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Abstract Smallmouth bass display size-specific

variation in reproductive success with larger brood-

guarding males in a population more likely to rear

offspring to independence than smaller individuals.

The exact mechanisms responsible for this size-

specific increase in reproductive output have yet to

be identified. To assist in this process, we investigated

the relationship between the size of brood-guarding

male smallmouth bass and offspring quality (in this

case, egg physiology, egg morphology, egg size,

hatching success and lab survival). Further, we

examined how factors such as egg physiology, egg

morphology and egg size influenced reproductive

success in the wild and hatching success in a

controlled laboratory environment. Nesting male

smallmouth bass that successfully reared their off-

spring to independence spawned earliest in the nesting

period were the largest individuals, and guarded eggs

with greater concentrations of cortisol compared to

males that abandoned their offspring prematurely.

Offspring survival in the laboratory was not correlated

with offspring survival in the wild, indicating that

caution should be used interpreting studies that

attempt to relate laboratory-derived survival metrics

to the wild. Together, results demonstrate size-specific

differences in offspring quality for nesting smallmouth

bass, which are correlated with higher concentrations

of cortisol in eggs. However, hatching success under

laboratory conditions was dissimilar to nesting success

in the field relative to cortisol concentrations.

Keywords Reproductive success � Egg quality �
Cortisol � Year class

Introduction

For many fish species, mortality during the egg and

young embryo stages represent one of the most

significant determinants of year class strength. Mor-

tality events during egg and embryo stages can result

from a variety of density-dependent and density-

independent factors that include temperature change,

predation, and timing of reproduction (Cushing 1974;

Rice et al. 1993; Cushing and Horwood 1994). For

smallmouth bass (Micropterus dolomieu), mortality

during the larval period has been defined as a

bottleneck that can partially influence year class

formation (DeVries et al. 2009). Further, year class

strength in smallmouth bass is believed to be heavily

influenced by the size structure of the adult population,

with fitness advantages offered to larger individuals
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(Suski and Ridgway 2007; DeVries et al. 2009).

Smallmouth bass appear to mate selectively by size,

with larger females preferring to mate with larger

males. Paternal nest guarding can last for more than

4 weeks (Ridgway et al. 1991).

Premature abandonment (and thus reproductive

failure) by a male prior to brood independence can

occur following a number of biotic and abiotic

challenges that include storm events, temperature

fluctuations, and predation (DeVries et al. 2009).

Nesting success occurs in roughly 50% of the males

who guard nests each year; however, annual variation

can be dramatic ranging from 10 to 90% nesting

success (Suski and Ridgway 2007). Offspring from

early spawning pairs in a population, (typically the

largest parents), are believed to receive an advantage

relative to later-spawned (smaller) individuals via an

advanced transition to consuming nutrient-rich piscine

prey, which offers accelerated growth and nutrient

accumulation (Neves 1975; Suski and Ridgway 2007;

DeVries et al. 2009). However, work using molecular

techniques to identify the genetic origin of fall young-

of-the-year smallmouth bass showed that recruitment

was driven by a disproportionate contribution of

offspring from a small number of spawning pairs

within the population, and neither paternal size nor

timing of spawning could explain differences in

reproductive output within the population (e.g., Gross

and Kapuscinski 1997). Thus, mechanisms defining

year class formation and fitness for smallmouth bass

have not been clearly defined and, in some cases, are

incongruous. Such discrepancies and uncertainties

suggest that the size of parents may be partially

responsible for year class formation, with larger

individuals having a fitness advantage, but additional

factors (for example, potential influence of non-genetic

and/or maternal factors) may play a role in influencing

influence year class formation (Bonduriansky and

Day 2009; Wolf and Wade 2009).

