1.4 – 2.1 mins per m release distance. For comparison, average return speeds of 

about 0.2 mins/m distance were calculated for black bass that were handled for one minute, 

but not air-exposed (calculated from Figure 3 in PHILIPP et al. 1997). Moreover, the absolute 
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return time of one pikeperch, which was 25 mins despite mild C&R treatment, clearly 

exceeded the mean return times of black bass that were handled for 10 minutes including air-

exposure (ca. 17 mins; both measured at moderate release distances; PHILIPP et al. 1997). 

Interestingly, for the angled individual from a pond equipped with a PIT-antenna system, 

occurrences on several nests other than the one containing own brood were recorded during 

the return period after release from angling. The repetitive and short-term nature of the 

occurrences likely indicates an active, disoriented search for the own nest rather than a 

resting- or shelter seeking mechanism after experiencing stress. It shall be noted, however, 

that the efficiency in nest recovery might have been influenced by the fact that all fish in this 

study were introduced into a new environment ≤ 2 weeks before they spawned. The efficiency 

in returning to the nest after capture and release is known to consistently vary across species 

(HANSON et al. 2007). Cumulatively, this study provides preliminary (due to the low N), but 

important insights revealing that pikeperch might be comparatively inefficient in finding again 

their nest after capture and release. 

 

The role of nest predation 

Prolonged absence times from the nest may have substantial consequences for the 

reproductive output of affected individuals, because the absence time directly relates to the 

extent of brood predation when nest predators are present (KIEFFER et al. 1995; PHILIPP et al. 

1997; STEINHART et al. 2004). In this study, no attempts of the dedicated nest predators (perch 

and roach > 150 mm) to intrude a nest could be recorded neither in presence nor during 

absence of a parent pikeperch. As other studies reported size ranges of 3 – 11 cm for 

confirmed egg predators (BAIN and HELFRICH 1983), the lack of nest predation may be 

attributable to a too large size of individuals (which was however not avoidable due to ethical 

permit constraints).  

No empirical information could be found about natural predation risks of pikeperch eggs in 

the literature that could have aided in putting the observed absence time in relation with 

potential impacts on offspring survival. For the congeneric walleye, egg predation is reported 

to be common and exerted by a large number of species (ROSEMAN et al. 2006). In ad hoc 

aquarium observations, small ruffe of 5 – 8 cm could be observed to feed on unguarded 

pikeperch eggs very occasionally and in low rates. However, results of related studies can be 

used to put the observed absence times of pikeperch in context with possible repercussions 

for offspring survival: For example, STEIN and PHILIPP (2015) found that even at the lowest 

observed density of egg predators in a lake, the average time it takes for nest predators to 

intrude a temporarily unattended nest is about three minutes. This would imply that both 

angled pikeperch of this study would have incurred brood predation if nest predator species 
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would have been present, independent of their density. Moreover, STEINHART et al. (2004) 

estimated that typical nest predators such as the round goby, as is increasingly spreading 

throughout Europe (KORNIS et al. 2012), were capable of consuming complete nests as fast as 

within 15 minutes (calculated for an average smallmouth bass). This would imply the potential 

for complete nest depletion for the one individual of this study released at a farther, though 

still moderate, distance from the nest. 

Because return times were unexpectedly high, but angling practice has been suggested to be 

the main determinant of return times (KIEFFER et al. 1995; PHILIPP et al. 1997), it is assumed that 

the potential footprint of catching and releasing a pikeperch during nesting period can be 

mitigated if the playing, handling and air-exposure times are minimized by anglers. 

Additionally, an apparent positive relationship between the release distance and return times 

that is substantiated by other studies (PHILIPP et al. 1997; HANSON et al. 2007) would suggest 

that if anglers are mobile on the shoreline or by a boat, releasing captured male pikeperch as 

close to the hooking location as possible could further reduce potential negative impacts.  

Nest abandonment can likewise be influenced by return times but was not observed in the 

two examined individuals of this study. However, this must be viewed against the background 

of lacking nest predation in this study, which was found to be the main driver behind the 

decision to abandon the nest after return from angling-induced absence (SUSKI et al. 2003). 

