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Abstract 
 

Few empirical studies have evaluated the consequences of angling-induced evolution for 

the fitness in fish.  The present study examines the impacts of recreational fishing-induced 

selection on behaviour and reproductive success using two lines of largemouth bass 

(Micropterus salmoides) selected for high (HVF) and low vulnerability to angling (LVF) 

over three consecutive generations.  This species offers a suitable model to study the 

behavioural mechanisms leading to fisheries induced evolution and the impacts of such 

evolution for fitness, because male LMB guard nests during spawning and provide 

extended parental care.  During this time, they are highly vulnerable to harvest providing 

ample opportunity for fisheries induced evolution even without harvesting because during 

catch-and-release nest predation can reduce the fitness of males.  I tested the hypothesis 

that known behavioral and physiological differences between HVF and LVF are important 

for parental care and influencing reproductive success.  To test this hypothesis, similar 

sized male HVF (N = 24) and male LVF (N = 24) were stocked together with unselected 

female largemouth bass into common ponds (N = 6) prior to spawning.  Along with 

behavioral observations during spawning, the final fall recruitment of individual males was 

assessed through the analysis of microsatellites and assigning offspring to individual 

parents (N = 200 offspring per pond).  When providing parental care HVF were found to 

stay longer times on nest and to be more vulnerable to fishing lures compared to LVF.  

Furthermore, fall recruitment was highest for large HVF males.  The study revealed that 

reproductive success of largemouth bass is likely dependent on behavioural and 

physiological characteristics, influencing the duration and intensity of provided parental 

care.  This suggests that the reproductive fitness of male HVF is indeed larger compared to 

the fitness of male LVF.  Our findings underscore the notion that in wild population 

selective removal of fish expressing the strongest parental care might negatively impact 

population recruitment.  From a management perspective, non-selective exploitation is 

encouraged to avoid evolutionary repercussions for the viability of wild LMB populations 

resulting from recreational fishing. 

 



Introduction  

2 

1.  Introduction 
 

Natural selection is the main mechanism leading to adaptation and the evolution of species.  

Through their use of living natural resources and their strong interactions with the 

environment, humans are exerting substantial selective pressures on wild organisms, 

sometimes with undesirable consequences (Jørgensen et al. 2007).  The potential for 

excessive, size-selective fishing to cause evolutionary changes has been the subject of a 

number of publications in recent years (Heino & Godø 2002; Hutchings 2004; Kuparinen & 

Merilä 2007; Law 2007; Uusi-Heikkilä et al. 2008; Jørgensen et al. 2009).  The most 

obvious and direct effect of fishing is an elevated mortality risk (Heino & Godø 2002) 

resulting in a decrease in abundance.  Moreover, the size selective nature of a number of 

fishing gears has the potential to impact the life history of exploited (Hutchings 2000; Law 

2000; Conover & Munch 2002).  Most studies on fisheries-induced evolution focus on 

adaptive life history traits and population growth of commercially exploited fish stocks and 

as a consequence the reduction in size at maturation (Buxton 1993; Rijnsdorp 1993; Grift et 

al. 2003; Barot et al. 2004; Olsen et al. 2004; Olsen et al. 2005; Swain et al. 2007; Árnason 

et al. 2009; Kendall et al. 2009; Kuparinen, Leaniz et al. 2009). 

This focus on commercial fishing is interesting given that in industrialized countries, 

recreational fisheries represents the dominant form of fishing in a majority of inland waters 

(Arlinghaus et al. 2002; Cooke & Cowx 2004; Arlinghaus & Cooke 2005; Cooke & Cowx 

2006; Lewin et al. 2006).  With exploitation rates of up to 80% and a pronounced 

selectivity on species, size, age, sex and behavioral traits, recreational angling may result in 

a level of directional selection comparable to that described for commercially exploited 

stocks (Lewin et al.  2006, Arlinghaus et al.  2009).  Nevertheless, only a few authors have 

tried to evaluate the selection potential of recreational angling and how that might impact 

target populations (Lewin et al. 2006; Cooke et al. 2007; Uusi-Heikkilä et al. 2008; 

Arlinghaus et al. 2009; Philipp et al. 2009; Redpath et al. 2009; Redpath et al. 2010).  The 

mechanism(s) underlying fisheries-induced evolution may vary among species and among 

gear types.  In fact, fisheries-induced evolution in response to recreational angling could, 

rather than resulting in the selection for reduced body size related life history traits, result 

instead in the alteration of behavioral characteristics (Uusi-Heikkilä et al. 2008).  These 
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behavioral characteristics could be related to levels of general foraging activity and/or the 

inherent degree of individual boldness (Cooke et al. 2007; Biro & Post 2008).  

Alternatively, behaviors expressed only temporarily during an individual’s lifetime, such as 

aggression toward potential brood predators during parental care (Philipp et al. 1997; Suski 

& Philipp 2004; Cambray 2002) could be the target of selection making fish highly 

susceptible to fishing lures and selection on these traits likely.  Selection on these types of 

behavioral traits (e.g., vulnerability to angling), however, could affect correlated traits as 

well, altering physiological and life-history traits, not just behavior traits (Cooke et al.  

2007, Uusi-Heikillä 2008) 

To assess potential impacts by fisheries induced evolution, most studies make the use of 

reaction norms based on time series (catch data) to disentangle evolutionary changes and 

phenotypic (Rijnsdorp 1993; Grift et al. 2003; Barot et al. 2004; Olsen et al. 2004; Olsen et 

al. 2005; Hard et al. 2008; Kuparinen, Kuikka et al. 2009), even though some concerns with 

this strategy have been expressed (Rijnsdorp 1993; Law 2000; Morita & Fukuwaka 2007; 

Kuparinen & Merilä 2008).  Accordingly, approaches based on empirical data, necessitate 

complex life-history models (Olsen et al. 2005; Kuparinen, Kuikka et al. 2009).  Only a few 

studies have tried to assess the evolution of life history traits experimentally in an attempt 

to confirm a link between an increase in adult mortality and resultant changes in growth, 

age-at-maturation and reproductive investment (Reznick & Endler 1982; Reznick et al. 

1990; Reznick & Ghalambor 2005).  In addition, very few studies have been attempted that 

focus on determining how recreational angling may affect life history of fish (Arlinghaus et 

al. 2009; Philipp et al. 2009), even though species highly targeted by recreational fishermen 

could be subjected to major evolutionary changes.  Vulnerability to angling has been shown 

to be a heritable trait in largemouth bass (Micropterus salmoides) (Philipp et al. 2009), and 

one that is  correlated with behavioral and physiological traits, potentially affecting species 

fitness (Cooke et al. 2007; Redpath et al. 2009; Redpath et al. 2010).  The overall goal of 

this thesis was to evaluate experimentally how this angling-induced selection, which is 

known to alter behavioral and physiological traits (Cooke et al. 2007; Redpath et al. 2009; 

Redpath et al. 2010), affects the reproductive success, and therefore, the long-term fitness 

of largemouth bass.   
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Study species largemouth bass (Micropterus salmoides) 

 

The largemouth bass (Micropterus salmoides) is the largest member of the sunfish family, 

Centrarchidae, with a mean size of 230 – 300 mm and a maximum reported length of more 

than 700 mm and a weight of over 12 kg (Becker 1983; IGFA 2010).  As member of the 

“black bass” genus, Micropterus, the largemouth bass has been one of the most targeted 

“game-fish” species in the United States for decades (Pullis & Laughland 1999).  In 

addition, the increasing numbers of competitive fishing events over the last two decades are 

considered to have raised the interest in bass fishing even further (Holbrook 1975; 

Schramm et al. 1991).  Largemouth bass inhabit a variety of environments in North 

America, including medium and large rivers, lakes, sloughs, ponds, and backwaters and 

(unfortunately) has been introduced in a large number of countries outside of its native 

range in North America (Becker 1983; Elvira & Almodovar 2001; Maezono & Miyashita 

2003).  Although juvenile largemouth bass feed almost exclusively on a vast array of 

invertebrates, bass over 50 mm show a diet shift towards piscivory (Applegate & Mullan 

1967; Olson 1996).  Adult fish mainly feed on a broad variety of larger aquatic organisms 

including fishes, crayfishes, and amphibians (Snow 1971; Bennett & Gibbons 1972; Lewis 

et al. 1974).  Depending on geographic location, bass start spawning from early winter 

(e.g., early January in southern Florida) to early summer (e.g., late June in the Great Lakes) 

(Post et al. 1998; Rogers et al. 2006).  When the mean water temperature reaches 

approximately 15 °C (60 °F) male largemouth bass move into the shallows and excavate 

bowl shaped nests in the substrate (Kramer & Smith 1962).  These males often select 

nesting locations with good visibility of the surrounding area and that offer limited 

approach by potential brood predators, often in proximity to submerged vegetation, rocks, 

ledges or woody debris (Allan & Romero 1975; Hunt & Annett 2002).  Subsequent to nest 

construction, male largemouth bass start to court females, trying to get them to enter the 

nest for mating (Heidinger 1975).  Spawning can last for minutes up to several hours 

resulting in brood sizes that range from almost no eggs to over 50,000 (D.P. Philipp, 

personal communication).  After the eggs have been deposited in the nest, females depart 

the area to resume feeding and producing more eggs, leaving the male fish to remain alone 

at the nest site to provide sole parental care for the brood.  This parental care involves both 

fanning the eggs and defending the nesting site and the offspring from potential predators 
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(Kramer & Smith 1962; Heidinger 1975; Suski & Philipp 2004; Cooke et al. 2007).  

Parental care lasts until the offspring hatch, become free-swimming, and grow to a size 

where they are able to forage for themselves and recognize and avoid brood predators, 

thereby becoming independent of the male, and that period can last for up to six weeks, 

depending upon temperature (Miller 1975; Wiegmann & Baylis 1995).  Because bass 

reproduction occurs in areas easily accessed by anglers and because male bass guarding the 

nests and broods are highly aggressive toward potential brood predators male largemouth 

bass are extremely vulnerable to angling (Philipp et al. 1997; Suski et al. 2004).  Even 

though nest-guarding males show restricted feeding during parental care (Hinch & Collins 

1991), fishing lures may be seen as potential brood predators and as a result attacked (Suski 

& Philipp 2004).  As a result, because of the importance of largemouth bass fisheries, a 

number of studies have evaluated the effect of catch-and-release angling on not only bass 

physiology in general (Gustaveson et al. 1991; Schreer et al. 2001; Cooke et al. 2004; Suski 

et al. 2004; Suski et al. 2006), but also on the parental care behavior of nest guarding fish 

and how that impacts recruitment (Kieffer et al. 1995; Suski et al. 2003; Suski & Philipp 

2004; Siepker et al. 2009).   

If a male largemouth bass terminates parental care before his offspring left the nest 

(actively free-swimming), the entire brood is quickly consumed by brood predators, such as 

bluegill (Lepomis machrochirus) (Philipp et al. 1997; Suski & Philipp 2004).  Parental care 

theory (see Williams 1966) demonstrates that the decision of a male bass to abandon its 

brood rather than to continue to provide parental care depends on the male’s assessment of 

the cost needed for continued defense relative to the fitness value of that current brood 

compared to the perceived likely value of future broods if the costs of current parental care 

activities are ended.  Anything that changes the value of the current brood (e.g., loss via 

predation) or the ability of the male to provide parental care (exhaustion or injury during an 

angling event) affects that parental care decision (Philipp et al 1997, Suski and Philipp 

2004).  Even though angling of nesting male largemouth bass often results in a total loss of 

eggs and offspring do to brood predation by sympatric fish species (Philipp et al. 1997), it 

is interesting to note that the great majority of states and provinces in the United States and 

Canada do not have specific seasonal closures, although some have regulations that allow 

only catch-and-release angling during the spawning season (Quinn 2002).   
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Through an artificial truncation experiment that created two strains of largemouth bass 

selected differentially for their vulnerability to angling, Philipp et al. (2009) were able to 

show that recreational angling has the potential to alter the gene pool of a wild fish 

population.  The two lines of largemouth bass that were selected for different levels of 

vulnerability to angling have been shown to differ in both physiological and behavioral 

properties (Cooke et al. 2007).  More specifically, fish selected for low vulnerability to 

angling (LVF), exhibited higher growth rates compared to fish selected for high 

vulnerability to angling (HVF) in (likely food-limited) ponds (Redpath et al.  2009).  It 

should be pointed out that the angling portion of the selection experiment was in all cases 

conducted outside of the reproductive season, during mid summer and early autumn.  As 

such, selection for parental care traits was not implemented directly.  Even so, compared to 

male HVF, male LVF also demonstrated reduced investment in certain parental care 

activities, i.e., lower fanning rates and longer absence times from the nest while guarding 

their broods, as well as a reduced vulnerability to fishing lures (Cooke et al.  2007).  In 

addition, LVF demonstrated a reduced cardiac output with a concomitant increase in 

growth rates (Cooke et al. 2007; Redpath et al. 2009).  Redpath et al.  (2010) also showed 

that LVF had lower standard metabolitc rates compared to HVF, which might explain why 

Redpath et al.  (2009) found lower growth rate for juvenile HVF grown in a common 

garden experiment with LVF.  Because metabolic rates have been shown to correlate with 

aggression and growth (Dunbrack et al. 1996; Nicieza & Metcalfe 1999; Vøllestad & Quinn 

2003), directed selection for vulnerability to angling is likely to influence these correlated 

traits as well. 

The purpose of the present study was to quantify the impacts of angling-induced selection 

that resulted in an alteration of behavioral and physiological traits, on reproduction in 

largemouth bass.  This experiment builds upon work by Philipp et al (2009) who 

implemented the artificial truncation experiment creating the two lines of largemouth bass, 

characterized by high (HVF) and low (LVF) vulnerability to angling.   

The first hypothesis of this thesis is that the selection for vulnerability to angling during the 

truncation experiment, resulting in two lines of fish, HVF and LVF, selected for differential 

levels of aggressive behaviors that are important for parental care.  The second hypothesis 

is that these selected aggressive behaviors are not related to parental care.   
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To test both hypotheses, whether or not the selection on vulnerability to angling was 

associated with aggressive behaviors related to parental care, I set up experimental pond 

populations, in which equal numbers of largemouth bass from both lines were allowed to 

spawn with wild type (no artificial selection) females.  Once individual males had spawned 

and were seen on a nest providing parental care for their brood, their level of vulnerability 

to angling were assessed by casting hookless lures directly onto their nest and quantifying 

their levels of aggressive response (number hits towards fishing lures).  If the first 

hypothesis is correct, I would expect the vulnerability of HVF compared to LVF would be 

equally or even more pronounced than when assessed during the non-parental care period.  

In case the second hypothesis is correct, the difference in aggression toward fishing lures 

during the parental care period should be less or even masked compared to non-

reproductive periods. 

To assess whether or not the selection on vulnerability to angling has altered behaviors that 

were important for parental care activities, the same experimental fish were used.  Potential 

impacts on the parental care behavior and individual fitness, as a result of the artificial 

truncation, were assessed by comparing the relative mating success (number of eggs 

received), nesting success (broods raised or abandoned), and reproductive success (number 

of offspring contributed to the year class as young-of-the-year (YOY) at the end of the 

summer).  A confirmation of the first hypothesis would suggest that compared to the LVF, 

parental care of HVF males would be more effective, resulting in a greater than expected 

contribution to fall recruitment.  If the second hypothesis is correct, there should be no 

difference between both lines. 

The third hypothesis is that the artificial selection for vulnerability, which has altered 

physiological traits (lower metabolic rates in LVF), is affecting the growth rate of juveniles.  