Non-genetic (maternal) inheritance involves the

vertical transmission of factors other than DNA across

generations and can influence phenotypic traits, pop-

ulation dynamics, and fitness for a range of organisms

(Bonduriansky and Day 2009). Of particular impor-

tance is the degree to which maternal phenotype can

influence offspring characteristics and/or quality

(Wolf and Wade 2009). The quality of eggs and

larvae, in terms of size, nutrient allocation, and

hormonal inputs, can vary across females for many

fish species (reviewed in Brooks et al. 1997). Further,

this non-genetic variation in quality can have pro-

nounced implications for survival and year class

formation (De Jesus et al. 1991; Hwang et al. 1992).

In some species, egg characteristics such as lipid

concentration, quantity of stress hormones (e.g.,

cortisol), size, morphology, hatching success, and

survivability can impact offspring survival and per-

formance, with many of these characteristics arising

from maternal contributions (Sampath-Kumar et al.

1993; Lam 1994; Contreras-Sanchez et al. 1998). Non-

genetic (maternal) inheritance through differential

allocation to offspring (Sheldon 2000) combined with

variation in offspring quality may therefore play a role

in observed size-specific differences in larval survival

for large male smallmouth bass relative to smaller

individuals and may also be a factor driving the

disproportionate contribution of offspring to a year

class from few individuals within a population (Gross

and Kapuscinski 1997; Suski and Ridgway 2007;

DeVries et al. 2009).

Based on the number of factors that appear to

influence offspring quality and, ultimately brood

success in fishes, the objectives of the current study

were to (a) quantify the relationship between the size

of brood-guarding male smallmouth bass and off-

spring quality, and (b) relate differences in offspring

quality to both reproductive success in the wild and

hatching success in a controlled laboratory environ-

ment. Due to the elusive nature of wild female

smallmouth bass and their abbreviated role in a

reproductive bout, we were unable to directly quantify

female characteristics other than eggs collected from

nests. We predict that larger nesting male smallmouth

bass will guard eggs that are larger and contain higher

quantities of energy stores due to differential female

maternal allocation, and their eggs will exhibit

increased hatching success under controlled labora-

tory conditions.

Materials and methods

Field data collection

Thirty-seven nesting male smallmouth bass guarding

newly spawned eggs (\2 days old) were located by

snorkelers in Lake Opinicon (South Eastern Ontario,

Canada, 44�33055.3400N; 76�19026.4800W) between
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May 9th and May 19th, 2008. Because we were

particularly interested in testing hypotheses concern-

ing offspring quality related to the size of the parental

male, we intentionally sought nesting males that

spanned a range of sizes (Table 1; sizes were normally

distributed, as confirmed by Shapiro–Wilk W Test

goodness of fit test). When a male was discovered by

the snorkeler, they were marked with a uniquely

numbered white polyvinyl chloride (PVC) tag, and

spawn date was recorded. To generate a relative

spawning order, the first day of egg deposition within

our population was assigned a spawn date of one, and

the relative spawn date of all subsequent spawning

events in the study was numbered in relation to this

spawning date.

Each brood-guarding male selected for the study

was angled by the snorkeler using conventional

angling gear and taken to a nearby boat where it was

weighed to the nearest gram and measured for total

length (nearest mm). The number of eggs in each nest

was then determined by following Raffetto et al.

(1990), where the snorkeler estimated the number of

eggs in each nest by extrapolating from counts in 3,

randomly selected 2 cm 9 2 cm grid cells. The

snorkeler then collected approximately 100 eggs from

the nest with a turkey baster and transferred the eggs to

a glass jar filled with lake water collected at the nest

site. The glass was placed in a closed cooler until

returned to the aquatic research facility at the Queen’s

University Biology Station (QUBS) for processing

(within approximately 3 h). During these procedures,

the snorkeler defended the brood, until the males

returned and resumed nest defense. A weather mon-

itoring station at QUBS, which recorded lake temper-

ature every 60 min (Campbell Scientific thermocouple

probes, Model 105T; www.campbellsci.com) indi-

cated that, on the days of egg collections at the time of

day when eggs were collected, mean surface water

temperatures were 17.3 ± 0.07�C (standard error,

S.E.).

