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ABSTRACT 

Daniel D. Wiegmann, Committee Chair 

Parental care in animals is associated with a high cost of reproduction and hence is linked 

to high mortality among parents between reproduction episodes. Post-care mortality risk is 

linked to a variety of causes, including depleted energy reserves and diminished condition, both 

of which increase the risk of mortality by starvation. However, the magnitude of this risk is 

expected to vary based on the size of the individual due to metabolic allometry. Further, parents 

may adjust the care levels based on their current status and the body size-metabolic allometry as 

a trade-off between current and future reproduction. Here, I leverage a decade-long dataset on 

the paternal behavior and survival of male smallmouth bass, Micropterus dolomieu, a temperate 

freshwater fish, to explore how body size and parental behavior at first reproduction by 3-year-

old males influenced their future survival. The results logistic regression suggest that future 

survival was influenced by both body size and parental behavior. Two of three equally 

parsimonious models included a direct influence of male body size on survival, with higher 

survival of larger individuals, and one of these two models also included a term associated with 

male parental behavior, where—consistent with a trade-off between current and future 

reproduction—lower site tenaciousness was associated with higher survival. The third of the 

three models included these terms and their interaction, where more site tenacious smaller males 

had higher survival.  The mediation of parental behavior by body size implied by the latter model 

suggests that small, site tenacious males may be more likely to survive post-reproduction 

because they expend less energy in response to disturbances while on the nest or may, through 

bold behavior in other contexts, better recover energy lost in the parental care period.  The model 
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also highlights the potential complexity of interactions between behavior and individual physical 

attributes on survival. 



v 

I dedicate this work to my mother and brothers who have been incredibly supportive and 

encouraging during this journey.



vi 

ACKNOWLEDGMENTS 

I would like to sincerely appreciate my advisors Daniel Wiegmann and Kelly 

Weinersmith of Rice University for their immense contributions to the success of this project. 

Their advice and assistance have made me a better scientist and person. I would also like to 

extend my appreciation to Jeff Miner who as a member of my committee helped me through 

advice and encouragement. I am also grateful to my lab members, the Wiegmann lab, who have 

helped in one way or another during the development of this project. I also want to extend my 

appreciation to Daniel Welsh of Fitchburg State University for his input in aging the individuals 

used in this sample using scales. My appreciation also extends to Greg Sass and the Wisconsin 

Department of Natural Resources (WDNR) for their help with the collection of the data that was 

used in this thesis. I am sincerely grateful to Jeffrey Baylis (University of Wisconsin, Madison), 

Lisa Angeloni (Colorado State Universty), and Steven P. Newman (Wisconsin Department of 

Natural Resources) who in collaboration with my two advisors conceptualized and facilitated the 

long-term study that provided the data used in this study. Finally, I recognize the National 

Science Foundation awards (1755387) to Scott P. Egan and Kelly L.Weinersmith and (1755421) 

to Daniel D. Wiegmann that supported the project that led to this thesis. Finally, I would like to 

thank my mother and brothers for being supportive of my pursuit of this dream. 



vii 

TABLE OF CONTENTS 
Page 

INTRODUCTION .................................................................................................................... 1 

MATERIALS AND METHODS .............................................................................................. 5 

Natural history .............................................................................................................. 5 

Study site  ...................................................................................................................... 6 

Field methods ................................................................................................................ 6 

Age and mortality of parental males ............................................................................. 7 

Parental behavior, adjusted for the development stage of progeny .............................. 8 

Statistical analysis ......................................................................................................... 8 

RESULTS ................................................................................................................................. 10 

DISCUSSION ........................................................................................................................... 13 

Cohort effect ............................................................................................................... 15 

Individual condition ...................................................................................................... 16 

CONCLUSION ......................................................................................................................... 17 

REFERENCES ......................................................................................................................... 18 

APPENDIX A.  TABLES ......................................................................................................... 34 

APPENDIX B.  FIGURES ....................................................................................................... 37 



1 

INTRODUCTION 

Parental care is a period when organisms are vulnerable and highly susceptible to 

mortality (Sabat, 1994; Thomas et al., 2015; Oteyza et al., 2021). While parental investment 

benefits the offspring, this is often at the expense of parents, who incur an increased risk of 

mortality between reproduction episodes and reduced future reproductive opportunities 

(Williams, 1966; Trivers, 1972; Mainwaring, 2016). Indeed, many organisms, like birds (Owens 

and Bennett, 1994; Liker and Székely, 2005; Santos and Nakagawa, 2012), fishes (Dufresne et 

al., 1990; Sabat, 1994; Bertschy and Fox, 1999), reptiles (Miles et al., 2000; Weatherhead et al., 

2012), and mammals (Fisher and Blomberg, 2011) experience high mortality between 

reproduction episodes and mortality especially high in species that provide parental care (Chr, 

1984; Liker and Székely, 2005). Hence, understanding the impact of parental care on adult 

survival between the reproduction events of iteroparous species is important to understanding 

population dynamics and recruitment patterns. 