Accordingly, I would expect differences in final offspring growth when comparing mean 

sizes of offspring from individual males of both lines (larger final sizes of LVF offspring in 

food limited ponds).  The fourth (alternative) hypothesis is that potential physiological 

differences do not affect the growth rate of juvenile largemouth bass. 
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2.  Materials and methods: 

2.1 Study animals and selection history 
 

Initial angling experiments required to develop the lines for the current study were carried 

out in Ridge Lake, a drainable reservoir in central Illinois (39.40°N, 88.16°W) (Burkett et 

al. 1986).  During the study by Burkett et al (1986), largemouth bass in Ridge Lake were 

subjected to four consecutive angling seasons.  Individuals that were caught at least once 

during these four seasons received fin clips and individually-numbered external anchor tags 

to monitor their catch histories (Burkett et al. 1986).  Subsequent to this four-year 

experiment, Ridge Lake was drained, and all surviving largemouth bass were collected, 

including fish that were never caught, and, therefore, not tagged (Philipp et al. 2009).   

A subsample of 40 fish of the over 1700 adult largemouth bass collected were then selected 

according to their capture history, with capture history being reflective of their vulnerability 

to angling.  Fish that were not captured at all within the four angling seasons were used to 

establish a broodstock (P1) characterized as having a low vulnerability to capture (LVF).  

Individuals caught more than four times within a single season were used to establish a line 

expressing high vulnerability to angling (HVF) (Philipp et al. 2009).   

Fish from the P1 generation were then stocked into four experimental ponds, two each 

containing five pairs of HVF or of LVF parents that were allowed to breed separately.  

Ponds were drained in fall 1981 and juveniles (F1) fin-clipped to identify them as to which 

one of the two lines they were, HVF or LVF.  Equal numbers of juveniles of both lines 

were raised together in three 0.08 ha outdoor rearing ponds, each containing 200 offspring 

(Philipp et al. 2009).  After three years, when these individual fish were mature and large 

enough to be angled, fish were again subjected to experimental angling for a single season 

to assess individual vulnerability (capture history) and to select adults for high and low 

vulnerability as described above.  Similar to the P1 generation, F1 fish of both lines then 

were stocked into experimental ponds and again bred separately for high and low 

vulnerability.  The emerging offspring (F2) were grown and selected in the same way as the 

F1 fish (Philipp et al. 2009).  This selection was repeated through the F3 generation (Figure 
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1).  No additional selection for vulnerability has been applied to these lines since the third 

generation.  Fish used for the study of Cooke et al. (2007) belonged to the F4 generation.  

The males used in the present study were from the next generation (F5) (D.P. Philipp, 

personal communication).   

 

  

HVF and LVF reared in 
common experimental pond 

1977 – 1979 

Ridge Lake, Illinois 

HVF (P1) 

Captured > 4 times in 
1 season 

LVF (P1) 

Captured 0-1 times in 
1 season 

Experimental pond 
breeding  

= F1 HVF 

Experimental pond 
breeding  

= F1 LVF 

Selection experiments 
repeated 2 more times 

No further truncation 
selection since F4 

Figure 1: Truncation selection experiment by Philipp et al. (2009) creating 2 distinct lines 
of largemouth bass differentiating in their vulnerability to capture to spinning gears.  No 
further selection has been conducted after three generations of truncation selection. 
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2.2 Experimental Facilities and Design 
 

The study was carried out from April to September 2009 at the Illinois Natural History 

Survey Aquatic Research Facility at the University of Illinois at Urbana Champaign, 

Illinois USA (40.07°N, 88.22°W).  To achieve the objectives of the current study, the field 

experiment was set up as common garden approach making use of six similarly sized 

experimental ponds.  The overall design was a complete randomized block design to 

account for inter pond variability (Kuehl 2000), with ponds serving as blocks and four 

replicates of each line (i.e., individual males) within a block (N = 4 HVL; N = 4 LVF per 

pond = block; total N = 24 HVF, N = 24 LVF in 6 ponds).  Furthermore, all ponds were 

also stocked with equal numbers (N = 7) of wild-type females. 

 

2.2.1 Experimental ponds  

 

The experiment made use of six similarly-sized rectangular bentonite lined ponds covered 

with a layer (about 30 cm) of fine natural sediment (Figure 2).  Ponds were characterized 

by patchy distributions of emerged and submerged macrophytes (mostly Juncus sp.  and 

Typha sp.).  Each pond was about 0.135 ha and had a maximum depth of 3.0 m.  Prior to 

stocking, ponds were drained to remove all fish and to assure similar initial conditions, by 

reducing macrophyte densities to minimal staring levels.  On March 19 2009, experimental 

ponds were filled with chlorinated tab water by the use of fire hydrants and fire hoses.  The 

high chlorine level guaranteed an instant kill of potentially remaining unwanted biota.  No 

fish were stocked until one week after filling the ponds with chlorinated water to allow 

outgassing of chlorine.  Ponds were generally characterized by high productivity, which 

provided high natural levels of macrozoobenthos and zooplankton as food for larval and 

juvenile largemouth bass. 
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Figure 2: Experimental ponds at the Illinois Natural History Survey Aquatic Research 
facility used for the present study.  Ponds were enumerated from one to six according to 
their relative position to each other starting with Pond 1 at the upper left to Pond 6 to the 
lower right.  All ponds were stocked with four male fish high vulnerable to capture (total N 
= 24) and four fish selected for low vulnerability to angling (total N = 24) as well as seven 
unselected female fish (total N = 42).  The figure shows the state off ponds on June 6 2009, 
the end of the reproductive season.  The experiment started on April 20 2009. 
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2.2.2 Fish stocking procedures  

 

As mentioned above, all ponds were stocked with four HVF males and four LFV males, 

with pairwise matching total lengths within ponds, resulting in similar mean sizes among 

ponds (LVF total N = 24, HVF total N = 24, Figure 3; Table 1).  Seven unselected (wild) 

female largemouth bass, collected by electroshocking from a local reservoir (Lake Mingo, 

Illinois, 40.21 °N, 87.73 °W), were added in each of the six experimental ponds (total N = 

42).  The stocked females had an unknown past capture history.  The fact that the Ridge 

Lake population had been established from sources quite distant from Lake Mingo over 40 

years prior to initiation of the selection experiment should control for the risk of any kin 

selection.  By stocking fewer female largemouth bass than there were male largemouth 

bass, it was hoped that there would be increased competition for females among males.  

The idea was to increase the likelihood of active mate choice by female largemouth bass, 

thus impacting the allocation of eggs among males of both lines (i.e., their mating success).  

Furthermore, to expose nest guarding male largemouth bass to potential brood predators, 

each pond was additionally stocked with approximately 500 immature bluegill (Lepomis 

macrochirus) and redear sunfish (Lepomis microlophus) obtained from Kaskaskia 

Biological Station (38.71°N, 88.75°W) and a local hatchery (Little Grassy Fish Hatchery, 

Makanda, IL 62958, USA).  These species are known predators on eggs and fry of 

largemouth and smallmouth bass (Swingle 1949; Hanson et al. 2009).  To reduce the risk of 

additional inter-pond variability through variation in sunfish reproductive activity and the 

resultant competition between sunfish fry and larval largemouth bass (Olson et al. 1995), 

stocked sunfish were immature.  Before stocking the juvenile sunfish, a sub-sample of 150 

individuals was measured (total length in mm) to quantify the size distributions (Figure 4).  

Stocking of the juvenile sunfish took place on March 25 2009, one day before the stocking 

of adult largemouth bass.   

 

Prior to the initiation of experiments, all HVF and LVF used in the current study were held 

over winter in five ponds (similar to the experimental ponds used in the study), along with 

other largemouth bass not used in the current study.  Stocking densities in these 

overwintering ponds were about 300 fish per ha.  During the overwinter period, largemouth 
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bass relied on diverse, naturally occurring prey organisms found in the ponds for food, such 

as adult bullfrogs and bullfrog tadpoles.  Additionally, ponds contained undefined numbers 

of lake chubsuckers (Erimyzon sucetta), lepomids and juvenile largemouth bass. 

When draining the five overwinter holding ponds to collect the HVF and LVF used in the 

current study, adult largemouth bass of the two lines as well as unselected fish were 

distinguished using previous fin clips and Passive Integrated Transponders (PIT tags).  The 

overwinter holding ponds were drained in the spring when ambient air and water 

temperatures reached 10 °C.  Handling of largemouth bass at lower temperatures has been 

shown to increase mortality as well as the risk of saprolegnia infections caused by damage 

to the mucus layer (Quiniou et al. 1998).  For operational reasons, one overwinter pond was 

drained in any given day, and draining occurred April 4-15, 2009; the stocking dates of 

individual fish and ponds are shown in Appendix 1.  After each overwinter pond was 

drained, all recovered fish were kept in flow-through raceways filled with pond water.  

Total length (to the nearest mm) and mass (to the nearest g) of all adult largemouth bass 

were measured using a wooden measuring board and a digital platform scale (30 kg × 0.01 

kg, Adam Equipment Inc.  Danburry, CT, USA).  The sex of each fish was determined 

either from past information on individual spawning histories or from external evaluation of 

the shape and size of the genital openings and the presence or absence of a swollen genital 

papilla (Benz & Jacobs 1986).  While being weighed and measured, similarly sized pairs of 

HVF and LVF males were placed together in large buckets filled with water.  All males 

were marked with external FLOY-tags and outfitted with a PIT tag, if one was not present, 

injected into the body cavity.  To facilitate visual identification of individual males within 

each pond, FLOY-tags of different colors were used, and FLOY tags were applied in 

unique locations for each fish.  The unique locations used included either the posterior 

section of the right or left side of the fish.  This resulted in eight unique color/placement 

combinations, allowing for the external identification of each fish.  During handling of fish 

prior to stocking, FLOY-tag colors were changed after having tagged four pairs of HVF 

and LVF.  Consequently, fish were distributed randomly among ponds, until every pond 

contained four HVF and four LVF males differing in FLOY-tag colors and position (for 

stocking dates of individual males see Appendix 1).  Female largemouth bass were stocked 

in a similar manner to male fish, and they were matched by size across the experimental 

ponds, so that no significant differences existed among ponds (Table 2).  All female 
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largemouth bass received a FLOY-tag placed on the posterior section of the left side.  

FLOY-tag colors were identical for all females and differed from those used to mark male 

fish (details about stocking dates of single females are shown in Appendix 1).   

In addition, all experimental fish were marked with fin clips as well.  Male largemouth bass 

of both lines received clips to either their anal or dorsal fins, depending to their 

vulnerability to angling, in case an external tag was lost.  Similarly, female largemouth bass 

were marked with caudal fin clips, to discern them from male largemouth bass.  All fin 

clips were preserved in sealed 10 ml cryo-tubes (Fisher Scientific International Inc., 

Hampton, NH, USA) containing 95% proof ethanol (Decon Laboratories Inc., King of 

Prussia, PA, USA) for later genetic kinship assignments.   

Furthermore, to provide additional forage for stocked largemouth bass, 12 subadult 120 mm 

lake chubsuckers were stocked into each of the experimental ponds on April 20 2009 

(Bennett & Childers 1966; Philipp & Whitt 1991).  Likewise, on June 26, subsequent to 

reproduction of largemouth bass ending, approximately 1000 adult fathead minnows 

(Pimephales promelas) were stocked into all experimental ponds to increase the number of 

prey fish for adult and juvenile largemouth bass (Webb 1986; Hambright 1991).  Large 

numbers of bullfrogs (Rana catesbeiana) and American toads (Bufo americanus) as well as 

their tadpoles occurred naturally in the ponds, providing additional forage for adult and 

juvenile largemouth bass (Lewis & Helms 1964; Cochran & Adelman 1982; Maezono & 

Miyashita 2003).   
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The few HVF and LVF that died prior to the onset of spawning were replaced by new HVF 

and LVF individuals until the first spawning events were observed (April 25, 2009).  Fish 

that died and were recovered during the reproductive period, and single males which were 

misidentified as a female, resulted in exclusion of these individuals from the final analysis.  

The four unselected males that were mistyped as females during the stocking procedure 

were removed by a snorkeler angling the nest-guarding male from his nest.  Of the initial 

42 stocked apparent females, four fish turned out to be males, whereas none of the males 

appeared to have been mistyped, resulting in an overall correct assignment rate of 95.6 %.   

  

Figure 3: Total length of stocked males for both lines of experimental fish.  LVF refers to 
males selected for low angling vulnerability (N = 24).  HVF refers to fish selected for high 
vulnerability to capture (N = 24). 
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Table 1: Results of a two-way ANOVA comparing male total length (mm) between fish 
with high (N = 24) and low (N = 24) vulnerability to angling across experimental units 
(Pond, N = 6). 

Means (lengt in mm):  Two-way ANOVA: 

Vulnerability Mean 
Length 

SD  Term df SS t P 

Low 277.8 35.6  Vulnerability 5 15.188 -0.53 0.622 
High 276.7 39.0       

 

 

 

 

  
Figure 4: Length frequency (in mm) of stocked lepomids (N = 150). 
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Table 2: Length of stocked female largemouth bass (N = 42) and results of one-way 
ANOVA comparing female total length (mm) amongst experimental ponds. 

Means (length in mm):  One-way ANOVA: 
 Mean 

Length 
SD  Term df SS F P 

Length 351.4 67.8  Pond 5 6011.1429 0.2370 0.9436 
 

 

2.2.3 Assessment of abiotic variable in ponds 

 

Stocking was completed on April 20, 2009.  As such, the experiment started on April 20, 

2009 and lasted until September 8, 2009.  During the core observation time of spawning 

activity (April 10 to June 6, 2009) physical (water temperature and turbidity) and chemical 

parameters (dissolved oxygen concentration) were assessed once a day at noon.  

Concentration of dissolved oxygen (in mg/l) and temperature (°C) were measured from a 

dock above the drain of each pond (deepest part of the pond) with a handheld dissolved 

oxygen meter (YSI 55).  Secchi depth was also recorded from the shaded side of the dock 

by the use of a standardized Secchi disk to quantify turbidity.   

 

2.3 Assessment of spawning activity and nest guarding behavior 

2.3.1 Spawning activity and reproductive success 

 

After stocking, ponds were monitored every day from shore for nesting activities of 

largemouth bass.  Daily snorkel surveys were conducted once the water temperature 

increased above 15 °C, the temperature determined as the critical threshold temperature 

inducing spawning activities in largemouth bass (Kramer & Smith 1962).  Daily snorkel 

surveys continued during the entire period that males were observed on nests (April 20 until 

June 5).  Discovered nests were marked with an individually numbered plastic tag (piece of 

PVC-pipe cut in half) placed beside it.  Furthermore, positions of nests were marked along 

the shoreline with small 18 inch high flags.  The quantity of eggs in each mating attempt 

was estimated using scores categorical scoring system that ranged from a low of ‘1’ to a 
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high of ‘5’ (Kubacki 1992; Suski & Philipp 2004).  Quantification of the numbers of free-

swimming fry that left each nest was also assessed in the same manner as egg number using 

a visual scoring system ranging from ‘1’ to ‘5’.  For each male that spawned, mating 

success and nesting success were assessed.  A male was deemed to have successfully mated 

if he was seen with eggs in his nest.  The male was considered reproductively successful 

(nesting success) if his brood was reared to the stage at which young became actively free-

swimming above the nest (Philipp et al. 1997).  Finally, for all males, their potential 

individual contribution to recruitment was assessed early in the reproductive season, using 

fry scores.  The long-term reproductive success was assessed as well in autumn using 

microsatellite markers for parentage assignments of subsampled YOY bass (see below). 