Snorkelers monitored the development of broods in

Lake Opinicon by visiting each tagged nest every

3–4 days for 4–5 weeks. During these nest checks,

snorkelers recorded whether the male was present or if

he had prematurely abandoned his brood. These

regular visits continued for approximately 4 weeks,

at which time broods had developed to the brown fry

stage (advanced fry that were approximately

4–5 weeks old that had began to swim near the nest

area). The male was considered to have successfully

reared his brood to independence once offspring

developed into the brown fry stage (Ridgway and

Friesen 1992; Suski et al. 2003).

Sample processing and hatching success

At QUBS, three aliquots of 20 eggs were blot dried on

a paper towel, placed in 1.5-ml microcentrifuge tubes

and immediately frozen in liquid nitrogen for labora-

tory analysis of physiological parameters (described

Table 1 Minimum, maximum, mean and standard error values for different characteristics of spawning smallmouth bass, and

smallmouth bass eggs, sampled from N = 37 nest in Lake Opinicon, Ontario

Parameter N Minimum Maximum Mean Standard error

Relative spawn date 37 1 11 3 0.5

Number of eggs in nest 37 851 9,744 3,295 293

Male mass (g) 37 155 1,412 726 53

Male total length (mm) 37 234 464 369 9

Egg mass (mg) 31 4.94 9.20 6.93 0.16

# Eggs that hatched in lab (out of 20) 37 0 20 12 1

Volume of egg (ll) 37 5.05 9.30 6.95 0.16

Volume of oil droplet (ll) 37 0.40 1.27 0.75 0.03

% Volume of egg oil droplet 37 7.4 16.7 10.8 0.4

Triglycerides (mmol l-1 egg-1) 31 0.28 0.73 0.42 0.02

Cortisol (pg ml-1 egg-1) 30 2.15 17.64 7.44 0.56

Approximately 7 eggs per nest (ranged from 5 to 20 eggs depending on parameter) were sampled to generate values. These variables

were used to generate the principle components uses in the PCA model shown in Table 2
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below). An additional 10 eggs were blot dried and

weighed on an analytical balance to the nearest 1.0 mg

to generate a mean egg mass for each nest. In addition,

a subset of eggs was used to quantify hatching success

for each nest. For this, 20 eggs were first transferred to

a glass jar filled with 800 ml of ambient Lake

Opinicon water. This glass jar with eggs was placed

in a water bath filled to cover the lower 75% of each

jar, and the water bath was outfitted with a temperature

controlled, submersible heater (Clepco Cleveland

Process Corporation 0716-18 IS-H) set to 18�C

(±1�C). This water temperature was chosen as an

approximate mean water temperature that offspring

would be exposed to during their development in the

lake, verified by the automated temperature logging

system described above. A low-pressure blower

provided aeration through an air stone placed approx-

imately 1 cm below the water’s surface of each jar,

and approximately 50% of the water in each jar was

exchanged daily with fresh Lake Opinicon water to

prevent build-up of waste. Each jar was examined

twice daily to quantify the number of eggs that had

hatched (defined by the presence of a tail and/or

locomotion of hatched larvae) and also to remove any

dead eggs (identified by an opaque coloration and/or

fungal growth). The hatching success experiment was

terminated once all eggs had hatched or died.

Egg morphology

To quantify the size of eggs and oil droplets, Image

Pro 4.0 software (Media Cybernetics, Inc., Bethesda

MD) was used to determine the radius of five eggs per

nest under a digital dissection microscope (109

power), and two radii (horizontal and vertical) mea-

sured for each egg. Radii values were averaged to

calculate a mean radius, which was subsequently used

to generate a volume for each egg. The same technique

was used to obtain a measure of mean oil droplet

volume for each egg.

