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Abstract While social interactions influence vertebrate

endocrine regulation, the dynamics of regulation in relation

to specific behaviors have not been clearly elucidated. In

the current study, we investigated whether androgens

(testosterone) or glucocorticoids (cortisol) play a functional

role in aggressive offspring defense behavior in wild

smallmouth bass (Micropterus dolomieu), a teleost fish

with sole paternal care. We measured circulating testos-

terone and cortisol concentrations in plasma samples taken

from parental males following a simulated nest intrusion by

a common nest predator, the bluegill sunfish (Lepomis

macrochirus). To understand whether endocrine regulation

changes across the parental care period, we looked both at

males guarding fresh eggs and at males guarding hatched

embryos. Plasma testosterone levels increased in males

subjected to a simulated nest intrusion when compared to

sham controls. Testosterone concentrations in males

guarding embryos were lower than in males guarding fresh

eggs, but circulating testosterone was positively correlated

with the level of aggression towards the nest predator at

both offspring development stages. However, there was no

increase in cortisol levels following a simulated nest

intrusion, and no relationship between cortisol and any

measured parameter. These results suggest that androgens

play an important role in promoting aggressive nest

defense behavior in teleost fish.
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Introduction

The challenge hypothesis, proposed in a classic paper by

Wingfield et al. (1990), provides a framework for under-

standing patterns of androgen regulation across the verte-

brates. As originally outlined, the challenge hypothesis was

based on the premise that elevated androgens are important

in male vertebrates for mate attraction, territory defense,

and reproduction, but are generally incompatible with

paternal care (Silverin 1986; Hegner and Wingfield 1987).

Thus, the endocrine response of a male to a territorial

challenge during paternal care will depend on several

factors, notably the frequency of territorial challenges, the

mating system, and the level of paternal care. For example,

an individual with few territorial challenges, a monoga-

mous mating system, and high paternal care is expected to

maintain androgens at relatively low levels, and respond to

a territorial challenge by rapidly and transiently increasing

circulating androgens. Alternately, an individual with fre-

quent territorial challenges, a polygamous mating system,

and little to no paternal care is expected to maintain con-

tinually high androgen concentrations, and a further

increase in response to a territorial challenge may not be
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possible (Wingfield et al. 1990). This general pattern has

been observed in a range of vertebrates (see reviews for

birds, Wingfield et al. 1990; fish, Hirschenhauser et al.

2004; across taxa, Hirschenhauser and Oliveira 2006).

One postulate of the challenge hypothesis is that

androgens are involved only in conspecific aggression

(e.g., competition over mates or territories), while other

types of aggression (e.g., anti-predator aggression) are

regulated by different proximate mechanisms (Wingfield

et al. 1990). An interesting exception may be aggressive

offspring defense by parental care-providing teleost fish. In

fish, parental care is thought to have arisen from ancestral

territory defense (Gross and Sargent 1985), and unlike in

other taxa, parental care often continues despite high

androgen levels (e.g., Desjardins et al. 2005; Dey et al.

2010).

Cortisol, the primary glucocorticoid in teleosts, also may

play an important role in mediating aggressive nest defense

behavior in teleost fish. Glucocorticoids have been impli-

cated in mobilizing the energy reserves required for ener-

getically costly behaviors such as nest defense (Nelson

2000). However, glucocorticoids also play an important

role in mediating stress (Wendelaar-Bonga 1997; Momm-

sen et al. 1999; Sapolsky et al. 2000), and high levels of

glucocorticoids are often associated with reproductive

suppression (Schreck et al. 2001; Fuzzen et al. 2011),

reduced annual reproductive activity (e.g., Magee et al.

2006), and nest abandonment (e.g., O’Connor et al. 2009).

The current study investigated the potential roles of

circulating androgens and cortisol in aggressive nest

defense behavior in a teleost fish, the smallmouth bass

(Micropterus dolomieu). Specifically, we determined

whether a simulated intrusion by a potential nest predator

would elicit an androgen or a cortisol response in parental

care-providing fish. To understand whether the androgen or

cortisol response is maintained across parental care, we

studied smallmouth bass guarding fresh eggs versus

embryos. Smallmouth bass spawn annually, with males

establishing territories and clearing an area of substrate for

the nest, and then providing sole paternal care to a single

brood of offspring for approximately 6 weeks (Coble

1975). With this social system, the challenge hypothesis

predicts high androgen levels during territory establish-

ment, and decreasing levels across parental care, a pattern

that has been documented in the smallmouth bass

(O’Connor et al. 2011). The challenge hypothesis further

predicts that a conspecific territorial challenge during

parental care will elicit a transient and rapid androgen

response. If androgens perform a functional role in

aggressive nest defense during parental care, then we

predict that a simulated nest intrusion by a nest predator

(i.e., a small fish that is not a threat to the territory or male)

should elicit an increase in circulating androgen

concentrations. Further, if cortisol liberates stored energy

reserves to fuel aggression, then an increase in circulating

cortisol levels following a simulated nest intrusion should

also occur.