Other studies observed abandonment rates of > 50 % in black bass species when the return 

time after C&R exceeded five minutes in presence of nest predation (PHILIPP et al. 1997). 

Results of this study preliminary suggest that the physiological stress of an angling event alone, 

when no nest predation occurs, does not elicit nest abandonment in pikeperch. This is 

consistent with results from SUSKI et al. (2003) for smallmouth bass, but would contradict to 

O’CONNOR et al. (2009), who observed increased nest abandonment after injecting nesting 

largemouth bass stress hormones without manipulation of the brood size. 

 

Catch-and-release impacts on nest-guarding behavior 

Nest-guarding behavior of male pikeperch was not significantly impaired within 48 hours after 

C&R, neither in terms of aggressiveness or vigilance, nor with respect to fanning rates. A clear 

drop in aggressiveness immediately after angling could only be observed for one of two 

individuals, but aggressiveness would approach basal levels again after six hours in that case. 

Interestingly, parental care intensity was occasionally even found increased upon capture and 

release. These insights are in partial accordance with the available literature: 

Although SUSKI et al. (2003) observed lower mean aggressiveness towards a model intruder 

after catch-and-release alone, this trend only became significant when fish were additionally 
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incurred simulated nest predation during absence. Moreover, O’CONNOR et al. (2009) did not 

find alterations of parental care behavior in terms of tending, vigilance, and defending after 

cortisol injections to nesting males. Together with the presented results, this would suggest 

that the physiological exercise imposed by angling alone is not sufficient to elicit a reduction 

in parental care investment, when the brood size remains unaffected. Despite this 

assumption, studies by COOKE et al. (2000) suggested that locomotory impairment through the 

energetic burdens of exhaustive catch-and-release angling may last as long as 24 hours. These 

findings would disagree with the observation that one individual recovered lowered 

aggressiveness within six hours after treatment, while another one was not impaired at all. In 

addition, vigilance and fanning rate was increased for one individual each within ≤ 48 hours 

after experiencing C&R. These patterns could be attributable to effects of increasing parental 

investment with increasing brood age (as discussed in section 5.1.3).  

In sum, the concern for longer lasting parental care impacts through catch-and-release angling 

seems negligible in the absence of nest predation. Mechanistically, it appears that after non-

excessive exercise, the willingness of a male to invest into a certain brood (which should 

remain unaltered as the broods were not decimated) may outweigh potential physiological 

impairments through C&R. 

 

 

5.3   Impacts of catch-and-release angling on activity of pikeperch 

Catch-and-release angling did not induce mortality in adult pikeperch during post-spawn 

period. On the population-level, pikeperch of both wild- and hatchery origin did not show a 

significant alteration of swimming activity relative to uncaptured control fish after 

experiencing catch-and-release. Overall only a moderate portion of individuals of any origin 

(28%) showed significant changes in activity following C&R, with differing responses among 

fish, where some individuals increased activity and others decreased activity after the C&R 

event. Importantly, however, individuals with significantly altered activity after C&R never 

recovered to basal levels within seven days. 

 

Mortality rates after catch-and-release 

Observing zero mortality after angling for both hatchery- and wild-origin pikeperch was 

surprising, because ARLINGHAUS and HALLERMANN (2007) reported 23 – 47% post-release 

mortality of undersized pikeperch that were exposed to simulated angling stress and 60 s of 

air-exposure (similar to the C&R treatment applied in this study). It must be stressed, however, 
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that a mortality rate of 50% was observed after tagging in the present study, whereby the 

more stress-sensitive fish might have already been selected against in the sample population, 

leaving only rather stress-resilient fish to remain as sample fish for the C&R study. In addition, 

one factor known to potentially raise mortality rates through C&R is natural predation during 

the period of post-release recovery (COOKE and PHILIPP 2004; THORSTAD et al. 2004). This 

potential mortality factor is largely neglected in the present study, as pikeperch did not face 

(piscivorous) predators under the experimental conditions. Thus, final conclusions about the 

actual mortality rates of C&R in the wild remain unclear. Nevertheless, the results provide a 

first insight that direct mortality following C&R of adult pikeperch could be kept at a low level 

if fish are not played to exhaustion and air-exposure duration is non-excessive (≤ 60 seconds). 