 

2.3.2 Nest guarding behavior 

 

To assess potential differences in parental investment of HVF and LVF males, nest-

guarding behavior was recorded from shoreline, twice for every nesting male during egg 

and fry stages.  To mitigate the reflections of sunlight by the water surface, all observations 

were made using polarized fishing glasses.  The first assessment was performed directly 

after a fish was seen on eggs, and the second assessment was done after the larvae had 

hatched.  To quantify parental care behavior, we established a standardized scoring system, 

with scores from three to zero, categorizing the behavior expressed by a nest-guarding male 

during a two minutes observation time.  Approaches converting behavioral observations 

into standardized scores have successfully been implemented in other studies (Suski et al. 

2003; Gravel & Cooke 2009).  The scores were designed to produce results comparable to 

earlier studies that used video recordings to assess the nest guarding behavior of bass 

(Steinhart, Sandrene et al. 2005; Cooke et al. 2007).  To assess the behavior of males on 

their nests, they were carefully approached by the observer.  It appeared that males were 

not afraid of large stationary objects (such as a parked truck) and if the observer was 

shielded.  In contrast to this, fish were easily disturbed if a person was staying close to the 

edge of a pond, trying to observe the nest.  Accordingly, a majority of observation were 

made by sitting inside or on the platform of a truck stationed close to the edge of the pond.   
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Behavioral assessments began when the nesting male became acclimated to the observer on 

shore and returned to his nest.  Fish were subsequently observed for two minutes, and their 

position relative to the nest as well as their associated behaviors recorded (on the nest, 

chasing a predator, at a distance of less than approximately two meters to the nest, farther 

from his nest than two meters).  The relative position and the expressed behavior of a male 

were assessed every 10 seconds for a total of 12 times.  Parental care behavior of males 

staying on nests and fanning their eggs or fry was considered to be the most valuable due to 

a lower probability of predation by brood predators, and due to improved conditions for egg 

and fry development (Cooke et al. 2008; Coleman & Fischer 2010).  As such, a male that 

was on his nest during the 10 s observation period received the highest possible score of 

three.  If a male was observed to be engaged in some chasing behavior during the 10 s 

observation period, he was given a score of two due to potential predatory events when the 

male was absent from the nest.  Swimming in close proximity to their nest (less 

approximately 2 m) was considered to be the least efficient parental care behavior due to 

high predation risk, and males engaged in this behavior during the 10 second observation 

period received a score of one.  Males that left the nest after initially returning to the nest 

(start of the observation period), or that were further than 2 m from their nests, during the 

observation period, were considered absent and received a score of zero.  Accordingly the 

highest possible score a male could achieve during the entire 2 min observation session was 

36.  To standardize behavioral observations to the same time periods across individuals, 

only daylight hours were used. 

Along with visual observations, the aggression of brood-guarding LMB towards potential 

nest intruders was tested using hookless fishing lures.  Every lure was casted five times and 

gently guided directly onto the nest.  The number of strikes towards each lure was summed 

to generate a total aggression score towards fishing lures (maximum of 15 strikes per 

angling session possible).  Furthermore, this standardized angling was performed to 

confirm the persistent expression of the selection trait (HVF vs.  LVF) shown by preceding 

studies for both lines (Cooke et al. 2007).  To assess changes in aggression levels between 

males guarding eggs and males guarding wriggler fry, males were exposed to lures twice 

during both brood stages, using two sets of three different kinds of artificial lures (popper, 

twister, worm) (Figure 5).   
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To assess differences in parental care investment between individual males, the duration of 

parental care that a male provided for his swim-up fry was calculated by observing 

accompanying males from shore and through snorkeling.  Parental care was considered 

terminated when a male ceased to be observed with his fry.  Similarly, for males that were 

observed with swim-up fry, and then observed to have spawned a second time his initial 

parental care effort was considered completed.  To compare energetic expenditures 

associated with parental care across the spawning season, the number of degree days 

(Ridgway et al. 1991) a male accumulated when taking care of eggs and fry was calculated.  

Degree days were defined as the cumulative number of degrees above 14 °C for the average 

temperature beginning when the water had more than 14 °C the threshold temperature 

stimulating spawning (Kramer & Smith 1962) and a male was seen on eggs.  By comparing 

cumulative degree days we could account for temperature dependent differences in larval 

development of early and late broods (Kucharczyk et al. 1997; Martell et al. 2005).   

1 2 

Figure 5: Set of 3 hookless lures for testing aggression towards lures.  1 for fish on eggs, 2 
for fish on fry, a, popper; b, twister; c, worm. 
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2.4 Assessment of reproductive output 
 

Experimental ponds were drained between September 8 to 12 2009.  Recovery dates for 

individual fish are shown in Appendix 1.  Surviving adult largemouth bass and all young of 

year seen were recovered for analyses.  A random sub-sample of 200 recruits per pond was 

taken for parentage assignment (1200 in total).  The proportions of sampled offspring were 

taken to quantify individual reproductive output of juveniles by HVF and LVF.  For the 

1200 sampled offspring and all surviving adults, total length (TL) in mm and body mass 

(TM) in g were recorded as described above.  Remaining offspring were counted and bulk 

weighted to assess total biomass and total numbers of recruits per pond.  When ponds were 

drained from September 9 to 14 2009 also the total numbers of remaining sunfish and 

young of the year (YOY) largemouth bass were counted to quantify potential density-

dependent covariates of individual reproductive success and to better understand the role of 

inter pond variability for total recruitment.  Additionally, sampled juvenile largemouth bass 

were measured for length (mm) and weight (g) to detect potential differences among lines 

and ponds.  Caudal fin clips of offspring used as tissue samples for DNA analyses and 

preserved in the same way described above. 
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2.5 Parentage assignments 
 

To assess the individual contributions to recruitment by individual HVF and LVF males, 

nine distinct DNA microsatellite markers taken from literature were used (details shown in 

Table 3).  DNA from fin clips was extracted by the use of a DNA isolation kit (PEQLAB 

Biotechnology GmbH, Erlangen, D) according to the manufacturer’s protocol.  The success 

of DNA extraction was controlled by agarose gel electrophoresis of DNA sub-samples 

using ethidium bromide for visualization under UV light (Lepecq & Paoletti 1967).  For the 

genetic analyses, a two-step multiplex PCR using five microsatellites simultaneously was 

established (Renshaw et al. 2006).  PCR reactions were set up in 15-µl volumes containing 

1.5 µl of DNA isolate.  Prior to the main experiment optimal annealing temperatures for 

single microsatellite loci were determined based on values taken from literature (Table 3).  

The multiplex PCR protocol was based on an experimental protocol of the genetics 

laboratory of the Illinois Natural History Survey (M.R.  Douglas, personal communication).  

The master mix (13.5 µl) contained 3 µl Taq buffer, 1.5 µl [25 mM] MgCl2 and 3µl [1.25 

mM] dNTP, adjusted primer amounts for the five microsatellites per multiplex (Table 4) 

and 0.15 µl Taq polymerase (GoTaq® Flexi DNA Polymerase, Promega, Madison, WI, 

USA).  Sterile water was added for a total reaction volume of 15 µl.  Initial multiplex test 

protocols were created by grouping microsatellites with similar annealing temperatures  

Annealing temperatures were optimized for each multiplex by creating a mean annealing 

temperature using data from prior tests (Table 4).  Primer concentrations were adjusted and 

modified according to the signal strength when performing the capillary electrophoresis to 

normalize peak ratios.  Amplifications were performed on a Biometra T 3000 thermocycler 

(Biometra GmbH, Göttingen, D) and consisted of an initial 3 min denaturation step at 95°C 

followed by 15 cycles of a 45 s annealing time (53°C respectively 58°C) and a 30 s 

elongation period (72 °C).  This was followed by 25 cycles with annealing times of 30 s, 

extension times of 15 s and a final extension of 3 min.  Microsatellite analysis was 

performed by the use of fluorescently labeled forward primers (Sigma-Aldrich, St.  Louis, 

MO, USA) and a capillary electrophoresis system (CEQ 8000, Beckmann Coulter, Brea, 

CA, USA).  Dye colors were chosen according to estimated fragment lengths to prevent an 

overlapping of fragments with similar allele size and dye color.  Detected fragment sizes 

were scored using the CEQTM 8000 fragment analysis software (Beckmann Coulter, Brea, 
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CA, USA).  Alleles resulting in multiple detection failures when performing the fragment 

analysis were excluded from the analysis and considered a null-allele (Holm et al. 2001).  

Parentage analysis was carried out using the program CERVUS ver.  3.0 to detect potential 

parent pairs (Marshall et al.  1998; Kalinowski et al.  2007).  When performing data 

analysis, sexes of individual parents were determined, and the typing error probability set to 

a level of 0.01 %.  Parents were assessed by the method of identifying the most likely 

parents implemented in the software package.  Candidate parents were determined by the 

software calculating trio LOD scores and assessing the trio confidence on a 95% 

confidence level (Marshall et al.  1998).  Significance for LOD values were determined by 

the software.  Offspring that were not assigned to a parent pair on a 95% confidence level 

were excluded from the analyses.   
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Table 3: Used microsatellite markers, primer sequences and optimal annealing temperature (Ta).  Several irregularities were encountered 
during amplification and electrophoresis of the microsatellite marker MS 25.  Hence it was finally excluded from parentage analyses. 

Locus Source Primer sequences 5' - 3'  Ta (°C) 

MS13 DeWoody et al. (2000) F: CTGATACAGCAGCTCGAAGC 
R: CTTCTGTCCTGCATCCTCTTAG 

54 

MS25 DeWoody et al. (2000) F: CAATATTGCCAAAGCATC 
R: CATTGATACTGAATTTATTG 

54 

MiSaTPW011 Lutz-Carrillo et al. (2008) F: CAACATGGACGCTACTAT 
R: CAACCATCACATGCTTCT 

60 

MiSaTPW025 Lutz-Carrillo et al. (2008) F: CCAAGGTCAGGTTTAAC 
R: ACCTTTGTGCTGTTCTGTC 

55 

MiSaTPW038 Lutz-Carrillo et al. (2008) F: TTTCCCACATATTTACATTT 
R: GTCCACCCTAGCTTTACTG 

60 

MiSaTPW068 Lutz-Carrillo et al. (2008) F: CAACTTTAATGC AAATACAGA 
R: CAGGCAGGCTTAAGTAA 

55 

MiSaTPW107 Lutz-Carrillo et al. (2008) F: ACCTTGTTGGCCTGATGTTGGAGC 
R: AAGGGGTAAATCCATCTGTCCACC 

60 

Lma 10 Colbourne et al. (1996) F: GTCTGTAAGTGTGTTTGCTG 
R: GAAACCCGAAACTTGTCTAG 

 50 

Lma 21 Colbourne et al. (1996)  F: CAGCTCAATAGTTCTGTCAGG 
R: ACTACTGCTGAAGATATTGTAG 

58 

Msa 18 Phillips et al. (2005) F: TGCTGCTCTTTACTGTGGAGAC 
R: TTTGGCCATCGCTTAACAGTGC 

54 
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Table 4: Multiplex panels and microsatellite primers for Micropterus salmoides.  Primer quantities [1.0 µM] are given for finalized PCR 
cocktails. 

Multiplex Microsatellite Primer Quantity (µl) Dye Range in allele size Ta (°C) 

Set 1 MS13 0.06 D4-PA 191 - 197 53 

 MS25 0.4 D3-PA 189 – 197 53 

 MiSaTPW025 0.3 D3-PA 257 - 281 53 

 MiSaTPW038 0.1 D4-PA 264 - 344 53 

 MiSaTPW068 0.18 D2-PA 159 - 247 53 

Set 2 Lma 10 0.12 D4-PA 111 - 133 58 

 Lma 21 0.3 D3-PA 132 - 190 58 

 Msa 18 0.06 D4-PA 206 - 226 58 

 MiSaTPW011 0.16 D2-PA 160 – 230 58 

 MiSaTPW107 0.3 D3-PA 256 - 402 58 
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2.6 Statistical Analysis 

2.6.1 Assessment of size differences of adult fish prior to stocking 

 

To test for similarity in sizes between stocked LVF and HVF males, data were analyzed 

using a two-way ANOVA (Table 5).  Vulnerability to angling (hereafter called 

vulnerability) was set as fixed factor and pond as a random factor.  Potential differences in 

mean female size among ponds were assessed by the use of a one-way ANOVA (Table 5).  

Normality of the data was tested using the Shapiro-Wilk test with a 0.95 confidence 

interval.  Homogeneity of variance was assessed using a Levene’s test.  If normality 

assumption failed but variance homogeneity was maintained, we assumed robustness of the 

ANOVA against this violation (Glass et al. 1972).  Analyzes were conducted using JMP 

8.0.2.2 (SAS Institute, Cary, NC, USA).  All data were visualized with the software 

package Sigma Plot ver.  11.0 (Systat Software, Inc.  San Jose, CA, USA). 

 

2.6.2 Assessment of inter-pond variability 

 

An analysis of covariance was used to analyze non-homogeneity in slopes of recorded 

secchi depths, dissolved oxygen concentrations as well as temperature between ponds.  Day 

was set as independent variable and pond as the covariate with a pond * day interaction 

(Table 5).  Significance of interaction term would be the result of non-homogeneity of 

slopes and thus statistical significant differences between experimental ponds.  Inter-pond 

comparisons were performed by using the statistical software package JMP 8.0.2.2 (SAS 

Institute, Cary, NC, USA).   
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2.6.3 Assessment of behavioral characteristics, reproductive success and offspring 

growth 

 

Analyses of behavioral characteristics, reproductive success, and mean offspring growth for 

individual males were performed as complete randomized block design with multiple 

experimental units within a block (Kuehl 2000).  The unit response with the �th treatment in 

the �th block is written as: 

���� = 	� +	� +	�� +	(�)�� + ���� 

Where ���� represent the dependent variable, � the general mean, � the treatment effect, �� 
the block effect, (�)�� the general interaction term, and ����which are random 

experimental errors (Kuehl 2000).  Ponds were considered as blocks to account for inter-

pond variability.  Vulnerability to capture (HVF, LVF) was considered a treatment.  To 

account for size-dependent contribution to offspring (Parkos 2008), TL (or spawning date) 

was set as a covariate (Milliken & Johnson 2002).   

To analyze behavioral characteristics and reproductive success, a generalized linear mixed 

model (GLMM) using the above equation was used, able to analyze data diverging from a 

gaussian distribution (Bolker et al. 2009).  Response variables were graphically fitted to 

appropriate distributions before analyses took place.  Spawn date, egg and fry scores, the 

aggression towards lures and the proportion of contributed offspring were considered to be 

discrete variables and fitted to poisson and overdispersed poisson distributions (Ver Hoef & 

Boveng 2007).  Mating and reproductive success were analyzed as Bernoulli distributed 

data due to their binary characteristics (yes / no).  All remaining response variables not 

explicitly stated here were considered to be normally distributed and analyzed accordingly.  

All data were handled according to the SAS GLIMMIX procedure for analyzing a 

randomized complete block design and response variables fitted to their assigned 

distributions (Littell 2006).  Influences of egg and fry scores on nest guarding behavior and 

aggression towards lures, the egg score, spawn date and the length of parental care provided 

on the number of genotyped offspring as well as the impact of spawn date and accumulated 

degree-days on the length of parental care provided by individual males were analyzed 

using the same randomized complete block design described above and removing the line 
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(i.e., the selection history of males) effect.  Detailed information about the different models, 

as well as the covariates used, are shown in Table 6.  All analyzes using the complete 

randomized block design as described above were performed using the SAS version 9.1 

mixed model procedure PROC GLIMMIX (SAS Institute, Cary, NC, USA).   