Parental care may increase post-care mortality risk for a variety of reasons. For example, 

parental care may deplete energy reserves and diminish the condition of parents (Milner et al., 

2013; Monteith et al., 2013; Abecia et al., 2022). The loss of energy reserves as a result of 

parental care increases the risk of starvation (Forseth et al. 1999; Neffa and Cargnellib, 2004). 

The magnitude of this risk, however, may vary based on the size of an individual because of 

metabolic allometry (Cargnelli and Gross, 1997; Mackereth et al., 1999; Steinhart et al., 2005). 

Smaller individuals are expected to be at a higher risk of starvation due to energetic expenditures 

associated with parental care than larger individuals because smaller individuals have 

proportionately higher metabolic demands, and fewer energy reserves compared to larger 

individuals (Speakman, 2005). For instance, a small (210 - 250 mm) male smallmouth bass 
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(Micropterus dolomieu) loses approximately 3.0 percent muscle tissue (as a percentage of total 

muscle dry weight) as compared to about 2.5 percent for a large (280 - 320 mm) male over the 

period of parental care (Mackereth et al., 1999). Smaller individuals may also be at higher risk of 

predation both during the parental care and between reproduction episodes (Steinhart et al. 

2004a; Berger et al., 2006; Preisser and Orrock, 2012; Rodgers et al., 2015; Taylor and Cox, 

2019; Oteyza et al., 2021; but see e.g., Nakazawa et al., 2007). 

The body size-metabolic allometry should cause parents to adjust their level of care based 

on their current status (Stanley, 1983; Townshend and Wootton, 1985; Clutton-Brock, 1991).  

For instance, larger male smallmouth bass (Micropterus dolomieu) are more nest site tenacious, 

and tenacity is related to the survival of progeny (Wiegmann et al., 1992; Wiegmann and Baylis, 

1995; but see Iguchi et al., 2004). The level of care provided by parents has also been linked to 

the value and physiological of progeny. For instance, the male M. dolomieu increase (decrease) 

their level of nest defense in response to an experimental increase (decrease) in the number of 

progeny in their nests (Ridgway et al. 1989). Male M. dolomieu are also more site tenacious 

before eggs hatch, presumably because immobile eggs, which are susceptible to fungus 

infections, have higher ventilation needs than hatched larvae (Wiegmann and Baylis, 1995; see 

Knotek and Orth, 1998). Larger individuals can presumably provide a higher level of care 

because males rarely forage while on a nest and larger individuals have larger energy reserves 

(Calow, 1985; Gillooly and Baylis, 1999; Cooke et al., 2006).  Progeny survival is similarly 

related to nest site tenacity in birds (Cuthbert et al., 1988; Eldegard and Sonerud, 2009; but see 

Stenhouse and Robertson, 2005) and birds in better condition provide more care (Blums et al., 

2005). 
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The care provided by parents is also expected to be influenced by the inherent trade-off 

between current and future reproduction, potentially independent of body size (Williams, 1966; 

see Gross, 2005).  For example, more active parents of a given size may deplete more energy 

while caring for offspring (Cooke et al., 2002; Suski et al., 2003). The depletion of energy by 

more active parents may necessitate aggressive or risky activities to replenish lost reserves after 

care has ended.  Thomas et al. (2015) found, for instance, that increased parental incubation 

effort led to increased post-parental mortality among songbirds. Bold parents may also be more 

likely to be detected and consumed by a predator as they care for their progeny. In birds, for 

example, adult survival probabilities are higher for cautious individuals that, when disturbed, 

wait longer to return to the nest in environments where predation events are high (Oteyza et al., 

2021). Behavioral responses of parents to predators may also depend on body size, where larger 

individuals can afford to be bolder (Oteyza et al., 2021).  Parental investment is also expected to 

depend on age, where older individuals may invest more heavily in current progeny due to 

reduced future breeding opportunities (Roff, 1992; Stearns, 1992).  Despite the inroads made by 

studies of body size and behavior on survival of parents, we still do not fully understand how 

these factors and their interaction influence mortality risk in the context of parental care. 