 

Impacts of catch-and-release on population- and individual-level activity 

High uncertainty was found in population-level estimates of activity impacts through C&R for 

pikeperch of both wild and hatchery origins. The population average of wild pikeperch showed 

a decrease in relative activity towards a minimum at the first day after capture, approaching 

basal levels again after 4 – 5 days. Looking at the responses of individual sample fish, however, 

revealed that this population average evolved from the combination of a bimodal distribution 

of individual responses rather than an increased number of fish showing the stated recovery 

duration of several days. That is, while only 33% of wild pikeperch showed a significant activity 

response to C&R, these individuals never recovered after the initial drop or increase in activity 

within the observed seven days, whereas the remainder of the treated wild fish remained 

unaffected. The general pattern was very similar for hatchery fish. A minority of individuals 

(25%) responded significantly to the stressor, with affected fish showing equal frequencies of 

activity impairments and increases after angling, but altogether resulting in no discernible 

mean response to C&R on the population-level. Again, none of the significantly affected 

hatchery fish recovered to basal activity within seven days. 

Inter-individual differences in response types to catch-and-release stress are recognized in the 

literature. For example, FERTER et al. (2015) reported that only a minority of surveyed 

individual Atlantic cod showed a significant activity response to C&R, with both increases and 

decreases in post-release activity being observed for the impacted fish. This is in accordance 

with the present study, with the grave exception that while significantly impacted cod 

recovered within less than a day, affected pikeperch did not recover to basal activity within 

one week after treatment. Similar to cod, behavioral impacts of angling in other species such 

as pike (KLEFOTH et al. 2008; 2011; ARLINGHAUS et al. 2009) or largemouth bass (COOKE et al. 

2000) have usually been estimated to persist between several hours to a few days. Extended 

recovery durations exceeding one week were mostly reported for fish during critical seasons 
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such as spawning migrations (THORSTAD et al. 2007) or during winter through carryover effects 

of earlier stress (O’CONNOR et al. 2010).  

Environmental influences are unlikely to explain the observed differences in individual activity 

responses to C&R, as these were accounted for by a BACIPS study approach. Because the air-

exposure treatment was standardized across individuals, the differing playing times of fish, 

which varied between 5 – 28 seconds, could have contributed to the ambiguity in behavioral 

responses to C&R. Besides, coping style theory could offer an additional explanation (KOOLHAAS 

et al. 1999). The observed bimodality in response types of pikeperch could represent the two 

modules of stress responsiveness that are described in the literature and which are intrinsic 

traits of animals (KOOLHAAS et al. 1999; ØVERLI et al. 2007): Pikeperch that did not show altered 

behavior (and potentially those that showed increased activity) after C&R could represent 

individuals with a proactive stress coping phenotype, which is related to a high physiological 

stress responsiveness. Individuals of this phenotype are known to be bolder in general and 

reported to resume feeding activities faster under changing environments (KOOLHAAS et al. 

1999; ØVERLI et al. 2007). Whether this faster resumption of feeding also applies to the 

experience of stress in pikeperch, as per C&R, is unclear. In contrast, individuals that showed 

prolonged, lowered activity could indicate a physiologically high-responsive stress coping 

phenotype, which correlates with a passive and immobile stress coping behavior (KOOLHAAS et 

al. 1999). 

Compared to the behavioral effects of angling during nest-guarding, which appeared 

negligible, the behavioral effects of C&R during growth season showed the potential to be 

long-lasting for some individuals. One potential explanation to this is that non-nesting fish may 

have fought more exhaustively when they were hooked, as observed for largemouth bass 

(COOKE et al. 2000). However, this explanation would still leave open why a large portion of 

fish did not show any clear response in activity to C&R. 