Materials and methods

Study animals and field data collection

On May 25 and 26, 2008 (water temperature 15–16�C),

male smallmouth bass guarding nests with fresh eggs

(0–1 day after laying and fertilization) were identified on

Charleston Lake, a public lake that is part of the Ganano-

que River system in eastern Ontario (44�320N, 75�5900W).

All nests were individually marked with a numbered tile,

and the brood size of each nest was classified according to

egg score. The egg score is a standard and highly repeat-

able measure of the relative number of eggs within a nest,

and ranges from 1 (low,\500) to 5 (high,[4,000; Philipp

et al. 1997; Suski et al. 2003). For standardization, only

males guarding nests with intermediate egg scores of 3–4

were included in this study.

A subset of parental fish was sampled immediately. Fish

were first subjected to a simulated nest predator intrusion.

Bluegill sunfish (Lepomis macrochirus) are common nest

predators of smallmouth bass, and simulated nest intrusions

of bluegill sunfish elicit aggressive nest defense behav-

iors (e.g., Hanson et al. 2009). A bluegill sunfish

(150–200 mm) in a 3.8-L glass jar was placed in the nest

by a snorkeler who then retreated to a distance of

approximately 2 m for 3 min of behavioral observations.

Aggressive behaviors were defined as by O’Connor et al.

(2009). Briefly, a ‘‘yawn’’ is when the parent opens and

closes its mouth in the direction of the glass jar, a ‘‘charge’’

is when the parent moves rapidly towards the jar but

without making physical contact, and a ‘‘hit’’ refers to the

smallmouth bass making physical contact with the jar.

Snorkelers recorded the sum of all three aggressive

behaviors for each individual during the 3 min period.

After 3 min, the snorkeler removed the jar. After 25 min, a

standard time to allow circulating cortisol concentrations to

rise following a stressor (e.g., O’Connor et al. 2011) and

also sufficient for androgens to increase following a sim-

ulated territorial intrusion in cichlid fish (e.g., Desjardins

et al. 2005), fish were quickly captured by rod-and-reel

angling and sampled for 1 mL of blood by caudal puncture

using lithium-heparinized vacutainers (B.D. Vacutainer,

Franklin Lakes, NJ) and 21 gauge, 38 mm needles. Only

fish that could be captured and blood sampled within 5 min

of the first angling attempt were included in the study. Fish

were measured (total length, TL) and released. In total,

blood samples were obtained from 24 males
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[TL = 399.1 ± 8.7 mm (mean ± SE)] guarding fresh

eggs. Blood samples were also obtained from 6 males

(TL = 413.8 ± 17.4 mm) selected for a ‘‘sham’’ treat-

ment, in which an empty jar was placed in the nest. On 5

June 2008 (water temperature 17.5�C), smallmouth bass

guarding newly hatched embryos (TL = 399.2 ± 9.8 mm,

N = 19) were subjected to a simulated nest intrusion and

sampled for blood as described above.

Blood samples were held in water–ice slurries for no

more than 1 h, and then centrifuged at 10,000g for 5 min

(Compact II Centrifuge, Clay Adams, NJ). Plasma samples

were flash frozen in liquid nitrogen and stored at -80�C

until analysis.

Hormone analysis

Cortisol concentrations were determined using a commer-

cial radioimmunoassay kit (ImmunoChem Cortisol 125I

RIA kit; MP Biomedicals, Orangeburg, NY) previously

validated for teleost fish (Gamperl et al. 1994). All samples

were run in a single assay. Intra-assay variability (% CV)

was 7.3%. For the measurement of testosterone (T), plasma

samples were extracted three times using 5 ml ethyl ace-

tate. The dried extract was resuspended in phosphate-buf-

fered saline (pH 7.6) containing 0.3% gelatine following

the methods outlined in McMaster et al. (1992). T content

was measured in duplicate by 3H-radioimmunoassay using

antibodies provided by Medicorp (AS0116, Medicorp Inc.,

Montréal, QC). Cross-reactivity of the T antibody with

11-KT was 7.5%. All samples were run in a single assay,

and intra-assay variability was 5.2%. There was insufficient

plasma to run a T assay for two males guarding fresh eggs

(resulting in a sample size of 22) and for one male guarding

embryos (resulting in a sample size of 18).

Statistical analysis

No difference in male TL was found among the groups

(F2,46 = 0.314, p = 0.73). Therefore, this parameter was

not included as a covariate, and Student’s t tests were used

to compare aggression scores, circulating cortisol levels,

and circulating T levels between fish guarding fresh eggs

subjected to the simulated nest intrusion, and the sham

group. To investigate whether the intensity of aggression

was related to hormone levels, analysis of covariance

(ANCOVA) models were run with T or cortisol as the

independent variable, offspring development stage (eggs or

embryos) as the dependent variable, and aggression

(aggressive behaviors in 3 min) as the covariate. The

interaction between group and aggression was included in

the model.