Fishes offer an ideal opportunity to study the relationship between parental behavior, 

body size, and survival. Indeterminate growth results in large differences in adult size within a 

population and individuals exhibit considerable variation in parental behavior (Trivers, 1972; 

Sargent and Gross, 1986; Gross, 2005; Alonso‐Alvarez and Velando, 2012). Many temperate 

fishes are also found in closed lakes where no migration occurs, which makes it easier to monitor 

both individual reproduction and survival. Moreover, the ability to non-destructively age fish 



4 

allows for the control of age-dependent experiences that may influence either parental behavior 

or survival (Schneider et al., 2000; Hecht et al., 2021; Torres et al., 2011). 

Here, we leverage a decade-long dataset on the paternal behavior and survival of male 

smallmouth bass, Micropterus dolomieu, a temperate freshwater fish, to explore how body size 

and parental behavior of same-aged males when they first reproduced influenced their risk of 

future mortality. We hypothesized that larger males in better condition would be more likely to 

survive post-parental care because they are less likely to exhaust their energy reserves and may 

be less susceptible to predators. Further, we hypothesized that more aggressive parental males 

may be more aggressive in other contexts, which might make them more susceptible to predators 

and less likely to survive between reproduction episodes, where body size may mediate the 

impact of their behavior. 
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MATERIALS AND METHODS 

Natural history 

For smallmouth bass, Micropterus dolomieu, like all centrarchids, it is the males that 

provide parental care (Ridgway 1988; Philipp et al. 1997). Parental males fan eggs and guard 

progeny from potential nest predators and rely largely on energy reserves in the parental care 

period (Gillooly and Baylis, 1999; Mackereth et al., 1999).  The stress of this period is 

compounded by the fact that smallmouth bass reproduction starts soon after winter, when energy 

reserves have already been utilized (Ridgway and Shuter, 1994; Mackereth et al., 1999). Because 

winter is a period of torpor, and small males lose proportionately more of their energy reserves, 

larger individuals typically spawn earlier in the spring than smaller males (Ridgway et al., 1991; 

Lukas and Orth, 1995; LaRoche et al., 2023). 

Smallmouth bass initiate breeding in the spring as water temperatures approach 15℃ 

(Hubbs and Bailey 1938; Shuter et al. 1980). Typically, male smallmouth bass first spawn 

between the ages of two and four years (Latta, 1963; Turner and MacCrimmon, 1970; Pflieger 

1975; Fletcher, 1982; Welsh et al., 2017). Males construct nests in the littoral zone, where 

females release their eggs for the male to fertilize. While most populations appear to be 

monogamous (Ridgway 1989; Raffetto et al. 1990; Wiegmann et al. 1992), some populations 

have been found where the largest males are polygynous (Franckowiak et al., 2017).  

After spawning, males remain close to their nests and guard the fertilized eggs until they 

hatch and fry swim up and disperse. Untended eggs and fry may be consumed by small fish such 

as rock bass (Ambloplites rupestris), bullheads (Ameriurus nebulosus), bluegill (Lepomis 

macrochirus), sculpins (Cottus cognatus), bass fingerlings, white suckers (Catostomus 

commersonii), yellow perch (Perca flavescens), minnows (Phoxinus phoxinus), as well as 
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crayfish (Orconectes rusticus) or large insects (Coble, 1975; Carlender, 1977; Hinch and Collins, 

1991; Friesen, 1998). Typically, adult smallmouth bass are preyed on by large predators, such as 

birds, turtles, goby (Neogobius melanostomus), muskellunge (Esox masquinongy) and northern 

pike (Esox lucius) (Steinhart et al., 2004). 

The spawning period, which is energetically costly, may last a few weeks and during that 

time males do not actively feed (Hinch and Collins 1991; Gillooly and Baylis 1999).  After the 

period of parental care, males spend their time feeding and replenishing the energy reserves lost 

as a result of parental care in preparation for winter, when feeding ceases (Hubbs and Bailey 

1938; Munther 1970). After the age at first reproduction males that survive generally spawn in 

each season that they are alive (Ridgway, 1991). 