 

Potential implications of activity alterations after catch-and-release 

Prolonged impairments of activity, following a C&R event could have consequences for 

individual pikeperch, as reduced activity may impact foraging abilities and resource acquisition 

(SIEPKER et al. 2006). Reduced foraging activity for a prolonged period of time, in turn, has 

potential implications for growth and ultimately fitness (COOKE et al. 2002a; O’CONNOR et al. 

2010). Otherwise, whereas confined periods of hyperactivity will likewise depress feeding 

while raising energy expenditure (JONES et al. 1987), it is unclear whether feeding rates remain 

low when the period of raised activity extends to more than a week as observed here. 
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As pikeperch fulfills a key ecological role as a top-predator in many ecosystems (KANGUR and 

KANGUR 1998; KOPP et al. 2009), long-lasting alterations in behavior and related food uptake 

could be speculated to have cascading effects on the food web, if a larger portion of the 

predator population is affected. However, the overall moderate number of clearly affected 

individuals would not support any concerns of that kind. 

While many previous studies of catch-and-release impacts on activity exclusively focused on 

population-level effects, the presented results suggest that examination of individual 

responses can reveal important patterns (e.g., bimodality in response types) that are 

insufficiently represented by a population average. Integration of the individual level into the 

analysis of behavioral catch-and-release effects is thus recommended and is facilitated by 

using hierarchically fitted models, such as the introduced recovery model. 

Cumulatively, the lack of observed mortality and the lack of a clear population-level response 

in activity suggest that the sublethal effects of C&R outside reproduction period may be minor 

for the majority of a pikeperch population. Responsive individuals, however, showed 

unexpectedly long recovery durations, suggesting that the effects of C&R could indeed be 

grave for this smaller portion of individuals. There are, however, some important remaining 

uncertainties to these results, which need to be regarded as discussed in section 5.5. 

 

 

5.4   Determinants of vulnerability to angling 

None of the explored predictors describing behavioral-, physiological-, and morphological 

traits (i.e., sex and size) were significantly related to any aspect of the vulnerability of 

pikeperch to angling. Sex, space-use and physiological stress responsiveness, however, had 

some explanatory power for the survival time of any individual under a continuous hazard 

through angling. The overall likelihood of being captured was not predicted by any covariate 

in the best-performing model. 

 

Sex-selective targeting of pikeperch by angling 

There was a strong trend, close to significance, for sex to affect the time until capture of 

individual pikeperch. On average, above two times more female pikeperch were predicted to 

be captured by angling at any given time compared to males. One reason for females to be 

captured faster closely after spawning season could relate to increased energetic demands 

that have to be replenished. Females generally allocate higher energy proportions towards 

gonad development compared to males (MOLES et al. 2008). Consequently, it has been 
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suggested that the higher energetic demands of females for gonadal development likely 

explained high proportions of females in angler’s catch of perch in autumn (HEERMANN et al. 

2013). Likewise, the greater depletion of nutrients in females throughout spawning may lead 

to higher feeding demands after spawning, making females more vulnerable to capture also 

in post-spawn season. However, it could not be found in the literature whether this pattern is 

affected if spawning is skipped, as was assumed for many individuals of this study. Similar to 

the present study, CASSELMAN (1975) found increased proportions of females in the angler’s 

catch of northern pike Esox lucius particularly after spawning and in summer months. The 

authors attributed this pattern to the faster growth and higher metabolic demands of females. 

A confounding effect of the larger average size of females eliciting sex-specific vulnerability 

can be excluded, because body length was accounted for as a separate predictor, found 

unrelated to vulnerability.   

Continuous selection against females could have implications for the recruitment potential of 

a population (independent of the harvest length-limits in place), because females are typically 

the gamete-limiting sex in fish (KINDSVATER et al. 2020). Moreover, an Allee effect could 

potentially occur if the number of females was reduced, but males were choosy (MØLLER and 

LEGENDRE 2001). However, it must be noted that although sex strongly trended towards an 

effect on capture speed, this did not hold true for the likelihood of being vulnerable per se. 

