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A B S T R A C T

Paternal care, where the male provides sole care for the developing brood, is a common form of reproductive
investment among teleost fish and ubiquitous in the Centrarchidae family. Throughout the parental care period,
nesting males expend energy in a variety of swimming behaviours, including routine and burst swimming,
vigilantly monitoring the nest area and protecting the brood from predators. Parental care is an energetically
demanding period, which is presumably made even more difficult if fish are exposed to additional challenges
such as those arising from human disturbance, resulting in activation of the hypothalamic-pituitary-interrenal
axis (i.e., elevation of cortisol). To study this situation, we examined the effects of experimental manipulation of
the stress hormone cortisol on locomotor activity and behaviour of nest guarding male smallmouth bass
(Micropterus dolomieu). We exogenously elevated circulating cortisol levels (via intracoelomic implants) and
attached tri-axial accelerometers to wild smallmouth bass for three days. During the recovery period (i.e., ≤4 h
post-release), cortisol-treated fish exhibited significantly reduced locomotor activity and performed significantly
less burst and routine swimming relative to control fish, indicating cortisol uptake was rapid, as were the as-
sociated behavioural responses. Post-recovery (i.e., > 4 h post-release), fish with high cortisol exhibited lower
locomotor activity and reduced routine swimming relative to controls. Fish were less active and reduced routine
and burst swimming at night compared to daylight hours, an effect independent of cortisol treatment.
Collectively, our results suggest that cortisol treatment (as a proxy for anthropogenic disturbance and stress)
contributed to altered behaviour, and consequently cortisol-treated males decreased parental investment in their
brood, which could have potential fitness implications.

1. Introduction

Many taxa provide extended parental care for their developing
offspring. By providing parental care, defined here as the post-fertili-
zation behaviours exhibited while caring for offspring, parents increase
the chances of offspring survival, thus increasing the potential for re-
productive success and fitness of the parents [1]. Parental care occurs in
all vertebrate taxa including mammals [2], birds [3], reptiles [4,5],
amphibians [6,7], and fish [8,9]. Of all vertebrate taxa, fish exhibit the
greatest diversity of parental care modes [1,10], including paternal care
(sole male care), maternal care (sole female care), bi-parental care
(both parents), and combinations thereof [9,11]. Among teleost fishes,
paternal care is the most common mode [8].

Paternal care is ubiquitous in the freshwater fish Centrarchidae

family [8,12] and has been particularly well-studied for the black bass
(Micropterus spp.). The four to six week parental care period is en-
ergetically costly for male black bass [12–15]. Locomotor activity levels
must be maintained by nesting males throughout parental care [13] to
vigorously defend their developing offspring from omnipresent and
persistent brood predators [16–18]. Considerable time is devoted to
nest-tending activities (i.e., fanning eggs, removing debris and dead
eggs from the nest) to ensure that eggs and developing offspring remain
well oxygenated and healthy [19]. Time consuming parental care duties
[13,19] and alterations in appetite-regulating hormones [20–22] both
lead to reduced food intake, meaning that paternal care largely is
driven by endogenous energy stores [15]. Black bass parental invest-
ment and reproductive success are linked such that nesting males that
exhibit increased defensive behaviours are known to have a higher
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probability of reproductive success compared to those exhibiting di-
minished defensive behaviours [23]. Owing to the challenges of pa-
ternal care and the trade-offs in energy allocation to current versus
future reproductive success [24,25], premature nest abandonment is
not uncommon, particularly in fish with limited energy reserves (e.g.,
small fish or those in poor condition; [26]) or among those with small
broods [23,27].

In addition to the increased energetic demands directly associated
with paternal care, parental fish endure other challenges such as ex-
posure to piscivorous predators (e.g., heron, osprey) owing to their
nesting locations in the littoral zone [28], and inclement weather that
can expose both parent and developing offspring to variation in tem-
perature, elevated water turbidity (from suspended sediment) and the
effects of currents/wave action [29]. The challenges faced by black bass
during paternal care may be magnified by anthropogenic disturbances
and stressors common in freshwater systems, including shoreline de-
velopment and associated habitat alterations [30], ecological light
pollution [31,32], noise and wave disturbances from vessels powered
by combustion engines [33], and fisheries interactions (e.g., catch-and-
release angling; [23,34]). Some of these additional challenges have the
potential to cause physiological stress (i.e., activation of the hypotha-
lamic-pituitary-interrenal axis in fish and elevation of circulating glu-
cocorticoids; [35,36]), thereby potentially altering behaviour and en-
ergy-use (reviewed in [37]) and potentially fitness [38] and population-
level processes [39].