Study site 

This study was conducted on Pallette Lake (46.067°/89.604° W), an oligotrophic seepage 

lake with a surface area of 73 ha and a maximum depth of 18 m that is located in the Northern 

Highlands Fishery Research Area of north-central Wisconsin (Sass et al., 2022). A detailed 

description of the benthic and limnological characteristics of the lake is provided in Saunders et 

al. (2002). The Wisconsin Department of Natural Resources (WDNR) manages the lake and 

enforces a compulsory creel census that runs all year round (Sass et al., 2022). For the years 

included in our analyses the legal harvest length-limit was 41cm.  The potential predators of eggs 

and adult smallmouth bass present in Pallette Lake include muskellunge, northern pike, yellow 

perch, rock bass, and white sucker (Sass et al., 2022). 

Field methods 

The study was conducted by the same core team of researchers across multiple years, 

including 1999 and 2001-2009 (Welsh et al., 2017; LaRoche et al., 2023).  The nest census every 
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year began in mid-May or early June when the water temperature reached about 15℃ and was 

conducive for males to initiate the construction of nests (Hubbs and Bailey 1938; Shuter et al. 

1980).  Snorkelers swam along the shoreline in transects in search of nests up to a depth of about 

4 m, which is deeper than the majority of M. dolomieu nests (Bozek et al., 2002).  The census 

continued until mid to late June or early July when reproduction ended.  

Parental males were captured from their nest with a hand net as described in an earlier 

study (Wiegmann and Baylis, 1995).  The body length (total length, mm) and weight (g) of each 

captured male was recorded, as was the capture time (s) and the development stage (eggs or 

hatched larvae) of progeny in a nest. In addition, scales were collected from just below the 

pectoral fin of each male captured. Uniquely numbered Floy FD-67C anchor tags were used to 

identify the males and track them across years. The males were returned to the water near their 

nests. 

Age and mortality of parental males 

The sampled scales were used to age parental males (Ridgway, 1991, Welsh et al., 2017). 

The males included in our analyses were captured in 2003, 2004 and 2005, when all individuals 

were identified as age 3 years and first-time breeders from the 2000, 2001, and 2002 cohorts 

(Welsh et al., 2017). We used a cross sectional method – by including multiple cohorts – to 

assess uncontrolled cohort effects on predicting survival outcome for individual smallmouth bass 

males. The body length of the largest male in the dataset was ~30 cm, more than 10 cm shorter 

than the imposed minimum size limit (Sass et al., 2022).  Hence, the natural mortality of males in 

our sample was determined based on whether they were ever observed on a nest in any year after 

they were first observed, 2004-2009.  
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Parental behavior, adjusted for the developmental stage of progeny 

Wiegmann and Baylis (1995) found that male M. dolomieu guarding eggs were more site 

tenacious—that is, had shorter capture times—than males guarding fry, likely because of the 

increased ventilation demands of eggs. Here, we adjusted logged (log10) capture time, our 

measure of parental behavior, so that capture times of males within and between cohorts could be 

directly compared irrespective of the developmental stage of their progeny. Males in the sample 

were grouped into those defending eggs and those defending fry, and the average (log10-

transformed) capture time for the two groups determined. We then subtracted the average capture 

time from the capture times of individual in the two groups and used these residual, log10-

transformed capture times in our analyses. 

Statistical analysis 

Logistic regression was used to predict parental male survival, with cohort, male body 

length, individual condition and adjusted log10-transformed capture time as predictors (Aldrich 

and Nelson, 1984; Helveston, 2022).  Individual condition (K) was computed (based on the 

Fulton condition factor) as 

𝐾 = 𝑊(𝑇𝐿−3)100,000, 

where W is male weight (g) and body length (mm) is TL (Froese, 2006).   

The regression analysis included an evaluation of the set of possible linear models—36 in total—

with individual predictors, combinations of the predictors, and combinations of predictors with 

their pair-wise interactions.  The 36 models were evaluated using Akaike’s Information Criterion 

with correction (AICc) to identify the model with the best fit and fewest predictor variables 

(Burnham et al., 2011). Models with a delta AICc < 2 were considered most plausible among the

hypothesized alternatives (Burnham and Anderson, 2003). All statistical analyses were 
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conducted in R (R Core Team, 2021). The DHARMA package was used to evaluate residuals of 

the models (Hartig, 2020).  