Moreover, a previous study examining the vulnerability correlates of pikeperch during growth 

season found no relationship to sex (RAAT 1991). Therefore, the observed trending selection 

against females must be treated preliminary and it is probably specific to post-spawn season, 

where females have increased energetic demands. However, since angler’s exploitation and 

catch rates of Sander spp. are known to be exceptionally high in the first months after the 

closed spawning season (DEROBA et al. 2007; BAILEY et al. 2019), the potential of inducing high 

mortalities and therefore strong selection is given in post-spawn period.  

 

Alternative mechanisms that might explain vulnerability in pikeperch 

The lack of clearly significant pattern of vulnerability determinants is not in contradiction to 

the available literature on pikeperch and walleye. In a previous attempt to identify drivers of 

angling vulnerability in pikeperch, RAAT (1991) only found a temporary, negative relationship 

of food availability and catch rates, while length, condition and sex did not show any effects. 

Likewise, MOGENSEN et al. (2014) could not find explanators of varying vulnerability to angling 

of the congeneric walleye across populations and concluded that differing levels of hunger 

were the most obvious driver. This assumption is supported by VAN DENSEN and VIJVERBERG 

(1982), who described the vulnerability of pikeperch to shift according to the availability of 0+ 

prey fish.  
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This research aimed to extend beyond these previous studies, putting emphasis on traits that 

constitute potential targets of evolution through selection: behavior and physiology. For that 

purpose, food availability was standardized as all ponds were equally fed with dead fish. 

Behavioral traits examined in this study, activity, space-use and boldness, each showed 

significant repeatability across individuals, thus likely have a genetic basis, making them 

potential subjects of selection. Within these traits, however, only space-use had predictive 

power for vulnerability to angling, with less spatially roaming individuals being captured faster 

on average (see Figure 22 c, d). Again, it can be speculated that reduced space-use might have 

been indicative of social dominance. Socially dominant individuals usually show higher rates 

of food intake than subordinates (e.g., METCALFE 1986), thus might be more likely to ingest an 

angling lure. However, recent studies in bluegills Lepomis macrochirus found no support for 

that assumption (LOUISON et al. 2018). 

Stress responsiveness revealed some explanatory value in predicting both capture speed and 

likelihood. It is conceivable that the high rate of delayed mortality in this study may have 

mitigated any potential relationship between stress response and vulnerability that was 

expected per previous studies (LOUISON et al. 2017b; KOECK et al. 2019), through a preceding 

selection against the most stress-sensitive individuals. Because stress response types may 

relate to the ability of fish to cope with environmental change (DE LOURDES RUIZ-GOMEZ et al. 

2011; DUNCAN et al. 2019), it is important to further investigate whether this trait is indeed 

selected by angling for pikeperch.  

In sum, despite a lack of clear directional effects, there were some intimations for sex, space-

use and physiological stress responsiveness to be associated with the vulnerability to angling 

in pikeperch. Other mechanisms not considered in the present and previous studies of 

pikeperch vulnerability might offer additional explanatory power for the inter-individual 

differences in susceptibility to angling. For example, recent literature found that the heritable 

trait of cognitive ability of an individual offers another mechanistic explanation to angling 

vulnerability (LOUISON et al. 2019). Similarly, as fish are capable of learning to avoid fishing 

gear, the private experience of any individual fish, which was not trackable in this study, could 

be a further contributor to the observed variation in vulnerability (BEUKEMA 1970a, 1970b; RAAT 

1985; YOUNG and HAYES 2004; VAN POORTEN and POST 2005; ASKEY et al. 2006; KUPARINEN et al. 

2010; KLEFOTH et al. 2013; WALLERIUS et al. 2019).  

Existing studies suggest with surprising consensus that the individual hunger level, driven by 

prey availability rather than body condition, is the most prominent driver of vulnerability to 

angling in both pikeperch and the closely related walleye (VAN DENSEN and VIJVERBERG 1982; 

RAAT 1991; MOGENSEN et al. 2014). Similar, recent evidence exists for largemouth bass (KEILING 

et al. 2020b). Together with the discussed assumptions about the energetic demands fostering 
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selection against females, it is conceivable that ecological factors relating to hunger level may 

be similarly important as phenotypic traits for explaining pikeperch vulnerability to angling, at 

least during post-spawn season. 