A stress response involves elevation of circulating glucocorticoids
(GCs), with cortisol being the primary GC in teleost fish [35,36,40,41].
An increasingly common approach to study how anthropogenic stres-
sors may alter the energetics and behaviour of wild animals, including
fish, is through experimental GC manipulation [42,43]. Parental male
black bass treated with cortisol exhibit increased nest abandonment
relative to controls (e.g., [44,45]). However, alterations in the beha-
viour of nesting males prior to abandonment have not been detected
(e.g., [44–46]), which may be a consequence of using snorkeling ob-
servers to monitor behaviour, because snorkelers typically monitor
simple behaviours for several minutes (e.g., response to a brood pre-
dator model, monitoring time spent on nest, willingness to engage
predators), with observation periods occurring only during daylight
conditions. Some researchers that have studied black bass parental care
behaviour and energetics (independent of GC manipulation) used video
cameras to continuously monitor behaviour over several days [12,19],
but cameras have a restricted field of view and recordings are heavily
influenced by water clarity and light [47]. More recently, new devel-
opments in bio-logging technology have enabled researchers to affix tri-
axial accelerometers to fish to monitor the fine-scale behaviours and
energy-use of free-swimming fish, such that animals can be studied day
and night with greater temporal resolution (e.g., [48,49]).

Given the above, we aimed to determine whether elevation of cor-
tisol (intended to mimic disturbances/stress associated with human
activity) influenced the behaviour and energy use of wild fish engaged
in paternal care. We hypothesized that experimental elevation of cor-
tisol would affect locomotor activity and swimming behaviours of
nesting male smallmouth bass. Cortisol mobilizes energy reserves
during a stress response, a beneficial attribute in dealing with a stressful
situation [35], but prolonged cortisol elevation can be deleterious to
fish condition [35,37]. Because nesting fish with experimentally ele-
vated cortisol exhibit decreased nest success (e.g., [44,45]), and nest-
tending and brood predator defense are key locomotor-based beha-
viours linked to reproductive success [23], we predicted that nesting
males with elevated cortisol levels would exhibit reduced locomotor
activity and swimming behaviours compared to control fish, with the
extent of behavioural alterations being magnified in fish experiencing
supra-physiological cortisol levels.

2. Materials and methods

2.1. Experimental animals and protocol

The study was conducted between May 15th and 28th, 2015 in four
lakes in the Rideau River system (Opinicon Lake, Sand Lake, Indian
Lake, and Big Rideau Lake) located in southeastern Ontario. These lakes
have a similar species composition and predator burden [50], and
previous research indicated that the physiological cost of parental care
is similar in these lakes [51]. Surface water temperature ranged from 12
to 16 °C during the study. Nesting male smallmouth bass (Micropterus
dolomieu) guarding unhatched embryos (‘eggs’) 0 to 3 days old were
located through snorkel surveys and angled from the nest, with fight
time minimized (< 20 s) to reduce angling-associated stress [44,46].
All nests selected for inclusion in the study were located in a rocky
substrate in water depths ranging from 0.5 to 1.5 m. Following capture,
fish were placed in a foam-lined trough containing fresh lake water and
total length (TL) was measured. To limit handling time, mass was es-
timated from an established length-mass relationship [44] using the Eq.
(1) where mass is reported in grams and TL in millimeters.

= − +log mass 7.1004 3.884( log TL)10 10 (1)

Following the general methods of Brownscombe et al. [52], accel-
erometers (see below for accelerometer details) were firmly attached
through the dorsal musculature using 13.6 kg Dacron line and a backing
pad; accelerometers were placed on the external surface of the right
side of the fish under the soft area of the dorsal fin.