We calculated pseudo-R2 values of the top models to estimate and compare their 

explanatory power (Nakagawa and Schielzeth, 2013). Further, we determined the correctly 

predicted outcomes – if the model predicted survival for a male that actually survived and if the 

model predicted mortality for a male that actually died – and calculated survival and mortality 

accuracy for each model. In particular, if a model predicted a survival probability greater than or 

equal to 0.5 and it survived or predicted a survival probability less than 0.5 and it died, then the 

model was deemed to have correctly predicted what was observed.  Otherwise, the model failed 

to predict individual survival. 
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RESULTS 

The numbers of males of the 2000, 2001 and 2002 cohorts that bred for the first time at 

age 3 years were 21, 77 and 25, respectively, and no males were observed to skip a year between 

reproduction episodes. Their overall survival rates were 67%, 57%, and 56%, respectively. All 

the capture time used in the analysis was log transformed (log10) and then adjusted as described 

in the materials and methods. The shortest adjusted (log10-transformed) capture time was -1.19 

(0.78 for the uncorrected logged transformed capture time or 6 s) and the longest was 1.30 (3.08 

for the uncorrected logged transformed capture time or 1215 s).  

The body length of males in the sample ranged from 201 mm to 305 mm and differed 

across cohorts (F3,120 = 32.91, P < 0.0001).  Post hoc Tukey tests showed that the 2000 cohort 

differed from both the 2001 (q120 = 8.86, P < 0.0001) and 2002 cohorts (q120 = 15.47, P < 0.0001) 

and that the lengths of males of the 2001 and 2002 also differed (q120 = 4.94, P = 0.0011). The 

condition K of males ranged from 0.77 to 1.64 also varied across cohorts (F3,120 = 10.37, P < 

0.0001). Post hoc Tukey tests revealed that condition differed only between males of the 2000 

and 2001 cohorts (q120 = 6.36, P < 0.0001). 

A total of 36 logit models were competed to predict male survival and were compared 

with AIC. Three models had AICc < 2 (Table 2). Body length and capture time were predictors 

included in the top models. None of the top models included cohort or condition as a predictor 

(Table 3). There was, however, no univariate, statistically detectable difference in body length, 

adjusted capture time, or individual condition between males that survived or died after their first

reproduction episode (Table 1). 
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The top-ranked model included only male body length and indicated that bigger males 

tended to have better odds of survival (coefficient: 8.13, P = 0.0596).  Predicted survival, p, from 

this model was:  

𝒑 =  
𝟏

𝟏 +  𝒆−(−𝟏𝟗.𝟏 +(𝟖.𝟏 × 𝒍𝒐𝒈𝟏𝟎(𝑻𝑳)) 

Based on the model, a 300 mm male in the top 10% of the males in our dataset was about 33% 

more likely to survive post reproduction than a male 200 mm in length in the lowest 10% of the 

males in our dataset (Figure 1a). 

The second top-ranked model included male body length, capture time and the interaction 

between these variables (Table1). The predicted survival from this model was:  

𝒑 =  
𝟏

𝟏 +  𝒆−(−𝟐𝟏.𝟖𝟕𝟕 + 𝟗.𝟑𝟏𝟑∗𝐥𝐨𝐠𝟏𝟎(𝐓𝐋) − 𝟑𝟕.𝟖𝟐𝟖∗𝐂𝐓 + 𝟏𝟗.𝟎𝟑𝟕∗𝐥𝐨𝐠𝟏𝟎(𝐓𝐋) ∗ 𝐂𝐓 )

In this second model, male body length was a significant predictor of survival, where larger 

males were again predicted to have a higher chance of survival (coefficient: 9.31, P = 0.0408).  

The main effect of capture time (coefficient: -37.83, P = 0.0927) and its interaction effect with 

male body length (coefficient: 15.91, p = 0.0902) were marginal.  If corrected log10-transferred 

capture time is held constant at the overall average the model predicts that larger males tend to 

exhibit higher survival (Figure 1b).   

To further explore the interaction between body length and capture time for this model, 

we generated interaction plots of survival over the range of observed values for male body size 

and capture time.  Individuals less than about 240 mm in length, roughly the average body size 

of males in our sample (Table 1), were more likely to survive if they had shorter capture times, 
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while individuals longer than 240 mm had a higher chance of survival if they had longer capture 

times (Figure 2a).  