 

 

5.5   Limitations of the studies 

One major limitation to the presented studies were the high delayed mortality rates (50%), 

observed after tagging and transport stress of pikeperch. This has obvious implications for the 

overall sample size. Besides, the mortalities might have mitigated the effect strength of the 

observed weak association of the physiological stress responsiveness with vulnerability to 

angling through a preceding selection against the most stress-sensitive individuals in the final 

sample. Similarly, observed hooking mortalities after C&R might be an underestimate as they 

might not apply to a random subsample of the population, but to individuals previously 

selected for increased stress resilience. 

Similarly, uncertainties remain about the condition of surviving fish, with potential 

implications for the robustness of behavioral measures of e.g., spatial activity patterns. For 

the finding that increased nest attentiveness prior to spawning increased mating chances in 

males, it remains nebulous whether unsuccessful candidates with low tenacity did properly 

engage in spawning, or whether they were in fact skipping individuals. 

With regard to spawning-related research questions, one major limitation is the unexpectedly 

low number of successfully spawned nests, and particularly, the shortage of consistently nest-

guarding individuals that could be examined with respect to the envisaged study questions. 

Thus, the discussed results relating to mate-choice determinants, basic nest-guarding 

ethology and the impacts of C&R on reproductive success, must be treated preliminary and 

interpreted with caution. In addition, the observations for nest-guarding behavior including 

catch-and-release impacts entirely stemmed from hatchery-reared pikeperch. Therefore, 

uncertainty remains whether the apparent patterns are valid in the same way for wild fish. 

For example, wild pikeperch dwelling in their natural environment could be more efficient in 

locating their nest site after catch-and-release, with implications for return times. 

A final uncertainty remains about whether the extent of overall low detection rates of fish in 

the PIT-system had an impact on the observed results for C&R effects on activity. That is, 

hyperactivity might have been better trackable than immobility after impact: when the 

overall- and thus average detection rate of control pikeperch was low, then the activity of an 

immobile fish (e.g., after C&R) could not fall much below the population mean, as opposed to 

even short-term hyperactivity. Similarly, the detection rate of certain individuals might have 
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been low not because of inactivity, but because the fish used different areas or depths in the 

ponds than what could be registered by the PIT-system. For example, single fish were 

repeatedly observed by the author to actively cruise in shallow depths. Such individuals would 

not reveal decreased activity after impact, even if they were indeed immobile, because the 

basal level of detected activity before C&R was already erroneously low. Besides, the low 

detection rates could have inflated repeatability estimates of spatial measures, e.g., in 

individuals with a large number of days without detections. 

 

 

5.6   Future research needs 

While particularly the spawning-related research questions of this work suffered from low 

sample sizes, they provided important first insights that future studies should elaborate on. 

The unexpectedly prolonged return durations of pikeperch after release from an angling 

constitute a startling indication that angling for pikeperch during reproduction period could 

have severe implications for the individual fitness. However, the lacking observation of nest 

predation left uncertainties about the exact consequences of those prolonged absences for 

the individual reproductive success. Further research is urgently needed to generate 

empirically robust results with respect to catch-and-release effects on nest-guarding 

pikeperch. 

While catch-and-release outside spawning period induced a bimodal response distribution of 

either non-responsive or prolongedly affected individuals, any explanation through 

environmental or treatment effects appeared unlikely. Future studies should examine 

whether the behavioral stress response following stressors such as angling falls within the 

concepts of personality or coping styles, as is known for the physiological stress response 

(COOK et al. 2011; FÜRTBAUER et al. 2015). If the observed response types are repeatable and 

intrinsic to a fish, then high fishing pressures and release rates of fish would consistently 

disadvantage a given subset of the population that responds strongly to the stressor, while 

other remain unaffected. Such a pattern would amplify selective forces induced by angling. 