Survivability

To determine laboratory survival, approximately 20

egg sac fry (ESF) were removed from 28 of the

original 37 nests (nine nests experienced premature

abandonment by the male prior to rearing broods to the

ESF stage). These 20 ESF from each nest were placed

in glass jars filled with ambient Lake Opinicon water

and were also transferred to the aquatic facility at

QUBS where they were held in a manner identical to

egg holding described above. Egg sac fry were

checked twice daily to quantify mortality (defined as

immobility, loss of coloration, and the inability to

maintain equilibrium), and the time (hours) for each

jar (nest) to reach 50% mortality was determined.

Brown fry energetics

Twenty brown fry were collected from those nests

where males were successful at raising offspring to

this stage (N = 12). These fry were collected in the

same fashion as the egg collection (see above), with

the only modification being dip nets were used to

collect specimens. Collected brown fry were trans-

ported to QUBS where they were euthanized by

cervical dislocation (followed by pithing) and imme-

diately frozen in liquid nitrogen for subsequent lipid

analysis at the University of Illinois.

Physiological parameters of eggs and brown fry

Following the homogenization of 3–5 eggs in 245 ll

of 5% triton-X with a hand-held homogenizer, the

concentration of triglycerides in eggs was determined

enzymatically using a commercially available kit

(BioAssay Systems, Hayward, CA, Cat# ETGA-200)

and a microplate spectrophotometer (Molecular

Devices, Spectra Max Plus 384, Model # 05362,

Union City, CA). The concentration of cortisol in eggs

was determined using a commercially available

enzyme-linked immunosorbent assay (ELISA) kit

from Assay Designs (Enzo Life Sciences) (Plymouth

Meeting PA; Kit ADI-900-071) following the homog-

enization of 15–20 eggs in 200 ll of assay buffer

provided in the kit, and passing the resulting super-

natant through filtered microcentrifuge tubes (pore

size 0.65 lm). This product has low cross-reactivity

with other hormones produced by fishes that could

interfere with binding (Assay Designs Kit #900-071

Insert). In addition, because a number of eggs per nest

were pooled for determination of cortisol concentra-

tions, all data generated fell within the acceptable

limits of the standard curve for the assay once

preliminary dilution curves were generated. Cortisol

concentration was determined using a logistic curve

fitting program provided by the manufacturer after the

dilution factors and number of eggs per sample had
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been factored into calculations (pg ml-1 egg-1). The

concentration of whole-body lipid in brown fry was

determined following methods described in Bligh and

Dyer (1959) after first grinding whole fry under liquid

nitrogen and drying the resulting powder at 80�C.

Statistical analyses

A t test was used to compare the size of males that

successfully reared their broods to the brown fry stage

with males that prematurely abandoned their broods

prior to the brown fry stage. Two regressions were

used to assess the relationships between male size

(independent), and relative spawn date and the number

of eggs in each male’s nest (dependent variables) (Zar

1999). These three characteristics were left out of the

PCA analyses since they have been previously found

to be correlated with male size.

A multivariate principal component analysis (PCA)

was used to relate characteristics of brood-guarding

males and their eggs. This statistical test was used

because of potential biases and shortcomings with

stepwise multiple regressions, with particular empha-

sis on complex data, including data sets with many

continuous response variables (Hurvich and Tsai

1990; Stephens et al. 2005; Whittingham et al.

2006). For the PCA, relative spawn date, the estimated

number of eggs in a nest, egg mass, proportional

laboratory egg hatching success, egg volume, oil

droplet volume, percent volume of oil droplet,

concentration of triglycerides in eggs, and egg cortisol

concentrations were used in this model. The time

required for egg sac fry to reach 50% mortality in the

laboratory, as well as the concentration of lipids in

brown fry, had low sample sizes due to premature nest

abandonment by brood-guarding males and were

excluded from PCA models to facilitate analyses.

Principal factors with eigenvalues greater than 1 were

used to determine the relationship between the two

independent variables: male size and abandonment

(probability of rearing offspring to brown fry stage)

and subjected to varimax factor rotation, which

maximizes the amount of variation explained by each

factor (Kaiser 1960; Hanson et al. 2007). Factors with

eigenvectors greater than 0.4 or less than -0.4 were

used to characterize each principal component (Kaiser

1960). These rotated principle components were

regressed (simple linear regression) against male size

to determine the relationship between egg/nest

characteristics and male size. Further, principle com-

ponent scores were compared between males that

successfully reared their broods to the brown fry stage

and males that abandoned their broods prior to

reaching the brown fry stage.