 

2.6.4 Chi square analysis of predicted and realized contributions to offspring 

 

A Pearsson’s χ2 test of independence was performed to compare expected versus observed 

contributions to recruitment by single males within single ponds.  Expected contributions 

were determined by relating fry score numbers to individual fish (Kubacki 1992) and 

multiplying the obtained proportions by the number of subsampled offspring (number of 

offspring used for parentage assignment).  Egg scores were related to following numbers of 

offspring: 1 = 950 juveniles, 2 = 2250 juveniles, 3 = 7750 juveniles, 4 = 10900 juveniles, 5 

= 28500 juveniles.  Males, for which fry could not be scored after having left the nest (e.g.  

due to a low visibility), were removed from the analysis and the subsample size adjusted in 

accordance. 

The formula for the independence test is written as 

�� =��(��� −	���)�
���

�

���

�

���
 

with r for the rows and c for the columns of the contingency table, Oij for the observed and 

Eij for the expected frequency in offspring (Sheskin 2004).  Acceptance of the null 

hypothesis on an α = 0.1 level would explain strong similarities between the number of 

swim-up fry produced by an individual male and the number of fall recruits contributed by 

this male.   
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2.6.5 Bivariate correlations 

 

Analysis of density dependent effects on final sizes of largemouth bass offspring and the 

number of recruits were assessed by bivariate correlations (Pearson correlation coefficient) 

using mean values for the response variables (Table 6).  Bivariate correlations were 

calculated using JMP 8.0.2.2 (SAS Institute, Cary, NC, USA).   

 

Table 5: Statistical models, dependent variables, fixed factors (Factor, Vuln.  = vulnerability 
to angling, Length = size of male in mm), covariates (if used), distribution of dependent 
variables and software packages used for data analyses. 

Model Dependent variable Factor Covariate  Assumed 
distribution 

Software 

Two-Way 

ANOVA 

Male size 

 

Pond 

 

  Normal JMP 

One-Way 

Anova 

Female length Pond   Normal JMP 

ANCOVA Temperature 

Secchi depth 

Dissolved oxygen 

   Normal 

 

JMP 
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Table 6 Statistical models, dependent variables, fixed factors (Factor, Vuln.  = vulnerability 
to angling), covariates (if used), distribution of dependent variables and software packages 
used for data analyses.  YOY = juvenile largemouth bass, spawn date refers to the day after 
first spawning was observed. 

Model Dependent variable Factor Covariate  Assumed 
distribution 

Software 

GLMM Spawn date 

Mating and reproductive 
success 

Vuln. 

Vuln. 

Male size 

Male size 

 OD Poisson 

Binary 

SAS 

 Egg and fry scores 

Nest guarding behavior 

Aggression towards lures 

Vuln. 

Vuln. 

Vuln. 

Male size 

Male size 

Male size 

 Poisson 

Normal 

Poisson 

 

 Nest guarding behavior Egg 
score 

  Normal  

 Nest guarding behavior Fry 
score. 

  Normal  

 Aggression towards lures Egg 
score 

  Poisson  

 Aggression towards lures Fry 
score 

  Poisson  

 Duration of parental care Vuln. Male size  Normal  

 Cumulative degree days 

Duration of parental care 

Vuln. 

Spawn
date. 

Male size 

Male size 

 Normal 

Normal 

 

 Genotyped offspring Fry 
score. 

  Normal  

 Genotyped offspring 

Genotyped offspring 

Vuln. 

Spawn 
date 

  OD Poisson  

 Offspring growth Vuln. Spawn 
date 

 Normal  
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Table 6 continued: 

Model Dependent variable Factor Covariate  Assumed 
distribution 

Software 

Bivariate 
correlations 

YOY size in relation to 
total number of recruits 

Number of YOY in 
relation to number of 
sunfish 

YOY biomass in relation 
to sunfish biomass 

    JMP 
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3.  Results 

3.1 Environmental conditions 

3.1.1 Secchi depth / visibilities 

 

Significant differences (P < 0.05; Table 7) in turbidity levels were documented across 

ponds (N = 6) during the April 20 2009 to June 05 2009 monitoring period (N = 45).  

Secchi depth was generally lower at the beginning of the experiment and towards the end of 

the experiment.  The greatest visibility occurred in mid-May, while lowest visibilities were 

more frequent at the beginning and the end of the observation period (Figure 6).  High 

levels of turbidity at the beginning of the experiment could likely be attributed to strong 

winds and dispersal of fine sediment due to water movement.  Decreases in Secchi depths 

towards the end of the experimental period were mainly due to an increase in planktonic 

algae abundance. 

 

 

Table 7: Mean visibility (m) and standard deviation (SD) for experimental ponds (April 20 
– June 5 2009).  The analysis of covariance revealed significant differences between ponds 
across the experimental period.  The interaction terms indicates significant differences 
between ponds for single days (significant p values are marked with an asterisk). 

Table of means:  Analysis of covariance 

 
 

Mean 
Visibility  

SD  Term df SS F  P  

Pond 1 1.3 0.5  Pond 5 14.926 19.2174 <.0001* 
Pond 2 1.5 0.4  Day 1 0.523 3.3678 0.068 
Pond 3 2.0 0.5  Pond*Day 5 2.705 3.4824 0.005* 
Pond 4 1.7 0.4       
Pond 5 1.7 0.3       
Pond 6 1.8 0.3       
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Figure 6: Secchi depths (m) for the six experimental ponds (numbered 1 to 6) over time 
beginning April 20 2009 until June 5 2009 (N = 45 measurements for each pond). 

Pond 1 Pond 2 

Pond 4 Pond 3 

Pond 5 Pond 6 
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3.1.2 Dissolved Oxygen 

 

As shown in Figure 7, concentration of dissolved oxygen varied considerably, both between 

ponds (N = 6) and across days (N = 45) (P < 0.05).  Mean concentration of dissolved 

oxygen ranged from 7.78 mg/l at the lowest, to 10.32 mg/l at the highest (Table 8).  Day to 

day variation in single ponds, and differences between ponds, could mainly be attributed to 

the abundance of macrophytes and phytoplankton, leading to temporal oxygen 

oversaturation.   

 

Table 8: Mean concentration of dissolved oxygen (Diss.  O2) in mg/l and standard deviation 
(SD) from April 20 to June 5 for single experimental ponds (N = 6).  Significant p values 
are marked with an asterisk. 

Table of means:  Analysis of covariance 

 Mean Diss.  O2 SD  Term df SS F P 

Pond 1 9.19 1.79  Pond 5 188.67 13.68 <.0001* 
Pond 2 9.12 2.29  Day 1 164.50 59.62 <.0001* 
Pond 3 9.36 1.63  Pond*Day 5 75.47 5.47 <.0001* 
Pond 4 7.78 1.67       
Pond 5 10.31 1.93       
Pond 6 10.20 2.01       
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Figure 7: Daily measurements of dissolved oxygen concentrations (mg/l) in single 
experimental ponds from April 20 to June 5 2009 (N = 45 measurements for each pond). 

Pond 1 Pond 2 

Pond 3 Pond 4 

Pond 5 Pond 6 
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3.1.3 Temperature 

 

At the beginning of the monitoring period (April 20 to June 5 2009) water temperatures 

increased quickly, which reflects the increase of ambient air temperatures and the decrease 

of wind.  After a peak on April 27 2009 with temperature above 20 °C, temperatures 

remained stable (18 – 19 °C) until May 22, where a second peak was recorded at greater 

than 24 °C (Figure 8).  After this date, water temperatures remained above 20 °C until the 

end of the monitoring period.  The sharp drop in temperature on May 13 can be likely 

attributed to a storm and/or rain event.  All ponds (N = 6) showed nearly identical 

temperature regimes during the whole monitoring period as reflected by the statistical 

analyses (Table 9).   

 

Table 9: Mean temperatures (Mean T.) in °C and standard deviation (SD) from April 20 to 
June 5 for single experimental ponds (N = 6).  Significant p values are marked with an 
asterisk). 

Table of means:  Analysis of covariance 

 Mean T.  °C° SD  Term df SS F P 

Pond 1 19.71 3.45  Pond 5 2.35 0.15 <0.98 
Pond 2 19.74 3.30  Day 1 2071.78 662.03 <.0001* 
Pond 3 19.62 3.32  Pond*Day 5 1.34 0.09 <0.99 
Pond 4 19.86 3.31       
Pond 5 19.89 3.29       
Pond 6 19.70 3.14       
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3.2 Behavioral assessments 

3.2.1 Spawn date 

 

Spawning of largemouth bass coincided with a rising of water temperatures (Figure 8).  The 

first nest to receive eggs was detected shortly after the water temperature increased above 

15°C.  The majority of males appeared on nests within one week of this event (N = 36 nests 

detected from April 25 to April 30 2009), and only two of the 48 males were never seen 

having a nest of which one died during the first week of spawning (May 1 2009).  Angling 

vulnerability did not significantly influence spawn date (P < 0.05; Table 10; Figure 8).  

Male size, however, did have a significant influence on spawn date (P < 0.05; Table 10), 

with larger males spawning earlier than smaller males (Table 10 and Figure 9).  Re-nesting 

of fish that successfully raised swim-up fry was only observed five instances, and these 

second broods were not reared to independence.  Four largemouth bass were mistakenly 

mis-sexed as females but were actually males.  These fish were consequently removed from 

the study (details are given in Appendix 1).   
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= 5 = 4 = 3 = 2 = 1    +  = estimated spawning time 

Figure 8: Daily water temperature (°C) and detected spawning events from April 20 to June 
5 for single experimental ponds (N = 6).  Large circles indicate observed nesting events and 
back calculated spawning events for fish with high vulnerability to angling (upper, filled 
circles N = 24) and fish with low vulnerability to angling (lower, open circles N = 24).  
Circle size is related to egg or fry scores (whichever was assessed latest).  Half-filled 
circles indicate that a nest was been abandoned prior to the brood reaching independence. 

Pond 1 Pond 2 

Pond 3 Pond 4

Pond 5 Pond 6 
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3.2.2 Mating and reproductive success 

 

Mating and reproductive success of individual HVF and LVF males did not differ across 

selection history.  Overall, 95.74 % (N = 45) of all males successfully mated (i.e., received 

eggs in their nest), whereas only a few (N = 2) were never seen on a nest.  Size and 

selection history did not influence either the probability that a male received eggs (mating 

success), or the probability that a male would rear his brood to the swim-up fry stage (P > 

0.05; Table 10).  The number of eggs (egg score) in an individual male’s nest did not differ 

between HVF and LVF and was not influenced by male size (P > 0.05; Table 10).  Of the 

45 males that received eggs, N = 11 (24.4 %) deserted their brood prior to the hatching of 

larvae (or shortly thereafter).  While male size did not have an influence on mating success 

(P > 0.05; Table 10), the production of swim-up fry was significantly influenced by the size 

of a male, as smaller males were more likely to desert their broods (P < 0.05; Table 10).  

Figure 9: Scatterplot showing successful mating events for largemouth bass that were 
artificially selected to have either a high vulnerability to angling (HVF; filled circles; N = 
19) or a low vulnerability to angling (LVF; open circles, N = 21).  The x-axis shows the 
number days after the first detected spawning event starting with ‘0’ (April 25 2009). 
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The production of swim-up fry (fry scores) was neither influenced by the size of individual 

males, nor by the selection history (P > 0.05; Table 10). 

 

Table 10: Results of generalized linear mixed model (GLMM) examining the impact of 
vulnerability to angling and male size (length) on spawn date, mating success (reception of 
eggs), egg scores, nesting success (production of swim-up fry) and scored values for the 
number of produced swim-up fry (fry score) of individual males (HVF = fish with high 
vulnerability to angling; LVF = fish with low vulnerability to angling). 

Variable  N Factor Num 
df 

Den 
df 

F P 

Spawn date 
 
 

HVF = 19 
LVF = 21 

Vulnerability 
Length 

1 
1 

5 
29 

0.71 
16.51 

0.44 
0.0003* 

Mating success 
 
 

HVF = 24 
LVF = 24 

Vulnerability 
Length 

1 
1 

5 
35 

0.35 
0.03 

0.58 
0.87 

Egg score 
 
 

HVF = 21 
LVF = 22 

Vulnerability 
Length 

1 
1 

5 
30 

0.12 
0.41 

0.74 
0.53 

Nesting 
success 
 
 

HVF = 22 
LVF = 23 

Vulnerability 
Length 

1 
1 

5 
31 

0.11 
5.00 

0.75 
0.032* 

Fry score 
 
 

HVF = 17 
HVF = 17 

Vulnerability 
Length 

1 
1 

5 
21 

2.81 
1.60 

0.15 
0.22 

Bold values indicate P < 0.05 
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3.2.3 Nest guarding behavior and vulnerability to fishing lures 

 

HVF showed greater turning rates and fanning rates during brood guarding than LVF and 

spent longer periods of time on their nests.  HVF also returned sooner after leaving their 

nest than did LVF and a total absence from the nest (farther than 2 m) was observed more 

frequently for LVF males compared to HVF males.  This difference in behavior, resulting 

in scores being overall 36 % lower for LVF than for HVF males, was also reflected in 

statistical analyses (P < 0.05; Table 11; Figure 10).  A comparison of the nest-guarding 

behavior post-hatching did not reveal line differences (P > 0.05; Table 11) as the time spent 

away from the nest increased for HVF (reflected by a 20 % reduction in behavioral score 

when compared to the values when guarding eggs), resulting in similar scores to those 

assessed for LVF (Figure 10).  In both cases, male size did not influence nest guarding 

behavior (P > 0.05; Table 11).   

The vulnerability to fishing lures varied considerably between individual males, with some 

individuals never hitting a lure while others would only hit the first time, or one type of 

fishing lure.  Furthermore, experimental angling confirmed differences in angling 

vulnerability between both lines when males were guarding eggs, with HVF male hitting 

lures on average two times more often than LVF male, resulting in an average of one hit per 

five casts (P < 0.05; Table 11; Figure 13).  After hatching of larvae, line dependent 

differences were statistically no longer significant (P > 0.05; Table 11; Figure 11).  Similar 

to the results for nest guarding behavior, the size of an individual male did not influence the 

aggression toward fishing lures when guarding either eggs (P > 0.05; Table 11) or fry (P > 

0.05; Table 11).   

Both, the time a male spent on the nest (P > 0.05; Table 11) and the vulnerability to capture 

(P > 0.05; Table 11) were not influenced by egg scores.  Furthermore, the amount of swim-

up fry (fry score) produced by an individual male was not found being related to the time 

spent on the nest (P > 0.05; Table 11).  In contrast, males producing large fry scores were 

found more vulnerable to angling than males with small fry scores (P < 0.05; Table 11).   
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Table 11: Statistical analyses (GLMM) examining the impact of vulnerability to angling 
and male size (length) on nest guarding behavior and vulnerability to fishing lures (HVF = 
fish with high vulnerability to angling; LVF = fish with low vulnerability to angling). 