The space-use of pikeperch tended to be positively related to spawning success. In this regard, 

however, an uncertainty remained about whether these associations were specific to the 

semi-natural and space limited pond environment of the experiments. Reality-mining studies 

in the natural environment of pikeperch, for example using high-resolution acoustic 

telemetry, could shed more light on whether the observed patterns persist in the wild (see 

KRAUSE et al. 2013). Moreover, following pikeperch behavior across seasons would allow 

conclusions about whether any potential benefit of reduced space-use for mating success 
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extends beyond the pre-spawn period allowing inference about site fidelity as a beneficial trait 

in general.   

Finally, pikeperch is known to be a stress-sensitive species (ARLINGHAUS and HALLERMANN 2007; 

SARAMEH et al. 2012), rendering the species a difficult one for experimental studies when 

extensive handling is included. However, the same trait of stress-sensitivity can be assumed 

to cause fitness deficits and challenges for the species wherever anthropogenic stressors are 

frequently encountered and increasing. This adds to the importance of explicitly investigating 

stress-sensitive species such as pikeperch with respect to regularly encountered stressors 

(e.g., C&R angling), even though experimental investigations may bring about difficulties. For 

future studies, it is recommended to restrict handling of sample fish to a minimum, especially 

during inherently critical periods such as spawning season. Capture, transport, and tagging of 

ripe pikeperch shortly before expected spawning will certainly lead to increased delayed 

mortality and a large proportion of skipping spawners (see SARAMEH et al. 2012). Spawning-

related behavioral studies could instead be carried out by diving to avoid handling the fish 

prior to spawning, as proven to be successful in e.g., PHILIPP et al. (1997), SUSKI et al. (2003), or 

STEINHART et al. (2004). 
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6.   Conclusions and management implications 

This work provided insights on how a non-extractive fishery through catch-and-release 

interacts with individuals of a nest-guarding species during and outside reproduction period. 

The presumptive implications of being captured and released by angling for the individual 

fitness of a pikeperch, however, were ambiguous. Although prolonged absence times of a 

guarding male from the nest revealed a potential for severe consequences of C&R during 

spawning, there was no indication of nest predation and relatedly, minor effects of C&R on 

the quality of continued nest-guarding behavior were observed. While low sample sizes did 

not allow final conclusions that suffice to inform the implementation of protective regulations 

in a management context, the pilot insights with respect to C&R induced nest absence 

underpinned the urgent need for continuing research in this field. As long as the uncertainties 

about the ramifications of human interference with nesting pikeperch remain, it is suggested 

per COOKE and SUSKI (2005) to keep angling pressure during nest-guarding period at a 

reasonable level, and to minimize playing times and air-exposure of captured individuals. 

The ethological investigations of the previously little studied nest-guarding behavior of 

pikeperch imply the following things relevant to management considerations: Firstly, high 

aggressiveness of nest-guarding pikeperch was recorded, which substantiates anecdotal 

information that was only available to date, and forms the basis for an increased vulnerability 

to angling during spawning season. Second, the aggression of nesting pikeperch increased 

over time spent on the nest. Thus, increased vulnerability to angling can be expected with 

increasing brood age, and will thus on average peak towards the end of spawning period. This 

highlights the necessity for closed fishing seasons during spawning period not be set too short 

to support sufficient numbers of successful nests, because pikeperch might be highly 

vulnerable towards the ending of the spawning season. Lastly, an increased aggressiveness 

towards larger intruders suggests a higher vulnerability of a fish towards bigger angling baits. 

This should be kept in mind by managers when designing bait restrictions, providing a 

preliminary cue that the use of tiny bait sizes during spawning period could minimize 

unwanted captures of nesting pikeperch. 

Catch-and-release angling during growth season appeared to induce minor impacts in terms 

of hooking mortality across a sample population of pikeperch, and no visible response in 

activity for the majority of individuals. By contrast, those individuals that showed an activity 

response to C&R displayed prolonged impact durations that may have adverse consequences 

for the fitness of those individuals. It should be further investigated, whether the two 

response types are consistent across individuals and could thus belong to a fish’s personality. 