The third best model included male length and the capture time, with no interaction 

between these variables (Table 2). The predicted survival from this model was: 

𝒑 =  
𝟏

𝟏 +  𝒆−(−𝟐𝟎.𝟑𝟏𝟑𝟑 + 𝟖.𝟔𝟑𝟑𝟓∗𝐥𝐨𝐠𝟏𝟎(𝐓𝐋) + 𝟎.𝟑𝟎𝟒𝟐∗𝐂𝐓)

This model also suggests that larger males were more likely to survive (Figure 1c; coefficient: 

8.63, P = 0.0488) and that males with longer capture times tended to have higher survival (Figure 

2b; coefficient: 0.30, P = 0.4705). A plot of predicted survival for males of different lengths over 

the average capture time reveals that a large, 300 mm male had a 36% higher chance of survival 

compared to a small, 200 mm male (Figure 1c). The survival probability of average body length 

male (250 mm) plotted over the range of observed capture times reveals a 19% increase in 

survival between the shortest and longest observed capture times (Figure 2b).  

Each of the top models generally correctly predicted which males survived, with the best 

match between predicted and observed survival from the second of the top models that included 

an interaction between male body size and capture time (Table 4).  The models poorly predicted 

mortality, where no model correctly predicted more than 30% of males that died. The values of 

pseudo-R2 (used to assess the explanatory power of the models) imply that the second-ranked, 

interaction model had the highest (0.06) explanatory power with the other two models having a 

pseudo-R2 value of 0.03 (Table 4). Most of the variability in survival was, however, left 

unexplained by any model. 
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DISCUSSION 

In this study, we followed three cohorts of 3-year-old smallmouth bass males breeding 

for the first time to investigate how male physical attributes and paternal care behavior 

influenced their future survival.  The results of our analyses produced three top models (AICc < 

2) (Table 2). All three of the models that best predicted male survival included a term for male 

total length, and two of the models included terms for capture time, a measure of nest site 

tenacity (Table 2). 

Two of the three top-ranked models included a direct influence of male body size on 

survival, with higher survival of larger individuals (Figure 1). In some fishes, including 

smallmouth bass, a negative allometric relationship between mass and basal metabolism has 

been observed (Danylchuk and Fox, 1994; Descamps et al., 2011). For instance, the specific 

daily metabolic demand for a 202 g smallmouth bass ranges from about 1 to 1.6 percent body 

weight while for a 71 g smallmouth bass the specific daily metabolic demands ranges from 2.1 to 

3.6 percent of the body weight (Whitledge et al., 2002). Nest guarding and overwintering are two 

periods when foraging by male smallmouth bass is limited, and survival depends on stored 

energy reserves (Hinch and Collins 1991; Mackereth et al., 1999; Gillooly et al. 2001; Garvey et 

al., 2004; Steinhart et al., 2005). Thus, our finding that body size is a critical predictor for 

survival from one reproductive season to the next may reflect increased starvation risk for small 

males across either of these events. Indeed, previous studies revealed positive relationships 

between body size and starvation resistance in a variety of animals (Lehmann et al., 2006; 

Cleasby et al., 2010; Bauchinger and McWilliams, 2012; Gergs and Jager, 2014; but see 

Couvillon and Dornhaus, 2010).   
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Terms for male parental behavior were also included in two of the three top-ranked 

models. The results of one of these models indicated that the survival of more site tenacious 

males (i.e., males providing more parental care) of any given body size was lower than the 

survival for individuals that were less site tenacious (Figure 2b).  This result is consistent with 

both theory and empirical work finding trade-offs between current investment in progeny and 

adult survival (Williams, 1966; Baylis, 1981; Blomquist, 2009; Lynch, 2016). Increased parental 

care investment could have increased mortality risk through a variety of routes. For example, 

guarding progeny from nest predators is energetically expensive (Magnhagen, 1992; Steinhart et 

al. 2004a; Steinhart et al. 2005; Gravel and Cooke, 2009; Baldridge and Lodge, 2013; Gravel and 

Cooke. 2013; Slagle et al., 2017), potentially putting more site-tenacious males at higher risk of 

starvation. Additionally, in Pallette Lake there are few boulders and down trees behind which 

nests can be built, making nest-guarding males potentially easy to find by their predators (see 

Saunders et al., 2002). Thus, more site tenacious males may expose themselves to a greater risk 

for predation, as has been observed in smallmouth bass (Gravel and Cooke, 2009; Gravel and 

Cooke. 2013; Slagle et al., 2017).  

The third equally parsimonious model that best predicted male survival included an 

interaction term between male body length and parental behavior (Figure 2a). Based on the 

model, small-sized males were more likely to survive if they had shorter capture times while 

large-sized males had a higher chance of survival if they had longer capture times (Figure 2a). 