Variable  N Factor Num 
df 

Den 
df 

F P 

Nest guarding 
behavior (male 
on eggs) 
 

HVF = 19 
LVF = 19 

Vulnerability 
Length 

1 
1 

5 
25 

11.27 
0.92 

0.020* 
0.35 

Nest guarding 
behavior (male 
on fry) 
 

HVF = 17 
LVF = 17 

Vulnerability 
Length 

1 
1 

5 
23 

0.91 
0.31 

0.38 
0.58 

Hits towards 
fishing lures 
(male on eggs) 
 

HVF = 19 
LVF = 21 

Vulnerability 
Length 

1 
1 

5 
27 

6.78 
1.28 

0.048* 
0.27 

Hits towards 
fishing lures 
(male on fry) 
 

HVF = 18 
LVF = 18 

Vulnerability 
Length 

1 
1 

5 
23 

6.38 
0.21 

0.053 
0.65 

Nest guarding 
(on eggs) 
 

38 Egg score 1 25 0.53 0.47 

Hits towards 
fishing lures 
(on eggs) 
 

40 Egg score 1 27 4.00 0.055 

Nest guarding  
(on fry) 
 

30 Fry score 1 18 4.54 0.076 

Hits towards 
fishing lures 
(on fry) 

30 Fry score 1 18 6.95 0.017* 

       
Bold values indicate P < 0.05 
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Figure 10: Behavioral scores for egg-guarding males with low vulnerability to angling 
(LVF; N = 19) and fish selected for high vulnerability to angling (HVF; N = 19).  An 
astersisk indicates significant differences between groups (GLMM, P < 0.05). 

Figure 11: Nest guarding scores (on wriggler fry) for largemouth bass males selected for 
low vulnerability to angling (LVF; N = 17) and high vulnerability to angling (HVF; N = 
17).  An asterisk indicates group dependent differences (GLMM, P < 0.05). 
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Figure 13: Comparison of vulnerability to fishing lures between largemouth bass males 
selected for low vulnerability to angling (LVF; N = 18) and high vulnerability to angling 
(HVF; N = 18) guarding wriggler fry.  An asterisk indicates significant differences between 
groups (GLMM, P < 0.05). 
 

Figure 12: Comparison of vulnerability to fishing lures between largemouth bass males 
selected for low vulnerability to angling (LVF; N = 18) and high vulnerability to angling 
(HVF; N = 18) guarding eggs.  An asterisk indicates significant differences between groups 
(GLMM, P < 0.05). 
 



Results 

45 

3.2.5 Duration of parental care provided for swim-up fry 

 

The duration a male provided care for his swim-up fry varied across individuals.  While 

some males deserted their broods immediately after their offspring developed into swim-up 

fry, other males were provided care for their broods for more than two weeks, with an 

observed maximum of 23 days.  The duration of parental care individual males provided for 

their swim-up fry did not reveal significant differences between both lines (P > 0.05; Table 

12), with an average duration of 10 days for HVF males  (LS-mean 9.9 days SE ± 1.8) and 

nine days for LVF (LS-mean 8.8 days, SE ± 1.8) males.  Similarly, the size of a male did 

not influence how long he would guard his free-swimming fry (P > 0.05; Table 12).  Model 

parameter estimates indicated that, while small LVF guarded swim-up fry longer than small 

HVF, large HVF guarded fry for a longer period of time than did large LVF (Figure 14).  In 

general, males that spawned early in the season were also those that provided the longest 

duration of parental care (P < 0.05; Table 12), whereas the duration of parental care 

decreased the later in the season that a fish spawned (Figure 15).  While the number of 

degree days accumulated by individual HVF males increased with size, no such relation 

could be observed for LVF male.  These line and size dependent differences were reflected 

by the significant interaction term of selection history and size of a male (P < 0.05; Table 

12).  Furthermore, the longer duration of parental care provided by early nesting males 

could not be attributed to a slower accumulation of degree days by those males.  The 

number of degree days accumulated by nest guarding males (N = 34) until their fry became 

independent were significantly positively correlated to the duration of parental care (P < 

0.05; Table 12; Figure 16).   
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Table 12: Statistical analyses (GLMM) examining the influence of vulnerability to angling 
and male size (length) on the duration of parental care, the number of accumulated degree 
days as well as the impact of spawn date and accumulated degree days on the duration of 
parental care (HVF = fish with high vulnerability to angling; LVF = fish with low 
vulnerability to angling). 

Variable  N Factor Num 
df 

Den 
df 

F P 

Duration of 
parental care 
(swim-up fry) 
 

HVF = 18 
LVF = 16 

Vulnerability 
Length 
Vulnerability*Length 

1 
1 
1 

5 
20 
20 

5.29 
3.86 
5.67 

0.070 
0.064 
0.027* 

Duration of 
parental care 
 

33 Spawn date 1 20 13.65 0.0014* 

Accumulated 
degree days 
 
 

HVF = 18 
LVF = 17 

Vulnerability 
Length 
Vulnerability*Length 

1 
1 
1 

5 
21 
21 

5.81 
2.89 
6.33 

0.06 
0.10 
0.020* 

Duration of 
parental care 
 

34 Accumulated degree 
days 

1 21 599.51 < 0.0001*  

Bold values indicate P < 0.05 
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Figure 14: Scatterplot showing the relationship between the duration of parental care of 
swim-up fry (days) and the total length of male largemouth bass selected for high 
vulnerability to angling (HVF; N = 16) and largemouth bass selected for low vulnerability 
to angling (LVF; N = 18).  The coloured lines denote relationships between size and 
parental care duration.  The red line and open circles are for LVF, while the blue line and 
closed circles are for HVF.  There was a significant interaction between male size and line 
(GLMM, P < 0.05). 
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Figure 15: Relationship between the duration of parental care provided to swim-up fry and 
spawn date for individual males (N = 33). 

Figure 16: Duration of parental care post free-swimming of fry in relation to the number of 
accumulated degree days (April 22 2009 – May 24 2009) for all males successfully raising 
fry (N = 34). 



Results 

49 

3.3 Parentage assignment 

 

In total, 11375 juvenile largemouth bass were sampled across all 8 experimental ponds, 

with a maximum of 3513 offspring for the pond with the highest recruitment, and 624 YOY 

largemouth bass for the pond with the lowest recruitment (Appendix 2).  From the 1200 

offspring subsampled for parentage assignments, 1189 could be assigned to their parents on 

a 95 % confidence level.  In Pond 1, eleven offspring were assigned to an unselected wild 

type male that successfully reproduced but was initially mistyped as a female.  Offspring 

from this fish were excluded from further analyses.  Detected allele sizes in experimental 

fish, as well as the observed and expected level of heterozygosities, are shown in Appendix 

3.  Due to the large number of homozygotes in some microsatellite markers (especially in 

male fish), the estimation of genetic parameters resulted in a high number of null alleles.  

Consequently, one (MS 25) of the 10 microsatellites chosen for parentage assignments was 

responsible for a high number of genetic mismatches between offspring and assigned 

parents.  Single reamplification of this locus did not reveal improved amplification of 

missing alleles.  Hence, this microsatellite was excluded from the final parentage 

assignment.  The remaining marker mismatches, due to potential null alleles, were only 

observed in a few individuals, as 20 of the 1189 assigned offspring showed mismatches at 

one locus (1.68 %).  From a total of 1189 offspring 740 could be assigned to HVF (N = 16) 

and 449 to LVF (N = 17).  The maximal contribution by a single male was approximately 

96 % of sampled recruits from a single pond.  Likewise the proportion of HVF to LVF 

offspring was inconsistent between ponds reaching from 18.5 % to 96 % for HVF and from 

4 % to 81.5 % for LVF (Appendix 2).   
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Males with the largest fry scores also contributed the largest number of genotyped fall 

recruits within a pond (P < 0.05; Table 14).  Overall, the majority of the males, 70.8 % (N = 

34), were observed with swim-up fry and 68.8 % (N = 33) were able to produce recruits 

based on subsampled YOY largemouth bass.  However, the realized number of offspring 

differed from the expected number extrapolated from fry scores and was heavily skewed 

towards a few individuals (Appendix 2; Figure 17).  This also explains why the chi-square 

test of independence, that compared the expected number of offspring (based on fry scores) 

with the contributed number of offspring for individual males, was not significant on an α 

0.1 level.  This resulted in low predictability of final recruitment based on fry scores (Table 

13; Figure 17). 

 

Table 13: Test statistics showing results of the χ2 – test comparing predicted number of 
genotyped fall recruits per male ��� (based on fry score) with realized number of fall 
recruits ��� (based on genotyped offspring) for single ponds (r indicating rows and c 
columns).  Also shown are subsample sizes n, degrees of freedom (df), and probability of 
rejection of null hypothesis on an α = 0.1 level (rows marked with an asterisk = acceptance 
of null hypothesis).  Fish not having received a fry score were excluded from the analysis. 

Pond n df 
�� =��(��� −	���)�

���
�

���

�

���
	

α  0.1 

1 186 4 172.38 – 

2 200 2 85.98 – 

3 200 7 131.10 – 

4 200 6 128.67 – 

5 192 4 44.29 – 

6 197 5 57.69 – 



 

 

5
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Figure 17: Comparison between the expected and the realized contributions to recruitment for individual males (N = 33) seen with swim-
up fry.  Solid bars indicate the expected contributions to recruitment by individual males based on fry scores whereas open bars indicate 
the observed numbers of offspring. 
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Statistical analyses examining the number of fall recruits generated by individual males 

were based on a total of 1189 assigned YOY bass (Pond 1; N = 189, Pond 2 - 6; N = 200).  

There was no significant influence of selection history on overall recruitment (P > 0.05; 

Table 14).  In contrast, fish size had a significant influence the number of fall recruits 

generated, as more offspring were produced by larger males (P < 0.05; Table 14).  

Moreover, the largest number of genotyped offspring could be assigned to large HVF, 

whereas the number of genotyped fall recruits was lower for large LVF male (Figure 18).  

In contrast, small LVF produced comparatively more offspring compared to similar sized 

HVF male.  A significant interaction between selection history and male size was evidenced 

by statistical analysis (P < 0.05; Table 14).  Furthermore, offspring production was 

significantly affected by the duration of parental care (P < 0.05; Table 14) with the result 

that, as the duration of parental care provided by individual males increased, so did the 

number of offspring (Figure 19).  Because early-spawning males were the ones that 

provided the longest duration of parental care (see chapter 3.2.5), the highest contribution 

to recruitment was consequently achieved by males that spawned at the beginning of the 

reproductive season (P < 0.05; Table 14; Figure 20).  Males spawning later in the season 

contributed comparatively fewer offspring. 
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Table 14: Test statistics examining the effects of produced swim-up fry (fry score), 
vulnerability to angling, male size (and interaction between both), duration of parental care 
and spawn date on final recruitment (HVF = males selected for high vulnerability to 
angling; LVF = males selected for low vulnerability to angling). 

Variable  N Factor Num 
df 

Den 
df 

F P 

Reproductive 
success 
 

34 Fry Score 1 21 24.00 < 0.0001*  

Reproductive 
success 
 
 

HVF = 48 
LVF = 47 

Vulnerability 
Length 
Vulnerability*Length 

1 
1 
1 

5 
33 
33 

4.46 
14.58 
5.34 

0.089 
0.0002* 
0.029* 

Reproductive 
success 
 

34 Duration of parental 
care 

1 21 38.14 < 0.0001* 

Reproductive 
success 
 

43 Spawn date 1 30 39.39 < 0.0001* 

Bold values indicate P < 0.05 

Figure 18: Scatterplot showing the number of genotyped offspring contributed by 
individual largemouth bass selected for high vulnerability to angling (HVF; N = 24) and 
largemouth bass selected for low vulnerability to angling (LVF; N = 24).  The coloured 
lines denote relationships between size and number of genotyped offspring.  The red line 
and open circles are for LVF, while the blue line and closed circles are for HVF.  There was 
a significant interaction between male size and line (GLMM, P < 0.05). 
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Figure 20: Overview of the proportion of offspring contributed by single males (N = 43) for 
all experimental ponds (N = 6) in relation to the spawn date, starting with ‘0’ on April 22 
2009. 
 

Figure 19: Regression plot showing the proportion of offspring for individual males in 
relation to duration of parental care post free-swimming of fry.  Coloured lines indicate an 
interaction between males selected for low vulnerability to angling (LVF, N = 16) and 
males selected for high vulnerability to angling (HVF, N = 18). 
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3.4 Offspring length and density dependent effects on growth 

 

Comparison of mean length of HVF and LVF recruits revealed that HVF offspring (LS-

mean 52.06 mm, SE ± 3.03) were approximately 5 % shorter than LVF recruits (LS-mean 

54.58 mm, SE ± 3.02) (P < 0.05; Table 15; Figure 21), indicating lower absolute growth 

rates by HVF offspring.  Spawn date had not a significant influence on offspring size, as 

offspring of early broods were not significantly larger than those from later broods (P > 

0.05; Table 15). 

 

Table 15: Statistical analyses (GLMM) examining the influence of vulnerability to angling 
and spawn date on offspring length. 

Variable  N Factor Num 
df 

Den 
df 

F P 

Mean offspring 
length 
 

HVF = 16 
LVF = 17 

Vulnerability 
Spawn date 

1 
1 

5 
18 

10.39 
3.69 

0.023* 
0.070  

Bold values indicate P < 0.05 

Figure 21: Comparison of mean sizes between offspring from largemouth bass males 
selected for low vulnerability to angling (LVF; N = 18) and high vulnerability to angling 
(HVF; N = 18).  An asterisk indicates significant differences between groups (GLMM, P < 
0.05). 
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The total number of largemouth bass offspring produced in a pond did not influence the 

mass of bass recruits collected during fall draining (Figure 22).  Furthermore, there was no 

significant relationship between the total number of bass recruits and the total number of 

sunfish collected (Figure 23).  Similarly, there was no significant correlation between YOY 

largemouth bass and sunfish biomass (Figure 24).  Accordingly, growth and number of 

surviving largemouth bass and lepomids likely were more strongly influenced by inter-

pond variability than intra- or interspecific competition.   

 

  

Figure 22: Mean individual mass of young of the year (YOY) largemouth bass based on 
bulk weights in relation to the number of sampled largemouth bass offspring per pond (N = 
6).   

r2 = 0.355 

P  = 0.21 

N = 6 
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Figure 23: Biomass of recovered sunfish in g versus number of recovered young of the year 
(YOY) largemouth bass for single experimental units (N = 6). 

r2 = 0.211 

P  = 0.3601 

N = 6 

Figure 24: Biomass of recovered sunfish in g versus biomass of recovered young of the 
year (YOY) largemouth bass for single experimental units (N = 6). 

r2 = 0.536 

P  = 0.098 

N = 6 
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3.  Discussion 
 

The results from the present study indicate that artificial selection resulting in variability in 

vulnerability to angling has an influence on the reproductive output of male largemouth 

bass.  The numbers of recruits produced at the time of the fall draining was the result of 

both phenotypic and the genetic history of individual males.  The highest contribution to 

overall recruitment was achieved by large males belonging to the HVF strain, which 

indicates that successful recruitment may not only be the result of size, but also influenced 

by the selection history.  To my knowledge, this is the first experiment documenting the 

impact of fisheries-induced evolution on fitness due to recreational angling.   

 

3.1 Spawn date 

 

The date that a male bass spawned did not differ between the two lines selected for 

vulnerability to angling.  Size was the decisive factor driving spawn date, with larger males 

spawning first, a pattern also observed by previous studies involving largemouth 

(Goodgame & Miranda 1993) and smallmouth bass (Ridgway et al. 1991; Ridgway & 

Friesen 1992).  It has been suggested that the overall benefit for a male largemouth bass to 

spawn early in the year is to provide a longer growing season for his offspring, resulting in 

larger YOY sizes and increasing probability of overwinter survival (Post et al. 1998), by 

allowing their offspring to obtain a size advantage over potential prey fish species that 

spawn later in the season (Keast 1985).  Potential benefits of an early reproduction, apart 

from the simple increase in the duration of the growing season, could include increased 

offspring growth rates due to an earlier ontogenetic niche shift to piscivory (Keast & Eadie 

1985; Post 2003; Juanes et al. 1994).  The reason for the observed spawning asynchrony 

between larger and smaller males is likely the same as described for smallmouth bass; i.e., 

differences in spawn date are believed to be linked to the fact that larger males have higher 

energy reserves than smaller males and can, therefore, engage in spawning without needing 

to forage to accumulate energy stores following winter when foraging rates are low 

(Ridgway et al. 1991).  Furthermore, research has revealed that larger males are able to 
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exclusively utilize somatic energy reserves during parental care, while smaller males may 

have to rely on exogenous energy sources to supplement their lower energy reserves 

(Schultz 1991; Mackereth et al. 1999).  Because all ponds in the current study were drained 

prior beginning experiments, it may be possible that the food resources available to bass 

was reduced, decreasing the availability of prey items for smaller males and leading to an 

increased delay in reproduction.   