In that case, the strong bimodality in responses to C&R could amplify selective forces induced 
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by angling under intense release rates. Otherwise, the consequences of catch-and-release of 

pikeperch during growth season likely remain moderate on the population-level. This would 

suggest that the overarching intent of C&R to sustain the long-term fishing quality can be 

achieved in pikeperch if capture rates and treatment of individuals are not excessive (but see 

limitations to this statement mentioned in section 5.5). 

A strong trend for angling to select against females during post-spawn period season has been 

observed in this study. Higher energetic demands of females after spawning season offered 

an obvious explanation for this pattern. This might become an important finding, if 

substantiated by further studies, because exploitation- and catch rates are typically high in 

post-spawn season, bearing the potential for enhanced selection intensity. 

Finally, a reduced activity space of both sexes, found to be a repeatable trait, and a high fidelity 

to an occupied nest in male pikeperch, were beneficial in the course of sexual selection. 

Simultaneously, however, there were indications that the trait of reduced space-use, possibly 

relating to social dominance or territoriality, was selected against by angling, as these fish 

were on average more vulnerable. Although preliminary, this is an intimation that sexual 

selection and angling-induced selection might act contrary to each other, and that angling 

might select against a trait that is beneficial to the reproductive fitness potential of pikeperch. 

Such patterns have been observed for other species (SUTTER et al. 2012). It remains to be seen 

whether the potential for a counterselection between sexual- and angling-induced selection 

around the trait of space-use reinforces at more robust sample sizes and under natural 

conditions in the wild. 
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Appendix 1 Comparisons of probability density functions of behavioral and 
morphological variables between fish of the first and second experimental 
run. White dots indicate the median, thick black bars indicate the 
interquartile range, and the thin black line represents the range of the 
remaining data points (excluding outliers). 
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Appendix 2 Probability density functions of fish variables compared between fish that were vulnerable vs. non-
vulnerable to angling. OFT = Open-field test. White dots indicate the median, thick black bars indicate the 
interquartile range, and the thin black line represents the range of the remaining data points (excluding outliers). 
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Appendix 3 Probability density functions of fish variables compared between wild and hatchery-reared fish  
(of the second experimental run) that were used in the vulnerability and behavioral catch-and-release 
impacts studies. White dots indicate the median, thick black bars indicate the interquartile range, and the 
thin black line represents the range of the remaining data points (excluding outliers). Note that the 
condition index is derived from an origin-specific length-weight regression, because there were consistent 
differences in condition between wild and hatchery fish. 
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1 ∆bef = geometric mean ∆ estimate of the before-impact period 
² .tol ending = tolerance parameters 

 

  

Hierarchy level Parameter Distribution 
type 

Range Mean/ 
Rate 

Tolerance/ 
Scale 

Truncation 

Population (1st)       

 α Uniform [0; 2]    

 𝛽 Uniform [0.1; 1.5]    

 𝑟𝑟 Uniform [0.1; 1.5]    

Individual (2nd)       

 𝑘1.𝑖 Gaussian  ∆bef1 𝑘1.tol  

 𝑘1.tol2 Gamma  0.001 0.001 [0.0001; 10000] 
 𝑘2. 𝑖 Gaussian  𝑘2 ̅. 𝑖 𝑘2.tol  

 𝑘2 ̅. 𝑖 Uniform [Min ∆bef1; Max ∆bef1]    

 𝑘2.tol2 Gamma  0.001 0.001  

 α.𝑖 Gaussian  α*α.tol α.tol [-0.5; 1.5] 
 α.𝑖.tol2 Uniform [0.01; 1.5]    

 𝛽.𝑖 Gamma  𝛽 𝛽.𝑖.tol [0.0001; 1.2] 
 𝛽.𝑖.tol2 Gamma  0.001 0.001  

 𝑟𝑟.𝑖 Gaussian  𝑟𝑟 𝑟𝑟.𝑖.tol [0.0001; 1] 

  𝑟𝑟.𝑖.tol2 Uniform [1; 10]     

Appendix 4 Overview of prior probability distributions used in the catch-and-release model. For uniform priors, 
the distribution range is given. For Gaussian prior distributions, the mean and tolerance, and for Gamma 
distribution priors, the rate and scale of the distribution are given. 
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