All statistical analyses were performed using

JMP version 7.0 (SAS Institute, Cary, NC). The level

of significance (a) for all tests was 0.05 (Zar 1999).

All values are reported as means ± S.E. where

appropriate.

Results

Summary statistics for variables associated with

spawning characteristics of nesting male smallmouth

bass, as well as with egg characteristics, are outlined in

Table 1. Egg mass varied almost twofold across nests;

oil droplet volume and triglycerides varied approxi-

mately threefold, while cortisol concentration per egg

ranged almost eightfold across all nests, highlighting

the variability in egg characteristics across small-

mouth bass nests and males.

The total length of nesting smallmouth bass used in

this study ranged from 234 to 464 mm (mean =

369 ± 9 mm). The estimated number of eggs in each

nest ranged from 851 to 9,744 (mean = 3,295 ± 293)

and was positively related to male size (linear

regression, P = 0.0026, R2 = 0.23, Fig. 1a). The 25

male smallmouth bass that abandoned their broods

prematurely (mean total length = 355 mm) were on

average 11% smaller than the 12 males that success-

fully reared their broods to independence (mean

total length = 398 mm) (t35 = -2.26, P = 0.0305,

Fig. 1b). Larger males also spawned earlier in the

season than did smaller males (linear regression,

P \ 0.0001, R2 = 0.59, Fig. 1c).

Principal component analysis produced four factors

with eigenvalues greater than 0.4 or less than -0.4,

which described 81.3% of the variance in the egg

variables examined (Table 2). Principal Component 1

(PC1) accounted for 37.4% of the model variance and

was characterized by high positive factor loadings for

the number of eggs in a nest, total volume of oil

droplet, and percent volume of oil droplet, and

negatively for spawn date (Table 2). Therefore, PC1

represented characteristics of maternal fecundity and

inputs of nutrients. Egg mass, egg volume, and oil

droplet volume had high positive factor loadings for
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principal component two (PC2) (Table 2). This factor

accounted for 19.1% of the model variance and mainly

described egg morphology and size. Principal com-

ponent three (PC3) accounted for 12.8% of the

variance and was negatively related to spawn date,

and hatching success and positively correlated with

cortisol concentration in eggs (Table 2). Principal

component 4 (PC4) was characterized by a positive

weighting for egg triglyceride concentration and

accounted for 12.0% of variance (Table 2).

Of the principal components generated, only PC1

and PC3 were related to male size, with both scores

increasing with the size of the brood-guarding male

(Table 3). The other two principal components (PC2

and PC4) did not correlate with male size or male

nesting success in the wild (P [ 0.05, Table 3). In

addition, only PC3 differed significantly between

males that successfully reared broods to independence

and those that abandoned nests prematurely, with

males that successfully reared their broods to inde-

pendence having significantly higher PC3 scores than

males that abandoned prematurely (Table 3; Fig. 2).

Twenty-eight of the original 37 males reared their

offspring to the egg sac fry stage. However, only 12

males successfully guarded broods that reached the

brown fry stage. Due to these combined small sample

sizes, and because of potential problems with blank

data in PCA (McGarigal et al. 2000), brown fry lipid

concentration and egg sac fry time to 50% mortality

were left out of the PCA and regressed separately.

Neither of these two variables were significantly

correlated with male size (N = 28, P = 0.17 and

N = 12, P = 0.013, respectively).

The time (in hours) required for egg sac fry to reach

50% mortality in the laboratory was not correlated

with nest success in the wild (P = 0.48). In addition,

the duration of time (in hours) for egg sac fry to reach

50% mortality in the laboratory varied by approxi-

mately 13.5% between nests (mean 499 ± 3.4 h or

almost 21 days, range 462–534 h).