Based on the parentage assignment of subsampled offspring, offspring from early nests had 

higher survival rates than offspring from later nests, which is congruent with the result of 

other studies (Pine III et al. 2000).  The low success rate of late-nesting males, including 

nests that successfully reared broods to the swim-up fry stage, may have resulted from (a) 

density dependent effects, where larger largemouth bass recruits outcompeted smaller fish 

for limited food resources, or (b) a result of intercohort cannibalism between offspring 

(Cooper 1937; Shelton et al. 1979; DeAngelis et al. 1991; Swenson 2002; Rogers & Allen 

2010).  The first might have led to an overall reduction in zooplankton and associated 

switches in the composition of the zooplankton community, resulting in less favorable prey 

items especially for smaller largemouth bass, having access to a narrower range of food 

items due to gape-size limitation (Shelton et al. 1979; Post et al. 1997; Post 2003).  The 

second, cannibalism, could have been promoted by the elongated spawning season, lasting 

more than three weeks, as cannibalism between early- and late-spawned broods becomes 

more frequent with increased size differences (Deangelis et al. 1980).  While prey 

(zooplankton) densities were not assessed during the study, occurrence of major 

cannibalistic events are in accordance with underwater observations, where on several 

occasions I was able to observe larger (older) YOY feeding on younger fry that just had left 

the nest.  The fact that most late-spawning males abandoned their offspring immediately 

after they reached the fry-swimming stage (rather than provide extended parental care seen 

in many early-spawning individuals) may have even encouraged cannibalism by larger 

conspecifics.  The probability of cannibalistic events becomes even more likely because we 

observed that a few YOY (N = 28), all coming from early broods, appeared to be 

substantially larger than the remaining largemouth bass recruits sampled in the same ponds 

(not part of the YOY used for the statistical analyses), indicating potential cannibals 

(Cooper 1937).   
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3.2 Female contribution to recruitment – comparison of egg and fry 

scores, mating and reproductive success 

 

Results did not reveal a significant impact of size or line on the mating success (egg scores) 

of individual males.  For several fish species it has been shown that females allocate more 

or better eggs to the most attractive male in the population (Kolm 2001; Evans et al. 2010).  

Among the factors potentially indicating male attractiveness to females (which would 

impact male fitness as well) are mainly secondary sex characteristics such as male size and 

color or the expressed courtship behavior (Noonan 1983; Foote 1988; Milinski & Bakker 

1990; Knapp & Warner 1991; Leese et al. 2009; Young et al. 2010).  For largemouth bass, 

previous work has revealed that females have a preference for larger males, as the number 

of eggs deposited in a nest correlates positively with the size of the brood-guarding male 

(Suski & Philipp 2004).  Nevertheless, comparisons of mating success did not reveal the 

suggested line dependent difference between HVF and LVF males or a higher mating 

success for large males.  Similarly, male mating success (egg scores) did not differ across 

lines and sizes of individual males.  Overall, the allocation of eggs among individual male 

by female largemouth bass seemed more complex as expected.  Several females mated with 

multiple males, as in most of the ponds, all males were seen on nests containing eggs, and 

microsatellite analyses showed nests from single males had eggs from up to four mothers.  

The underlying mechanism for this pattern, where individual females spawn with multiple 

males, may be due to sex related size polymorphism with larger females and smaller males.  

Yamagishi and Kohda (1996) observed polyandry in Julidochromis malieri, a small cichlid 

fish where females are larger than males, and males provide parental care for offspring, 

similar to life histories of largemouth bass.  In this cichlid species, females are 

characterized by large territories and males having home ranges around their nests, which 

are located within female territories (Yamagishi & Kohda 1996).  Yamagishi and Kohda 

(1996) observed that while male Julidochromis malieri spend their time guarding the nests, 

females were defending their territories – mainly against conspecifics.  According to 

anecdotal observations made during the present study, largemouth bass could have 

comparable behavioral characteristics.  Similar than reported for Julidochromis malieri 

(Yamagishi & Kohda 1996), large female largemouth bass might display a territorial 
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behavior, as in the present study large females were always encountered in the same areas 

when conducting underwater observations.  Moreover, one of the largest female largemouth 

bass showed high aggression levels resulting in physical attacks when a snorkeler entered 

the area that was likely her territory.  The overall benefit for a female expressing polyandry, 

allocating eggs among several males, could be the genetic improvement of offspring 

(optimizing offspring genotype in a heterogeneous environment) and a decreased risk of 

reproductive failure in case a male would abandon the nest (Jennions & Petrie 2000).  

Furthermore, this could indicate that female largemouth bass are batch spawners, which 

was previously shown to be the case in other members of the centrarchid family (Fox & 

Crivelli 1998; Snyder & Peterson 1999).  Therefore, it could be that, when females are 

ready to spawn a second time, males would not accept new eggs from these females onto 

hatched fry.  Even if these findings are not quantitative, mainly because female fish were 

difficult to observe due to high turbidity levels in ponds, the observations suggest a 

complex spawning behavior in female largemouth bass with potentially large implications 

for the future understanding of largemouth bass ecology.  Further studies, however, are 

required to elucidate the characteristics that define the reproductive behavior of female 

largemouth bass.  These findings are nevertheless in clear contradiction to the results of 

DeWoody et al. (2000), whose study revealed a mainly monogamous behavior in 

largemouth bass.  Their conclusion of monogamy was likely a result of the timing of egg 

collection, where offspring were sampled from nests with newly fertilized eggs with a still 

spawning female.  The present result is in accordance to earlier studies describing an 

exclusive paternal parental care for largemouth bass (Allan & Romero 1975; Brown 1984; 

Colgan & Brown 1988).  Additionally, anecdotal observations of female spawning behavior 

in the wild are contradicting the hypothesis of monogamy in largemouth bass (D.  Philipp, 

personal communication).  In summary, both the selection history and the size of individual 

males had no significant influence on mating success and the numbers of eggs allocated by 

individual females.  In addition, female largemouth bass expressed a polyandrous behavior, 

having the potential to confound mate-choice related differences in egg allocation for 

individual males. 

While the mating success (egg scores) of individual males were the same across lines and 

sizes, larger males were more likely to rear broods to the free swimming stage.  Neither line 
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nor size of a fish had an influence on fry scores.  The comparatively low success rate for 

small males of producing swim-up fry could be a result of high energetic expenditures 

related to parental care activities and limited energy reserves when compared to larger 

males (Schultz 1991; Ridgway et al. 1991; Cargnelli & Gross 1997; Mackereth et al. 1999).  

In addition, larger (older) males may have fewer potential reproductive opportunities left 

and, hence, may invest additional resources into brood rearing than smaller (younger) 

individuals, a pattern that has previously been demonstrated for a number of vertebrate taxa 

that provide parental care (Keenleyside 1983; Beissinger 1990; Székely & Cuthill 2000; 

Hanssen et al. 2005).  Largemouth bass with small egg scores could, therefore, benefit from 

brood abandonment because they may resume feeding and growing, accumulating 

resources that could be devoted to future mating opportunities.  This pattern has been 

shown in smallmouth bass, where brood size was identified as being the key factor driving 

the decision concerning whether angled males would continue to guard their current brood 

or abandon it in favor of future reproductive opportunities (Suski et al. 2003).  More 

success in the production of swim-up fry by larger males could therefore have been the 

result of higher energy reserves.  Finally, comparison of the estimated contributions by 

individual males based on fry scores did not reveal a significant relation between fry scores 

and the number of genotyped fall recruits assigned to an individual male.  Males with large 

fry scores produced more offspring than males with small fry scores but the number of 

offspring was heavily skewed toward a few individuals.  For smallmouth bass, Gross & 

Kapuscinski (1997) similarly found little evidence that the ability of males to rear fry to the 

free-swimming was related to their production of YOY fish in the fall.  Consistently, 

comparisons of egg and fry scores, as well as mating and reproductive success, indicates 

that parental care characteristics might have determined reproductive success, because 

mating success and the success in rearing swim-up fry could not be explained by the 

selection history of males.  Moreover, a mate choice by female largemouth bass based on 

phenotypic (size) or genotypic (line) characteristics of individual males could not be 

confirmed by the present results.  Together, the results showed that neither egg scores nor 

the fry scores of individual males differed significantly between lines.  However, nests 

from larger fish were more likely to produce swim-up fry because nest desertion was 

observed more frequently for smaller males.   
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3.3 Parental care and aggression 

 

Selection for vulnerability to angling had a significant influence on male parental care (i.e., 

nest guarding scores).  More specifically, while guarding eggs, male largemouth bass from 

the HVF line showed higher turning rates, elevated swimming speeds, greater fanning rates, 

and increased time spent on their nest compared with LVF.  Activities such as turning rates 

and time on nest are related to the vigilance and ability of a male to detect potential nest 

predators (Cooke et al. 2007), which presumably translate to elevated fitness for a male.  

Additionally, intensive caudal and pectoral fanning are crucial for egg development because 

they provide oxygenated water to the eggs while also keeping them free of silt and excreted 

wastes (Cooke et al. 2006).  Similar to the observations of Cooke et al. (2007), HVF in the 

present study also returned to their nests sooner after having been disturbed.  Nest guarding 

behavior (time spent on nest) was significantly different across lines only during the egg 

stage.  After the eggs hatched, parental care activities decreased for both lines relative to 

the egg stage, becoming statistically not significant between lines.  This observed decrease 

in activity is in accordance with the results of Wiegmann and Baylis (1995) who observed 

male smallmouth bass being more tenacious when guarding eggs than when guarding fry.  

This switch in parental care behavior has been ascribed to a higher ventilation requirement 

of eggs, motivating males to assume higher risks (Wiegmann & Baylis 1995).  This 

observed decrease in nest guarding and fanning activity is interesting because the demand 

in oxygen has been shown to increase with larval development and size (Houde & Schekter 

1983; Silva et al. 1986; Hansen & Hunt Von Herbing 2009).  One potential explanation for 

why nest guarding and fanning activities of HVF males guarding larvae decreased relative 

to guarding activities observed during the egg stage is that that larvae may be able to move 

and change their position when confronted with low oxygen levels or unfavorable 

environmental conditions, and may, therefore, require lower investment by the parental 

male in areas other than brood protection (Spoor 1977).  This larval behavior, characterized 

by an occasional twitch and looping horizontal swimming movements (Spoor 1977), could 

indeed be observed for most of the nests and increased in frequency as larvae grew in size.   
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During the egg stage, the probability of a male largemouth bass hitting a fishing lure was 

higher for HVF males compared to LVF males, but these differences in aggression across 

lines diminished once fry hatched.  Currently it is believed that brood-guarding male bass 

attack angling lures because of nest defense rather than to obtain food (Suski & Philipp 

2004).  The observed differences in the response to fishing lures between HVF and LVF are 

likely due to the selection history of both lines, as HVF were bred to display high 

vulnerability to angling relative to LVF (Philipp et al. 2009).  These observations also 

support earlier findings demonstrating a strong genetic basis for the vulnerability to fishing 

in both strains of largemouth bass (Philipp et al. 2009).  The F5 fish used in the present 

study still expressed the previously reported differences in their vulnerability to fishing 

lures, even when no further artificial truncation had been performed since the third 

generation (F3).  Parental care theory would predict an increase in parental investment 

between the egg and fry stages (Sargent & Gross 1993).  The inverse pattern observed in 

the current study (decreased parental care activity and reduced aggression towards fishing 

lures at later stages of brood development) becomes even more remarkable as prior 

research has revealed higher activity levels in largemouth bass guarding free-swimming fry 

(Cooke et al. 2006).  There are, however, three potential factors that could explain this 

decrease in aggression towards lures at later stages of brood development.  First, male fish 

have previously been shown to modify the intensity of their nest guarding behaviors 

depending on the number of potential predators near their nest (Gravel & Cooke 2009).  

Predation by sunfish on largemouth bass nests in the current study was presumably low as 

the majority of males were able to produce swim-up fry and nest guarding males were 

rarely seen chasing potential egg predators, a behavior characterized by a rapid departure 

and return to the nest (Cooke et al. 2007; Steinhart, Sandrene et al. 2005).  This lack of 

predator pressure could result in male largemouth bass being less aggressive towards 

intruders in such low-predator environments, a pattern previously having been described for 

smallmouth bass (Gravel & Cooke 2009).  Second, the number of times that male 

largemouth bass hit fishing lures could decrease at later stages of brood development as a 

result of reduced energy reserves, as males providing parental care show declines in tissue 

lipid content as broods grow, potentially making fish less able to invest energy in brood 

defense (Mackereth et al. 1999).  The final explanation centers on a learning effect, with 

males possibly becoming conditioned to having lures repeatedly thrown into their nests 
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across multiple life stages, leading males to ignore fishing lures when repeatedly exposed to 

them (Beukemaj 1970; Hackney & Linkous 1978).  The latter explanation might not apply 

to my study, because (a) the fishing lures used in the present study did not possess hooks 

and males were not removed from their nests during angling, likely reducing the negative 

consequences of these capture events for males, and (b) observations of smallmouth bass 

have previously shown that permanent exposure to a potential intruder during brood 

guarding did not result in habituation by the nest guarding male (Ridgway 1988).  Overall, 

my data do not allow determination of exactly what might have led to the decrease in 

angling vulnerability of HVF between the eggs and fry stages.  Investment into broods 

through nest guarding (scored behavioral observations), as well as aggression towards 

potential intruders (fishing lures) were both higher for HVF compared to LVF.  Assuming 

these behavioral characteristics were performed to increase brood survival and / or fitness 

(Sabat 1994; Steinhart, Sandrene et al. 2005; Cooke et al. 2008), I would have predicted 

that HVF males, the line that displayed greater brood defense, would have been rewarded 

with a larger contribution to recruitment at fall draining.  Indeed, males that produced large 

numbers of swim-up fry were more vulnerable to angling, which supports the hypothesis 

that vulnerability to angling of nest-guarding bass is a result of nest defense food (Suski & 

Philipp 2004).  However, the number of fall recruits contributed by individual males was 

furthermore dependent on the size of a male, as larger males contributed more offspring.  

Nevertheless, behavioral assessments did not suggest an effect of size on the intensity a 

male was taking care of his eggs and defending his nest towards potential predators.  

Therefore, the proportion of fall YOY recruits produced by individual males was likely a 

result of additional, male size related, characteristics.   
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3.4 Duration of parental care and influence on reproductive success 

 

Male size and selection history both interacted to have a significant influence on duration of 

parental care and on reproductive success.  Large HVF provided the longest parental care, 

staying with their fry for a number of days after swim-up, whereas small HVF left their fry 

soon after the larvae became actively swimming.  In contrast to this, large LVF did not 

guard their fry as long as large HVF did, while small LVF guarded their offspring for a 

longer time than small HVF.  Interestingly, a similar interaction pattern of line and size was 

also observed when comparing the number of fall YOY recruits assigned to individual 

males, with the largest number of surviving offspring being sired by large HVF males.  