For all tests, residuals were tested for normal distribu-

tion using goodness-of-fit tests, and for homogeneity of

variance using Levene’s test or by visual inspection (Zar

1999). Assumptions were met in all but one case (see

‘‘Results and discussion’’). All analyses were performed in

the statistical packages JMP, version 7.0.1 (SAS Institute

Inc., Cary, NC). The level of significance for all tests

(a) was 0.05. All results are stated as mean ± standard

error.

Results and discussion

Did parental smallmouth bass respond to the bluegill

as a nest intrusion?

Parental smallmouth bass exhibited aggressive behavior

towards a bluegill in a jar, and showed no behavioral

response to an empty glass jar placed in the nest (Table 1).

This difference was statistically significant (t28 = -6.019,

p \ 0.01), although the uniform zero scores in the sham

treatment group violated the test’s assumptions.

Is there a role for androgens in aggressive nest defense?

Fish subjected to a simulated brood predator displayed

higher circulating T levels than those subjected to the

empty glass jar (t26 = -2.481, p = 0.02; Table 1). Fur-

thermore, a significant positive correlation was detected

between circulating T level and the intensity of the

aggressive response (full ANCOVA model R2 = 0.555,

F3,36 = 14.963, p \ 0.01; aggression term in ANCOVA

F1,1 = 4.821, p = 0.03; Fig 1a). As found in previous

studies in this species (O’Connor et al. 2011) and in the

plainfin midshipman fish (Porichthys notatus; Knapp et al.

1999), circulating T concentrations were higher in fish

guarding eggs than in fish guarding embryos (offspring

development stage term in ANCOVA F1,1 = 9.873,

p \ 0.01). There was no significant influence of offspring

development stage on the positive correlation between

circulating T concentration and aggression (offspring

development stage 9 aggression interaction term in

ANCOVA F1,1 = 0.749, p = 0.39). Collectively, these

results demonstrate that circulating T is elevated following

aggressive nest defense, and this elevation correlates with

the intensity of aggressive behavior.

Hanson et al. (2009) measured circulating T levels in

smallmouth bass immediately (less than 5 min) following a

simulated nest intrusion by a bluegill sunfish and failed to

detect a relationship between parental aggression and cir-

culating T concentration. The apparent discrepancy in

results between Hanson et al. (2009) and the current study

is explained by the different time courses of sampling: T

concentrations in Hanson et al. (2009) likely reflected

baseline levels, while T concentrations in the current study
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(collected 25 min after disturbance) reflect post-intrusion

levels. Collectively, the results strongly suggest that cir-

culating androgen concentrations transiently increase dur-

ing parental care in response to a threat to offspring, and

play a role in aggressive nest defense. This is supported by

a previous study in which parental smallmouth bass treated

with an androgen receptor antagonist (cyproterone acetate)

displayed reduced aggression towards a simulated nest

predator when compared with control paternal fish (Dey

et al. 2010). To the best of our knowledge, this is the

first example of an androgen increase in a teleost fish

in response to what is strictly a threat to the offspring

rather than to a conspecific territorial challenge. Overall,

however, this finding is consistent with the challenge

hypothesis (Wingfield et al. 1990).

Is there a role for cortisol in aggressive nest defense?

Cortisol levels of smallmouth bass subjected to the simu-

lated nest intrusion did not differ from those subjected to

the empty glass jar (t28 = 0.028, p = 0.97; Table 1); all

parental smallmouth bass exhibited low plasma cortisol

concentrations (Fig. 1b). Moreover, neither aggressive

behavior nor offspring development stage affected these

uniformly low plasma cortisol values (full ANCOVA

model F3,39 = 0.701, R2 = 0.051, p = 0.56; Fig 1b).

Thus, in the smallmouth bass, cortisol does not appear to

play a role in aggressive nest defense behavior. This find-

ing is interesting because aggressive nest defense is ener-

getically costly (Cooke et al. 2006) and cortisol mobilizes

energy reserves during a stress response (Mommsen et al.

1999). Our results imply that a nest predator does not

invoke a stress response, and that aggression and stress are

uncoupled in this system. This result is consistent with

previous results in parental plainfin midshipman fish,

showing no relationship between offspring development

stage and circulating cortisol (Knapp et al. 1999), but

contrasts with aggressive social interactions, where cortisol

is elevated and may play a significant role in mobilizing

energy reserves (e.g., Gilmour et al. 2005). Parental

aggression may also be a measure of parental quality (e.g.,

Tolonen and Korpimäki 1994).

The positive correlation between aggression towards a

nest predator and circulating T concentration provides

support for the hypothesis that androgens play a role in

aggressive nest defense behavior in teleost fish. The

androgen response to nest predators resembled that pro-

posed by the challenge hypothesis for male–male conspe-

cific territorial challenges. However, we found no evidence

that cortisol functioned in aggressive nest defense behavior

in this system.
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