This was an unexpected result because, for reasons already mentioned, parental care is expected 

to be more energetically costly for smaller individuals. Additionally, smaller individuals would 

likely be at a greater risk for predation simply because they are smaller (Magnhagen, 1992;

Fuiman and Magurran, 1994). So, why are attentive small smallmouth bass males more likely to 
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survive than small, less attentive parents? This result may hint at a behavioral syndrome in this 

population, as has been observed in many fish species (Conrad et al. 2011) and has been 

observed in juvenile smallmouth bass in Nebish Lake, a nearby population in the Wisconsin’s 

Northern Highland Fishery Research Area (Smith et al. 2009). In Nebish Lake, juvenile 

smallmouth bass that flee shorter distances and are less likely to hide in a refuge following a 

simulated predator attack are also more likely to resume foraging following the attack (Smith et 

al. 2009). While no studies have looked for the presence of behavioral syndromes in adult 

smallmouth bass from Pallette Lake, it is possible that males that are more site tenacious are 

also, for example, fiercer competitors for resources in the lead-up to winter. Males, especially 

small males, that are more site tenacious may also be more likely to recoup energy lost during 

parental care and more likely to survive the period of winter torpor. The benefits of this 

behavioral syndrome could be size-dependent, as larger and more metabolically efficient 

individuals likely experience a lower overall risk of starvation relative to smaller individuals.   

Cohort effect 

None of the top models included a predictor for cohort. This result suggests that the 

relationship between body size and survival for male M. dolomieu is consistent across cohorts, 

even when, as in our study, the average size of individuals differed across cohorts (Table 1). 

Potential cohort effects may also have been reduced due to the consistent core team of 

researchers over the multi-year study. Cohort effects reflect all unmeasured formative 

experiences that may influence the expression of phenotypes, such as body size, and behavior.  

These effects tend to be more evident early in life presumably because individual experiences 

diversify as individuals age (Grande et al., 2009; Payo-Payo et al., 2023). For instance, Le 

Galliard et al. (2010) found a larger effect of cohort on the growth of juvenile and sub-adult 
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common lizard, Zootoca vivipara, as compared to adults. The diminished influence of cohort 

effects as individuals age is also evident in birds and mammals (Jones et al., 2005; Payo-Payo et 

al., 2023).  The cohorts in our study were from three consecutive years, so another possibility is 

that environmental conditions in this time window may have been similar enough to result in few 

differences of unmeasured physical or behavioral attributes that contribute to differences of 

survival. 

Individual condition 

We hypothesized that, because mortality is influenced by reproductive investment, 

differences in the condition of individuals would be related to survival rates among parental 

smallmouth bass males, as has been observed in other organisms.  For example, van den Berge 

(1992) found that Symphodus tinca, a Mediterranean fish, in the best condition were more likely 

to survive between reproduction events (see also Naulleau and Bonnet, 1996; Blums et al., 2005; 

Kouba et al., 2021; Ross et al., 2021). Contrary to our hypothesis, the male condition was not an 

informative predictor of survival. There are at least two explanations. First, perhaps only 

individuals in good condition breed (van den Berge, 1992).  On average, all breeding males in 

our study, including those that were predicted to not survive, were in good condition with the 

average condition factor of K = 1.19 (range, K = 0.77 to K = 1.64) as observed in other 

smallmouth bass populations in previous studies (see Orth, 1983 and Eckelbecker, 2023). 

Second, larger males nest earlier than small males and the development of their progeny may 

take longer than for small males who nest later (Baylis et al., 1993; Wiegmann et al., 2004).  

Therefore, large and small males may end up at the same condition at the end of the parental care 

period. 
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CONCLUSION 

Here, we controlled for both age and prior experience by following three cohorts of first-

time 3-year-old breeding male smallmouth bass and found that large size and low parental 

investment were associated with increased survival across reproductive seasons. The results of 

the logistic regression models suggested that body size and parental behavior influenced survival 

of parental males between reproduction episodes with larger males having higher survival rates 

and lower site tenacity also associated with higher survival rates. The other model included an 

interaction between body size and parental care where smaller males that were site tenacious 

being more likely to survive. This model suggests that smaller males that are site tenacious may 

improve their post reproduction through adoption of bolder behavior in other contexts that allow 

them to recoup the energy lost during parental care period. This suggests that behavioral 

syndromes may introduce complex relationships between the physical attributes of individuals 

and their survival propensity. 
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APPENDIX A. TABLES 

Table 1. Summary statistics (mean ± standard error) for 3-year-old first-time breeding male 

smallmouth bass (Micropterus dolomieu) test for within cohort differences and predicting 

survival. The average body length (mm), log10-transformed capture time (corrected for embryo 

stage) and logged condition factor of breeding males that survived and those that did not survive 

to breed the next year are included for each of the three cohorts included in the analysis.  