Furthermore, across all males, the number of offspring sired by an individual father 

correlated positively with the duration of parental care he provided.  Because the egg and 

fry scores of individual males did not differ between the selected lines, the duration of 

extended parental care behavior of males after their offspring reached the free swimming 

fry stage was crucial for the reproductive success of those individual males.   

For brood guarding fish with male parental care, larger individuals are generally known to 

guard their broods longer and to invest more energy in parental care activities (Lindström & 

Hellström 1993; Lunn & Steinhart 2010).  This trend occurs because parental care is 

energetically costly, and feeding opportunities are scarce, leading to a deterioration of the 

physical condition of the nest-guarding male over time (Marconato et al. 1993).  

Furthermore, older (and, therefore, larger) males also invest more in their young even when 

brood size is small (Steinhart et al. 2008), because the probability of future spawning 

opportunities decreases with age, and fish have to invest less in growing to be competitive 

(Williams 1966).  This relationship, however, does not explain why more offspring were 

sired by the larger HVF than similarly sized LVF.  As mentioned above, HVF males in the 

present study were characterized by higher activity during parental care, especially while 

guarding eggs.  Nevertheless, these fish did not have more offspring (measured as fry upon 

swim-up) when compared to LVF males.  Assuming the higher activity level of HVF being 

a result of an increased vigilance (Cooke et al. 2007; Cooke et al. 2008), similarities in fry 

scores of HVF and LVF may be the result of low predation on eggs and wriggler fry.  As a 

consequence, higher fanning and lure attacking rates by HVF during early fry stages did not 
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pay off, as the number of produced swim-up fry was similar across lines.  This higher 

vigilance and activity by HVF males guarding eggs and wriggler fry could become 

beneficial in environments characterized by a strong nest predation, as it would be crucial 

to ensure overall brood survival (Steinhart, Sandrene et al. 2005).  Accordingly, 

experimental ponds might have been characterized by a low mortality of largemouth bass 

egg and wriggler fry and an increased mortality of free swimming fry.  This would 

implicate a low efficiency in egg predation by stocked lepomids as mentioned above.  That 

is likely, as statistical analysis did not show a significant relationship between the number 

of recovered YOY largemouth bass and numbers of sunfish, suggesting that interaction or 

competition between YOY largemouth bass and sunfish was unlikely.   

 

3.5 Offspring growth and density dependent effects 

 

Correcting for spawning date, final sizes of fall recruits were significantly influenced by the 

parental line, with offspring from LVF males being 5 % larger than offspring from HVF 

males.  Reduced growth rates in HVF relative to LVF were revealed by earlier common 

garden experiments (Redpath et al. 2010).  Furthermore, in previous experiments, HVF 

were found to have higher resting cardiac output and heart rate values, as well as an 

increased standard metabolic rate, when compared to LVF (Cooke et al. 2007; Redpath et 

al. 2010).  The metabolic rate of a fish has been shown to influence growth rates because it 

can influence the rate of energy intake and the transformation of energy acquired through 

the ingestion of food within the organism (Jobling 1994).  Due to the higher activity of 

HVF, Cooke et al. (2007) suggested that HVF would require ~40% more food to 

compensate for the increased energetic expenditures.  Assuming unlimited food resources 

in experimental ponds (which might be suggested by the positive, but not significant 

correlation of production of largemouth bass and bluegill at fall draining), HVF may cope 

with this elevated energy demand relative to LVF through increased foraging.  Indeed, 

Cooke et al. (2006) observed similar growth rates between HVF and LVF and assumed this 

to be a result of the complex interaction between the higher metabolic demands of HVF, 

their increased competitive ability, and their need to consume additional resources to 
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compensate for these energetic costs.  Accordingly, the lower growth rates observed in 

HVF YOY compared to LVF YOY could be the result of food limitation in ponds, 

indicating that LVF may be more capable of consuming sufficient food resources to support 

their lower metabolism (Redpath et al. 2009).  Besides being influenced by activity, 

metabolism can also increase with aggression (Hogstad 1987).  For example, dominant 

male Siamese fighting fish (Betta splendens) showed increased metabolic rates relative to 

subordinate males, even when not physically engaged with an opponent (Castro et al. 

2006).  In salmon (Salmo salar), Nicieza and Metcalfe (1999) observed an intrapopulation 

plasticity of feeding and aggression patterns, demonstrating that developmental phenotypes 

are tightly connected to behavioral variation; i.e., the fastest growing individuals were those 

expressing the highest aggression.  According to these findings, we would expect HVF 

offspring to be characterized by higher growth rates, which was not the case.  Nevertheless, 

the higher metabolism of HVF offspring could result in a competitive disadvantage as long 

as this does not offer short-term advantages.  This relationship had been shown for 

(Amatitlania nigrofasciata), because resource monopolization only occurred if resources 

were clumped, leading to increased aggression (Grant & Guha 1993).  In addition, studies 

on salmonids have shown that a reduced possibility to monopolize food reduced the 

benefits of being aggressive, resulting in less aggressive individuals growing faster 

(Dunbrack et al. 1996; Vøllestad & Quinn 2003).  For the results of the present study, 

smaller sizes in HVF offspring could indicate a competitive disadvantage of HVF in 

comparison to LVF due to a reduced possibility of resource monopolization, decreasing the 

benefits of being aggressive and weighting its costs.  Assuming juvenile largemouth bass in 

the present study rely mainly on pelagic zooplankton and amphipods for food (Olson 1996), 

a monopolization of this food resources appears unlikely. 

The sunfish density in ponds did not appear to have negative, density dependent impacts on 

largemouth bass abundance or YOY growth rates.  High densities of small bluegills have 

previously been shown to reduce growth rates of YOY largemouth bass due to competition 

for common invertebrate food resources (Olson et al. 1995).  Results from the present study 

indicate a non-significant positive relationship between numbers of sunfish and the number 

of recovered largemouth bass and their associated total biomasses.  This trend likely 

occurred as a result of different levels of productivity existing between ponds, as fish 
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biomass should increase due to positive bottom-up effects leading to an increase in 

invertebrate abundance (Carpenter et al. 1985; Peterson et al. 1993).  Nevertheless, neither 

the amount of nutrients nor the abundance of invertebrate were assessed, limiting the 

possibility to quantify which underlying mechanisms led to these observed differences in 

YOY largemouth bass recruitment and sunfish survival.  There also was a non-significant 

trend indicating smaller sizes of bluegill were present in ponds with higher numbers of 

largemouth bass recruits.  A decrease of mean offspring sizes as a result of a higher 

offspring density would have been in accordance with other studies of juvenile fishes, and 

have indicated that YOY largemouth bass had to broaden their diets to less profitable prey 

items, thus reducing their growth rate (Jenkins et al.  1999; Bohlin et al.  2002; Tomcko & 

Pierce 2005).  This would nevertheless suggest limited availability of appropriated food 

items and strengthen the hypothesis of resource-limited ponds as a potential reason for the 

observed lower growth rates in HVF offspring.  Nevertheless, the above findings could not 

confirm density dependent effects on growth. 
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4. Conclusions and implications 

 

The results of the present study indicate that recreational angling not only has the potential 

to cause evolutionary changes of behavioral and physiological characteristics in fish 

(Cooke et al. 2007; Philipp et al. 2009; Redpath et al. 2009; Redpath et al. 2010), but also 

that these traits could have major implications for the relative fitness among individuals of 

a heavily targeted freshwater species.  As a result of correlated reduced aggression during 

parental care, a reduction in vulnerability to angling could result in changes of behavioral 

traits leading to a decrease in species fitness by lowering its reproductive capacity.  Hence, 

the initial hypothesis was confirmed, i.e., that the modification of behavioral traits 

associated with a decrease in angling vulnerability (e.g., reduced fanning activity, reduced 

times on the nest, a lower vigilance and reduced aggression towards potential egg 

predators), could reduce reproductive success.  Furthermore, because the fish used in the 

present study belonged to the second unselected generation, (one not subjected to any 

additional artificial truncation towards high or low vulnerability to angling), the observed 

behavioral differences appear to have a strong genetic component.  The observed higher 

growth rates of LVF in relation to HVF offspring indicate that these characteristics may 

have a strong heritability considering the fact that females were not subjected to any known 

artificial truncation.  Considering the present results, observing divergent parental care 

behaviors in both lines and differences in reproductive output, it is important to account for 

the fact that the selection was not done on nest guarding fish but only based on 

vulnerability to fishing lures (Philipp et al. 2009).  This result demonstrates that fishing-

induced evolution in freshwater environments may follow a different pattern than in marine 

environments, as it may more likely be characterized by a selection on behavioral 

characteristics (Biro & Post 2008; Philipp et al. 2009; Uusi-Heikkilä et al. 2008) rather than 

life-history traits (Rijnsdorp 1993; Law 2000; Olsen et al. 2004; Jørgensen et al. 2009).  

The results of the selection experiment by Philipp et al. (2009) and the outcome of 

subsequent studies (Cooke et al. 2007; Redpath et al. 2010; Redpath et al. 2009) suggest 

that behavioral characteristics are furthermore correlated with physiological characteristics.  

The reason for the alteration of traits, other than the one under selection, could be that 

behavior can be genetically determined by many loci (Cooke et al. 2007).  Assuming a 
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higher metabolism in HVF (Cooke et al. 2007; Redpath et al. 2009; Redpath et al. 2010), it 

is evident that these fish need to consume more food, and, therefore, have greater chances 

of being harvested after attempting to consume an angler’s bait or lure (Cooke et al. 2007).  

Nevertheless, it appears a bit like the chicken or egg causality dilemma, as it seems difficult 

to reveal the underlying mechanism of a selection for high vulnerability to angling.  

Especially taking into consideration findings for salmonids (Dunbrack et al. 1996; Nicieza 

& Metcalfe 1999; Vøllestad & Quinn 2003), it appears evident that metabolism, growth and 

aggression are traits strongly related to each other.  Accordingly, a higher vulnerability to 

angling could be the result of a higher metabolism (and potentially higher growth rates) in 

HVF resulting in higher levels of aggression due to an increased need of resource 

monopolization (Nicieza & Metcalfe 1999).  Nevertheless, because aggression has been 

shown to increase overall metabolism in fish (Castro et al. 2006), the simple fact of being 

aggressive could also increase the energy demand of a fish.  Finally, a higher activity, 

despite the fact of increasing the overall metabolism, is likely to increase the encounter rate 

with fishing gears (Biro & Post 2008).   

Considering that largemouth bass fisheries are mainly based on catch and release of fish 

(Holbrook 1975; Barnhart 1989; Wilde 1998; Wilde et al. 2003), and the fact that a broad 

majority states allow this practice during the spawning season (Quinn 2002), the findings of 

the present study may have broad implications for future management activities targeting 

largemouth bass.  Accounting for the fact that vulnerability to fishing during parental care 

is mainly a result of protective behavior of the nest guarding male (Suski & Philipp 2004, 

this study) and that even the temporary removal of the male can lead to major brood losses 

and nest abandonment (Suski & Philipp 2004; Siepker et al. 2009), areas subjected to a 

strong fishing pressure could make high aggression levels less advantageous.  This 

relationship may especially be fatal in environments with high numbers of egg predators, 

leading to a general high egg and wriggler fry mortality (Steinhart, Sandrene et al. 2005).  

A decrease in reproductive success of high aggressive males due to angling events may 

even be worse in environments containing invasive predators like the round goby 

(Neogobius melanostomus), as the latter has already shown having the potential to severely 

impact smallmouth bass recruitment (Steinhart, Sandrene et al. 2005; Steinhart, Leonard et 

al. 2005).  Nevertheless, fish expressing a high level of aggression may have competitive 

disadvantages in low-predator environments due to generally higher energetic expenditures 
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(Cooke et al. 2007; Redpath et al. 2009; Redpath et al. 2010), depriving them from growth 

(Redpath et al. 2009; Redpath et al. 2010).  Accordingly, maintaining genetic diversity is 

important for maintaining the adaptive potential for populations and species as a whole 

(Reed & Frankham 2003).  Additionally, similar to the findings of Gross & Kapuscinski 

(1997) for smallmouth bass, largemouth bass recruitment seems to be dependent on only a 

few males, making overall recruitment highly vulnerable to the success or failure of these 

fish.  These findings elucidate the importance of protecting spawning largemouth bass from 

any preventable disturbance that could result in brood losses of nest guarding males.  

Management activities should, therefore, consider the protection of spawning habitats by 

temporal or spatial no harvest (including catch-and-release) regulations to maintain genetic 

diversity within largemouth bass populations and to ensure the success of recruitment.   
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6.  Appendix 
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A
ppendix 

Appendix 1: Length (mm) prior and after the experiment as well as wet mass (g) for individual female and male largemouth bass sorted 
by sex and stocking date (mm/dd/yy) for each experimental pond.  Individual identification numbers (ID) were given in a chronological 
order according to the stocking time.  Recovery indicates the date when fish have been retrieved from ponds; dashes indicate that the fish 
could not be recovered.  Comments specify replaced / removed fish. 

Pond ID Sex Vul. Initial 
length (mm) 

Initial 
mass (g) 

Stocking 
Date 

Final length 
(mm) 

Final 
mass (g) 

Recovery Comments 

1 1 ♀ - 313 310 04/03/09 338 491 09/08/09  

 9 ♀ - 349 540 04/03/09 - - - Dead on 04/27/09 

16 ♀ - 449 1240 04/03/09 - - -  

18 ♀ - 336 560 04/08/09 - - -  

27 ♀ - 323 420 04/08/09 - - -  

38 ♀ - 308 400 04/09/09 - - -  

89 ♀ - 296 430 04/15/09 - - - Mis-sexed (male), removed on 05/09/09 

39 ♂ HVF 315 520 04/09/09 - - -  

40 ♂ LVF 309 480 04/09/09 - - - Dead on 04/17/09, replaced by fish # 91 

51 ♂ LVF 262 300 04/09/09 - - -  

 52 ♂ HVF 245 210 04/15/09 - - -  

 73 ♂ LVF 247 230 04/15/09 - - -  

 74 ♂ HVF 249 200 04/15/09 - - -  

 81 ♂ HVF 260 240 04/15/09 - - -  

 82 ♂ LVF 246 220 04/15/09 - - -  

 91 ♂ LVF 302 400 04/20/09 - - - Replacement for fish 40, dead on 05/01/09 
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Appendix 1 continued:  

Pond ID Sex Vul. Initial 
length (mm) 

Initial 
mass (g) 

Stocking 
Date 

Final length 
(mm) 

Final 
mass (g) 

Recovery Comments 

2 2 ♀ - 321 510 04/03/09 - - - Dead on 04/22/09, replaced by fish # 92 

 11 ♀ - 339 560 04/03/09 363 737 09/09/09  

 13 ♀ - 331 520 04/03/09 363 701 09/09/09  

 24 ♀ - 368 690 04/08/09 374 745 09/09/09  

 32 ♀ - 445 1070 04/08/09 449 1291 09/09/09  

 37 ♀ - 328 410 04/09/09 350 587 09/09/09  

 90 ♀ - 268 300 04/15/09 - - - Mis-sexed (male), removed on 05/11/09 

 92 ♀ - 227 170 04/09/09 - - 09/09/09  

 41 ♂ HVF 327 570 04/09/09 347 573 09/09/09  

 45 ♂ LVF 304 430 04/09/09 328 514 09/09/09  

 53 ♂ LVF 235 200 04/15/09 302 406 09/09/09  

 54 ♂ HVF 237 200 04/15/09 271 281 09/09/09  

 67 ♂ HVF 250 170 04/15/09 273 276 09/09/09  

 68 ♂ LVF 273 260 04/15/09 295 360 09/09/09  

 83 ♂ LVF 262 270 04/15/09 294 378 09/09/09  

 84 ♂ HVF 271 250 04/20/09 293 328 09/09/09  
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ppendix 