Discussion

For smallmouth bass in the current study, brood-

guarding males that successfully reared offspring to

the brown fry stage were shown to be the largest

individuals, and those that spawned earlier in the

nesting period. Previous work with smallmouth bass

has demonstrated that larger males in a population

spawn earlier in a year, likely due to elevated lipid

stores relative to smaller conspecifics upon emergence

from winter (Mackereth et al. 1999), or because both

large males and large females are reproductively

Fig. 1 Relationship between size of parental male smallmouth

bass and a number of eggs received by the male in a mating,

b whether or not the parental male successfully reared his brood

to independence during the spawning season (where Y = yes

and N = no not successful), and c relative order of spawning

within an individual spawning season. Results of statistical

analyses are reported on figures, and data were analyzed using

a regression, b t test, and c regression. Thirty-seven nests were

used to generate each panel
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active earlier in the spring relative to smaller conspe-

cifics (Wiegmann et al. 1992). A positive relationship

between male size and quantity of eggs in a nest has

also been reported previously for smallmouth bass

(Suski and Ridgway 2007; Suski and Philipp 2004).

Next to climate influence, male size has been identi-

fied as the second most important factor in predicting

male nesting success (Suski and Ridgway 2007). It has

been hypothesized that the positive relationship

between male size and egg quantity results from

larger, more fecund, females choosing to mate with

larger nesting males, which is partially driven by

elevated energy stores in larger males relative to

smaller individuals following winter (Ridgway and

Friesen 1992). Increased energy stores following

winter may also provide larger males with additional

fuel to sustain parental care activities relative to

smaller males that are more likely to prematurely

abandon their broods prior to independence (Mackereth

et al. 1999; Suski and Ridgway 2007; Hanson and

Cooke 2009).

In the current study, reproductive success of nesting

smallmouth bass was also correlated with elevated

concentrations of cortisol in the eggs of larger nesting

males, representing another factor that might contrib-

ute to nesting success of larger individuals relative to

Table 2 Principle components summarizing egg and spawning characteristics for nesting male smallmouth bass

PC1 PC2 PC3 PC4

Parameters

Spawn date 20.63 -0.10 20.68 0.096

Number of eggs in nest 0.78 -0.11 0.14 -0.22

Egg mass (g) 0.0070 0.83 0.36 -0.22

Egg hatching success 0.29 -0.36 20.53 -0.30

Egg volume (ll) 0.24 0.87 0.057 0.015

Volume of oil droplet (ll) 0.79 0.57 -0.038 0.14

Volume of oil droplet (%) 0.86 0.23 -0.049 0.13

Egg triglycerides (mmol/l/egg) 0.0046 -0.10 0.040 0.93

Egg cortisol (pg/ml/egg) 0.081 0.12 0.91 0.0035

% Variance explained 37 19 13 12

Eigenvalue 3.4 1.7 1.2 1.1

Variables were loaded into four principle components (PC1, PC2, PC3, and PC4). Characteristics contributing maximally to each

principle component are in bold and are greater than 0.4 or less than -0.4

Table 3 Results from regression analysis and t tests relating either size of male, or nesting success, with principle component scores

(PC1–PC4) for components identified in Table 2

Independent variable Response variable R2 N F or T stat. P value

Male total length (mm) PC1 0.18 25 5.1 0.034*

PC2 \0.001 25 0.006 0.94

PC3 0.41 25 15 0.001*

PC4 \0.001 25 0.20 0.66

Nest success in the wild PC1 N/A 25 -0.86 0.64

PC2 N/A 25 -3.1 0.27

PC3 N/A 25 -1.1 0.005*

PC4 N/A 25 0.48 0.40

A nest was said to be successful if the attending male raised his brood to the brown fry stage (approximately 4–6 weeks after egg

deposition)

* Indicates a P value less than 0.05
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smaller conspecifics. Cortisol has been found in the

eggs of many fish species and is added during maternal

oogenesis (De Jesus et al. 1991; Hwang et al. 1992;