Survive to Breed Next Season 
Cohort Variable Yes No Total ANOVA 
2000 Sample Size 14 7 21 

Body length (mm) 281.43 + 14.15 274.43 + 12.73 279.1 + 13.79 F = 1.12 
P = 0.30 

Condition Factor 1.30 + 0.08 1.28 + 0.14 1.30 + 0.10 F = 0.46 
P = 0.50 

Capture Time 0.00 + 0.50 -0.02 + 0.39 -0.08 + 0.50 F = 1.00
P = 0.33 

2001 Sample Size 44 33 77 
Body length (mm) 250.18 + 22.43 242.76 + 21.54 247 + 22.22 F = 2.08 

P = 0.15 
Condition Factor 1.16 + 0.15 1.15 + 0.09 1.16 + 0.13 F = 0.00 

P = 0.96 
Capture Time 0.00 + 0.47 -0.05 + 0.38 -0.02 + 0.43 F = 0.23

P = 0.63 
2002 Sample Size 14 11 25 

Body length (mm) 231.79 + 14.47 228.09 + 18.42 230.2 + 16.07 F = 0.36 
P = 0.56 

Condition Factor 1.23 + 0.18 1.21 + 0.08 1.22 + 0.14 F = 0.01 
P = 0.90 

Capture Time 0.07 + 0.57 0.19 + 0.37 0.12 + 0.49 F = 0.40 
P = 0.53 
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Table 2. Delta values and model weights for models predicting male smallmouth bass survival 

(TL: log10-transformed male body length; CT: corrected log10-transformed capture time).  

Model: Delta Model weight 

TL  0.00 0.22 

TL + CT + TL*CT 0.71 0.16 

TL + CT 1.58 0.10 
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Table 3.  Parameter estimates and 95% confidence intervals for the top general linear models predicting survival of 3-year-old male 

smallmouth bass (Micropterus dolomieu) that bred for the first time in 2003, 2004 and 2005. The models (in the rows) included 

predictors (in the columns) such as body length (TL), capture time corrected for embryo stage (CT), and their interaction (TL*CT).  

Included in the table are the estimates, standard error, and 95% confidence intervals (95%CI) for the estimates.  

Model Predictors 

TL CT TL*CT Intercept 

Est. SE 95%CI Est. SE 95%CI Est. SE 95%CI Est. SE 95%CI 

TL 8.1 4.31 -0.20 16.81 -19.1 10.31 -39.87   0.82

TL*CT 9.3 4.55 0.58 18.55 -37.8 -84.57 4.71 15.9 -1.83 35.43 -21.9 10.88 -43.94 -0.98

TL + CT 8.6 4.38 0.19 17.46 0.3 -0.51 1.15 -20.3 10.48 -41.42 -0.09

Table 4. Correctly predicted fates against the observed survival outcomes for smallmouth bass 

males based on the top models and the pseudo-R2 values. The models are listed in the rows. 

Survived Did not survive Pseudo-R2 values 

Body length model 83.33% 27.45% 0.03 

Body length*Capture time 87.50% 25.49% 0.06 

Body length, Capture time 84.72% 25.49% 0.03 
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APPENDIX B. FIGURES 

Figure 1. Predicted probability of survival for males of different body lengths (TL, mm) based 

on general linear models.  Predicted probability of survival of males of different sizes from top 

models: (a) TL, (b) TL + Capture Time (CT) + CT*TL, and (c) TL + CT.  Predicted 

probabilities of survival for males of different lengths in (b) and (c) are based on the average 

overall capture time for the cohort. 
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Figure 2. Predicted probability of survival for males of different body lengths (TL, mm) and 

capture times (CT, corrected for embryo stage) based on general linear models. Predicted 

probability of survival of males of different CT based models containing these additional 

predictors: (a) TL + Capture Time (CT) + CT*TL, and (b) TL + CT, holding TL at 250 mm (the 

average size for a male in this study). 
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