Appendix 1 continued:  

Pond ID Sex Vul. Initial 
length (mm) 

Initial 
mass (g) 

Stocking 
Date 

Final length 
(mm) 

Final 
mass (g) 

Recovery Comments 

3 3 ♀ - 330 520 04/03/09 337 580 09/10/09  

 12 ♀ - 351 560 04/03/09 384 684 09/10/09  

 14 ♀ - 302 340 04/03/09 315 376 09/10/09  

 20 ♀ - 362 660 04/08/09 372 653 09/10/09  

 26 ♀ - 342 590 04/08/09 358 596 09/10/09  

 31 ♀ - 457 1330 04/09/09 442 1180 09/10/09  

 36 ♀ - 340 560 04/09/09 359 624 09/10/09  

 42 ♂ HVF 320 570 04/09/09 327 465 09/10/09  

 46 ♂ LVF 315 510 04/09/09 331 529 09/10/09  

 55 ♂ LVF 242 210 04/09/09 291 340 09/10/09  

 59 ♂ HVF 240 170 04/09/09 287 314 09/10/09  

 63 ♂ LVF 369 770 04/11/09 374 771 09/10/09  

 64 ♂ HVF 370 750 04/11/09 378 731 09/10/09  

 85 ♂ HVF 268 250 04/15/09 299 366 09/10/09  

 86 ♂ LVF 307 377 04/15/09 307 377 09/10/09  
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ppendix 

Appendix 1 continued:  

Pond ID Sex Vul. Initial 
length (mm) 

Initial 
mass (g) 

Stocking 
Date 

Final length 
(mm) 

Final 
mass (g) 

Recovery Comments 

4 4 ♀ - 286 300 04/03/09 318 453 09/11/09  

 7 ♀ - 340 550 04/03/09 359 680 09/11/09  

 15 ♀ - 334 520 04/03/09 354 650 09/11/09  

 21 ♀ - 370 740 04/08/09 386 813 09/11/09  

 23 ♀ - 395 820 04/08/09 414 1008 09/11/09  

 30 ♀ - 459 1350 04/09/09 450 1425 09/11/09  

 35 ♀ - 321 520 04/09/09 449 588 09/11/09  

 43 ♂ HVF 319 510 04/09/09 344 570 09/11/09  

 48 ♂ LVF 295 380 04/09/09 - - -  

 57 ♂ LVF 308 380 04/09/09 331 484 09/11/09  

 61 ♂ HVF 234 160 04/09/09 308 428 09/11/09  

 69 ♂ HVF 268 260 04/15/09 308 477 09/11/09  

 70 ♂ LVF 255 240 04/15/09 315 454 09/11/09  

 79 ♂ LVF 264 240 04/15/09 290 298 09/11/09  

 80 ♂ HVF 261 270 04/15/09 291 354 09/11/09  
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Appendix 1 continued:  

Pond ID Sex Vul. Initial 
length (mm) 

Initial 
mass (g) 

Stocking 
Date 

Final length 
(mm) 

Final 
mass (g) 

Recovery Comments 

5 5 ♀ - 344 540 04/03/09 - - -  

 8 ♀ - 306 460 04/03/09 - - -  

 17 ♀ - 392 940 04/08/09 - - -  

 25 ♀ - 345 680 04/08/09 362 356 09/12/09  

 28 ♀ - 547 3040 04/09/09 - - -  

 34 ♀ - 335 610 04/09/09 349 544 09/12/09  

 87 ♀ - 265 310 04/15/09 - - - Mis-sexed (male), removed on 05/01/09 

 44 ♂ HVF 314 430 04/09/09 - - -  

 49 ♂ LVF 268 300 04/09/09 - - -  

 58 ♂ LVF 314 430 04/09/09 - - -  

 62 ♂ HVF 254 230 04/11/09 273 272 09/12/09  

 71 ♂ LVF 270 300 04/15/09 - - -  

 72 ♂ HVF 247 210 04/15/09 - - -  

 75 ♂ LVF 226 170 04/15/09 - - -  

 76 ♂ HVF 243 200 04/15/09 291 320 09/12/09  

5 5 ♀ - 344 540 04/03/09 - - -  
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Appendix 1 continued:  

Pond ID Sex Vul. Initial 
length (mm) 

Initial 
mass (g) 

Stocking 
Date 

Final length 
(mm) 

Final 
mass (g) 

Recovery Comments 

6 6 ♀ - 341 470 04/03/09 349 532 09/14/09  

 10 ♀ - 324 480 04/03/09 337 505 09/14/09  

 19 ♀ - 385 650 04/08/09 - - -  

 22 ♀ - 337 570 04/08/09 346 578 09/14/09  

 29 ♀ - 564 3030 04/09/09 - - - Dead on 04/24/09 

 33 ♀ - 324 550 04/09/09 340 548 09/14/09  

 88 ♀ - 262 310 04/15/09 - - - Mistyped female, was a male, removed on 
05/15/09 

 47 ♂ HVF 307 420 04/09/09 318 481 09/14/09  

 50 ♂ LVF 257 300 04/09/09 286 350 09/14/09  

 56 ♂ LVF 343 710 04/09/09 353 654 09/14/09  

           

 60 ♂ HVF 342 640 04/09/09 - - -  

 65 ♂ HVF 257 240 04/11/09 292 376 09/14/09  

 66 ♂ LVF 301 430 04/11/09 - - -  

 77 ♂ LVF 244 210 04/15/09 - - -  

 78 ♂ HVF 242 210 04/15/09 - - -  
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Appendix 2:  Contribution to recruitment (%) by individual largemouth bass male with high 
(HVF) and low (LVF) vulnerability to angling based N = 200 offspring (Pond 1 N = 189) 
for all ponds and number and biomass of recovered offspring and sunfish (ID = Fish 
identification number, SD = standard deviation, NA = not applicable).  ‘Mothers’ indicate 
the number of female mates determined through genotyped offspring. 

Pond Line ID Male length 
(mm) 

Contribution to 
recruitment (%) 

Mean offspring 
length (mm) 

SD Mothers 

 1                                    HVF 39 315 39.15 51.41 3.38 1 
  52 245 4.76 49.56 2.24 1 
  74 249 3.70 52.29 2.81 1 
  81 260 0.53 48.00 NA 1 
 LVF 51 262 48.15 55.87 3.85 1 
  73 247 2.65 53.80 3.42 2 
  82 246 1.06 55.00 NA 1 
  91 302 0.00 – – – 
    Individuals Biomass (g)   
Total of largemouth bass recruits: 1038 1830.80   
Total of recovered sunfish: 144 3176.00   
 

Pond Line ID Male length 
(mm) 

Contribution to 
recruitment (%) 

Mean offspring 
length (mm) 

SD Mothers 

 2                                    HVF 41 327 96.00 71.78 3.68 2 
  54 237 0.00 – – – 
  67 250 0.00 – – – 
  84 271 0.00 – – – 
 LVF 83 262 3.50 66.29 3.82 1 
  45 304 0.50 65.00 NA 1 
  53 235 0.00 – – – 
  68 273 0.00 – – – 
    Individuals Biomass (g)   
Total of largemouth bass recruits: 1141 5237.32   
Total of recovered sunfish: 418 7367.90   
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Appendix 2 continued: 

Pond Line ID Male length 
(mm) 

Contribution to 
recruitment (%) 

Mean offspring 
lengt (mm) 

SD Mothers 

2 HVF 42 320 39.00 48.45 3.43 1 
  64 370 26.00 51.29 5.942 3 
  85 268 7.50 49.27 3.15 3 
  59 240 2.00 45.75 1.26 1 
 LVF 63 369 15.50 51.61 8.20 2 
  55 242 10.00 50.80 4.24 1 
  46 315 0.00 – – – 
  86 265 0.00 – – – 
    Individuals Biomass (g)   
Total of largemouth bass recruits: 2128 5682.30   
Total of recovered sunfish: 294 7298.10   
 

Pond Line ID Male length 
(mm) 

Contribution to 
recruitment (%) 

Mean offspring 
length (mm) 

SD Mothers 

 4                                    HVF 43 319 18.50 45.84 3.03 1 
  61 234 0.00 – – – 
  69 268 0.00 – – – 
  80 261 0.00 – – – 
 LVF 70 255 29.00 49.22 4.50 4 
  57 308 24.50 53.37 5.82 2 
  79 264 15.00 46.60 3.09 1 
  48 295 13.00 50.54 4.40 1 
    Individuals Biomass (g)   
Total of largemouth bass recruits: 3514 5681.30   
Total of recovered sunfish: 418 4893.10   
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Appendix 2 continued: 

Pond Line ID Male length 
(mm) 

Contribution to 
recruitment (%) 

Mean offspring 
length (mm) 

SD Mothers 

5                                    HVF 44 314 69.50 54.73 2.94 2 
  72 247 9.50 52.37 2.14 1 
  76 243 0.50 52.00 NA 1 
  62 254 0.00 – – – 
 LVF 58 314 16.00 53.38 2.76 1 
  71 270 3.50 57.57 2.64 1 
  49 268 1.00 55.50 0.71 1 
  75 226 0.00 – – – 
    Individuals Biomass (g)   
Total of largemouth bass recruits: 624 1369.30   
Total of recovered sunfish: 163 4088.66   
 

Pond Line ID Male length 
(mm) 

Contribution to 
recruitment (%) 

Mean 
offspring size 
(mm) 

SD Mothers 

5                                    HVF 47 307 30.50 47.30 3.52 2 
  60 342 16.00 46.25 2.16 2 
  78 242 9.50 46.05 2.09 2 
  65 257 0.00 – – – 
 LVF 56 343 22.00 50.43 5.60 2 
  50 257 20.50 46.22 2.89 1 
  77 244 1.50 52.67 10.79 2 
  66 301 0.00 – – – 
    Individuals Biomass (g)   
Total of largemouth bass recruits: 2930 3861.90   
Total of recovered sunfish: 299 6979.20   
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Appendix 3:  Estimates of genetic parameters based on nine microsatellite marker used for 
the assignment of parents (N = 83) for the six experimental ponds (mis-sexed fish and 
individuals that died and were recovered are not included).  Shown are detected allele sizes, 
number of identified alleles (A), observed (HObs) and expected (HExp) heterozygosities, 
polymorphic information content (PIC) and null allele estimates. 

Pond Microsatellite Allele Sizes A HObs HExp PIC Null alleles 

1 MS13 191 - 195 3 0.308 0.440 0.377 + 0.1919 

 MiSaTPW025 157 - 277 3 0.231 0.335 0.290 + 0.1586 

 MiSaTPW038 268 - 338 11 0.615 0.911 0.864 + 0.1725 

 MiSaTPW068 179 - 239 10 0.923 0.868 0.815 - 0.0567 

 Lma 10 121 - 129 3 0.462 0.428 0.353 - 0.0267 

 Lma 21 136 - 190 5 0.769 0.745 0.665 - 0.0339 

 Msa 18 206 - 224 5 0.385 0.535 0.465 + 0.1872 

 MiSaTPW011 160 - 218 10 1.000 0.902 0.853 - 0.0737 

 MiSaTPW107 260 - 326 12 0.692 0.905 0.857 + 0.1250 

2 MS13 191 - 197 4 0.643 0.616 0.540 - 0.0154 

 MiSaTPW025 257 - 281 4 0.357 0.373 0.331 + 0.0434 

 MiSaTPW038 264 - 334 9 0.643 0.873 0.823 + 0.1358 

 MiSaTPW068 179 - 247 12 0.786 0.899 0.854 + 0.0492 

 Lma 10 121 - 129 2 0.286 0.349 0.280 + 0.0820 

 Lma 21 132 - 192 6 0.857 0.778 0.710 - 0.0704 

 Msa 18 206 - 226 5 0.643 0.640 0.560 - 0.0486 

 MiSaTPW011 160 - 214 10 0.857 0.870 0.821 - 0.0704 

 MiSaTPW107 260 - 362 15 0.857 0.929 0.887 + 0.0217 

3 MS13 191 - 195 3 0.533 0.641 0.542 + 0.0909 

 MiSaTPW025 257 - 281 5 0.267 0.359 0.330 + 0.1109 

 MiSaTPW038 268 - 334 10 0.533 0.883 0.837 + 0.2359 

 MiSaTPW068 159 - 239 12 0.800 0.906 0.864 + 0.0431 

 Lma 10 121 - 129 2 0.200 0.287 0.239 + 0.1628 

 Lma 21 132 - 190 7 0.733 0.766 0.696 + 0.0017 

 Msa 18 206 - 226 5 0.800 0.717 0.643 - 0.0995 

 MiSaTPW011 160 - 230 12 0.800 0.910 0.869 + 0.0544 

 MiSaTPW107 260 - 402 16 0.800 0.933 0.895 + 0.0597 
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Appendix 3 continued: 

Pond Microsatellite Allele Sizes A HObs HExp PIC Null alleles 

4 MS13 191 - 195 3 0.533 0.517 0.449 - 0.0019 

 MiSaTPW025 257 - 281 5 0.333 0.359 0.330 + 0.0575 

 MiSaTPW038 264 - 338 13 0.733 0.917 0.876 + 0.0990 

 MiSaTPW068 159 - 239 11 0.733 0.885 0.841 + 0.0822 

 Lma 10 111 - 129 4 0.333 0.480 0.419 + 0.1429 

 Lma 21 132 - 200 7 0.533 0.782 0.720 + 0.1750 

 Msa 18 208 - 224 4 0.467 0.540 0.460 + 0.0289 

 MiSaTPW011 160 - 230 12 0.800 0.924 0.884 + 0.0511 

 MiSaTPW107 260 - 380 15 0.867 0.908 0.868 + 0.0134 

5 MS13 191 - 195 3 0.643 0.601 0.513 - 0.0587 

 MiSaTPW025 257 - 273 3 0.214 0.204 0.186 - 0.0490 

 MiSaTPW038 264 - 326 9 0.643 0.791 0.730 + 0.0923 

 MiSaTPW068 179 - 263 11 0.643 0.878 0.830 + 0.1372 

 Lma 10 121 - 129 2 0.286 0.254 0.215 - 0.0733 

 Lma 21 132 - 190 5 0.857 0.754 0.677 - 0.0846 

 Msa 18 210 - 224 3 0.357 0.537 0.416 + 0.1958 

 MiSaTPW011 160 - 214 8 0.571 0.868 0.817 + 0.0846 

 MiSaTPW107 254 - 332 12 0.714 0.865 0.819 + 0.0930 

6 MS13 191 - 195 3 0.615 0.600 0.513 - 0.0367 

 MiSaTPW025 257 - 273 3 0.462 0.385 0.324 - 0.1242 

 MiSaTPW038 268 - 342 12 0.923 0.905 0.857 - 0.0317 

 MiSaTPW068 175 - 239 11 0.923 0.902 0.854 - 0.0304 

 Lma 10 111 - 129 3 0.385 0.385 0.324 + 0.0237 

 Lma 21 132 - 190 6 0.538 0.766 0.695 + 0.1482 

 Msa 18 206 - 224 3 0.462 0.394 0.343 - 0.1211 

 MiSaTPW011 160 - 218 9 0.769 0.886 0.835 + 0.0440 

 MiSaTPW107 254 - 356 12 0.846 0.895 0.847 + 0.0119 
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