Contreras-Sanchez et al. 1998). Cortisol is the primary

stress hormone in fishes and is released to help

maintain homeostasis and mineral balance and to

regulate growth and energy stores during environmen-

tal challenges (Wendelaar Bonga 1997; Mommsen

et al. 1999). The presence of cortisol in eggs has

previously been shown to exert both positive and

negative impacts on the quality and survival of fish

offspring, highlighting that the specific role of cortisol

in developing fish embryos has yet to be clearly

defined (De Jesus et al. 1991). For example, cortisol

can enhance the stimulatory action of thyroid hor-

mones in larval fish (De Jesus et al. 1990), increase

larval survival in Asian sea bass (Lates calcarifer)

(Sampath-Kumar et al. 1993) and, in Mozambique

tilapia (Tilapia mossambica), stimulate larval growth

(Lam 1994), all suggesting a beneficial impact of

cortisol for developing fishes. In contrast, McCormick

(2006) found that female damselfish (Pomacentrus

amboinensis) breeding in higher densities had higher

egg cortisol concentrations and subsequently reduced

larvae size, suggesting a negative impact of egg

cortisol concentration on fitness. For smallmouth bass

in the current study, large males that spawn early in the

nesting cycle and guard broods higher concentrations

of cortisol in their eggs are more likely to successfully

rear broods to independence. Therefore, hormonal

benefits, manifested in increased concentrations of egg

cortisol, might have provided larger males superior

eggs (those with greater cortisol) and contributed to

improved nesting success of larger male smallmouth

bass relative to smaller conspecifics.

Many variables that have previously been shown to

be important factors defining egg and offspring quality

for fishes did not appear to influence reproductive

success of male smallmouth bass. Although PC1 and

PC2 showed high factor loadings for characteristics

such as egg size, morphology, and oil droplet volume,

only PC1 correlated with male size, and neither of

these components varied significantly across males

that reared their broods to independence compared to

males that prematurely abandoned their nests. Off-

spring from larger male smallmouth bass also had

similar concentrations of lipids in brown fry and time

required to reach 50% mortality when compared to

smaller nesting males. Furthermore, PC4 loaded

heavily for the concentration of triglycerides in eggs;

however, this principle component was not correlated

with male size or nesting success. Together, these egg

morphology and presumably, physiological differ-

ences did not appear to influence reproductive success

in male smallmouth bass.

Interestingly, older, and larger, female rockfish

(Sebastes melanops) produce offspring that grow

three times as fast and survive starvation longer than

the offspring of younger females as the eggs from

older females have larger energy-rich oil droplets

(Berkeley et al. 2004). Faster larval growth, like that

seen in offspring produced by older female rockfish,

can provide a locomotory advantage that enhances

larval predator avoidance and prey capture (Blaxter

1986; Bailey and Houde 1989) and is often attributed

to higher maternal quality (Leggett and Deblois

1994). Another egg characteristic that can positively

influence offspring survival is egg size (Hendry

et al. 2001). In Chinook salmon (Oncorhynchus

tshawytscha), for example, egg size can vary up

to 300% across different females, with the largest

eggs demonstrating increased hatching success

(Rombough 1985). For the eggs of smallmouth bass,

despite 2–3-fold differences in factors such as size,

oil droplet, and triglyceride concentrations across

individuals, we found no evidence that theses factor

influenced either hatching success in the lab, or nest

success in the field.

Fig. 2 Principle Component 3 (PC3) score for nesting male

smallmouth bass that were successful at rearing their broods to

independence compared to males that abandoned broods

prematurely. PC3 scores were compared using a t test and the

P value is shown on the panel. Sample sizes are shown on

individual bars
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Variation in the relative importance of egg quality

characteristics between salmonids and smallmouth

bass might be related to the parental care provided by

smallmouth bass. Semelparous fish such as salmon

from the genus Oncorhynchus do not invest in

offspring following nest site selection and egg depo-

sition, potentially necessitating elevated pre-hatching

investment to ensure survival. Smallmouth bass,

however, guard their broods from predators following

egg deposition (Hinch and Collins 1991; Ridgway

et al. 1991), and this provisioning by the attending

male may compensate for a lack of maternal resources

such as triglycerides compared to salmonids. This

brood-guarding behavior has also been shown to

define reproductive success for this species (Suski and

Ridgway 2007). Together, traditional egg quality

characteristics such as egg size, triglycerides, and the

volume of oil droplet vary across different nesting

male smallmouth bass but are not correlated with the

size of a brood-guarding male and further do not

appear to influence the likelihood of a male rearing his

brood to independence.

While the concentration of cortisol in smallmouth

bass eggs was positively correlated with the probabil-

ity of a male guarding his brood to independence,

cortisol concentration (and hence male size) did not

influence hatching success in the laboratory portion of

the study. In addition, survival of offspring in the

laboratory was not related to nest success in the wild,

further demonstrating discrepancies between lab-

based metrics and those in the field. Knotek and Orth

(1998) suggested that high egg mortality in small-

mouth bass nests, particularly in nests of large males

that have high numbers of eggs, may result from

density-dependent factors resulting from high num-

bers of eggs (e.g., accumulation of fungus). The

conditions used as part of our laboratory study may

have maintained eggs in sufficiently low numbers

common across all nests to prevent density-dependent

impacts from occurring, thereby precluding the obser-

vation of high mortality rates for larger individuals.

Alternatively, benefits associated with cortisol con-

centration in eggs might only become apparent under

fluctuating or adverse biotic/abiotic conditions in the

field, such as temperature change and/or the presence

of fungal infections, conferring survival advantages in

the wild relative to stable laboratory conditions.

Additionally, Marshall et al. (2010) defined potential

problems associated with studies that rear offspring

from different mothers in common environments,

which may remove environmental variability that can

allow survival of different phenotypes in the wild.

However, despite the observed increases in daily egg

mortality in nests from large males, Knotek and Orth

(1998) reported that large parental males with higher

egg numbers still maintained larger broods throughout

parental care and contributed a higher proportion of

juveniles than males with smaller egg numbers,

indicating a proficiency for large males to successfully

contribute offspring relative to smaller individuals.

Physiological constraints, including low cortisol

concentrations in eggs, might also be a plausible

explanation for observed egg mortalities in smaller

parental smallmouth bass, although this possibility

was not investigated by earlier studies. Laboratory and

field results in the current study become increasingly

important when the number of previous investigations

that have documented elevated hatching success under

controlled laboratory or aquaculture conditions with-

out complimentary field observations are considered

(e.g., Hwang et al. 1992; Sampath-Kumar et al. 1993;

Schultz et al. 1996; Contreras-Sanchez et al. 1998).

Discrepancies between physiological parameters

observed in the lab and field have recently been

reported by Sloman et al. (2008) who concluded that

physiological correlates of dominance exist among

wild salmonid populations, but factors that define

dominance in the wild may differ from factors

controlling dominance in the laboratory. Regardless

of the mechanism, the current study showed that

hatching success for smallmouth bass eggs in the

laboratory was negatively correlated with cortisol

concentration, despite the fact that these eggs came

from nests that were more likely to be reared to

independence in the field.

For smallmouth bass, reproductive output within a

spawning event might be influenced through large

males receiving many high quality eggs in their nest

due to differential female allocation of resources to

eggs, particularly the deposition of cortisol. Larger

male smallmouth bass also have increased energy

stores to help fuel nest guarding behaviors, and thus,

have an increased ability to provide parental care for

extended periods (Suski and Ridgway 2007). This

combination of factors may partially explain the size-

selective advantage in reproductive output of larger

smallmouth bass relative to smaller individuals.

Future studies should attempt to define mechanisms
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responsible for the relationship between size and

cortisol in this species, the results of which can help

define reproductive success and year class strength for

this species.
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