Fish were randomly assigned to one of three treatment groups;
control fish that were untreated, fish that received an intraperitoneal
injection of cocoa butter (5 mL kg−1; NOW Foods, Bloomingdale, IL)
mixed with a low (5 mg mL−1) concentration of cortisol (hydro-
cortisone 21-hemisuccinate, Santa Cruz Biotechnology, Dallas, TX), and
fish that received a high (10 mg mL−1) cortisol concentration, again as
an intraperitoneal implant in cocoa butter. The high cortisol con-
centration in this study (10 mg mL−1) has been found to produce high
elevated circulating cortisol levels in nesting black bass for 5–6 days
[44,45]. A sham treatment group (cocoa butter alone) was not included
in the experimental design owing to inconsistent cortisol responses
associated with sham treatment (see [53]). Prior to release, fish (with
tag affixed) were rotated along known axes (forward pitching motion
and rolled to the right) in a cooler containing fresh lake water, noting
the corresponding times, to aid in calibrating accelerometers. Capture,
tagging, cortisol administration (if applicable), and accelerometer ca-
libration encompassed< 7 min.

Fish were released within 5 m of the nest. A snorkeler guarded the
nest in the male's absence until the male resumed parental behaviours,
typically< 5 min. All males were ≥390 mm TL and had an egg score
of ≥3 in an attempt to limit premature nest abandonment. Egg score is
a qualitative measure of the density of eggs within the nest, with a
(minimum) score of one being low density (< 500 eggs) and a (max-
imum) score of five being high density (> 4000 eggs; [34,54]). All
procedures were approved by the Carleton University animal care
committee (B12-06), in accordance with the guidelines of the Canadian
Council on Animal Care for the use of animals in research and teaching.

After 3 days, fish were recaptured using rod and reel (angling fight
time< 20 s) and placed into a foam-lined trough containing fresh lake
water for the withdrawal of a blood sample and accelerometer removal.
Time from capture to blood sampling was< 120 s for each fish. Blood
samples (approximately 1 mL) were withdrawn from the caudal vas-
culature using a 22 mm, 21-gauge needle and 4 mL heparinized vacu-
tainer (B.D. Vacutainer, Franklin Lakes, NJ), and were immediately
placed into a water-ice slurry for no longer than 90 min. Blood samples
were centrifuged at 10,000 g for 5 min and separated plasma was frozen
in liquid nitrogen and stored at −80 °C until analysis. Analysis of
cortisol concentrations was conducted as previously described [45]
using a commercially-available radioimmunoassay (ImmuChem, MP
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Biomedicals, Solon, OH). Samples were measured in two different as-
says, each in duplicate, with intra-assay variation of 7.5% and 1.1% and
inter-assay variation of 8.3%.

Two accelerometer models were used (model X16mini, 17 g in air,
51 mm× 25 mm× 13 mm, 25 Hz recording frequency,± 16 g range,
2048 count/g sensitivity; model X8M-3, 15 g in air,
49 mm× 25 mm× 13 mm, 25 Hz recording frequency,± 8 g range,
1024 count/g sensitivity; Gulf Coast Data Concepts, Waveland, MS),
with both being programmed to continuously record acceleration
measurements on three axes (x = heave, y = surge, z = sway).
Accelerometer models were randomly distributed among treatments.
The average weight of accelerometers including backing plates and tape
was ~28 g in air, corresponding to< 2% of fish weight for all fish in
this study to minimize tagging burden [55]. Visual observations con-
firmed that swimming behaviours did not appear impeded by accel-
erometer attachment, with tagged fish resuming the same general
swimming behaviours (i.e., chasing brood predators, monitoring the
nest area, fanning eggs) as untagged fish (personal observations of
several divers).

2.2. Data and statistical analyses

Accelerometer data analysis was conducted using IGOR Pro 6.0
(WaveMetrics Inc., Lake Oswego, OR) with the Ethographer package
[56]. Acceleration data recordings were cropped to account for ex-
perimental manipulation of the fish. The initial 7 min of the first hour of
data were removed to account for accelerometer attachment and cor-
tisol treatment. The last hour of data was removed to account for fish
recapture for accelerometer retrieval. Thus, for each fish a total of 64 h
of accelerometer data was available for analysis, with exception of one
fish, for which 37 h were available. Raw acceleration data were first
separated into static (gravity) and dynamic (fish movement) compo-
nents by a weighted smoother over each axis with a 2 s moving
window; this smoothing interval that has been found to be appropriate
for small teleost fishes [52,57]. Overall dynamic body acceleration
(ODBA), the variable commonly used to estimate relative activity in
teleost fishes [52,57], was calculated as the absolute sum of the dy-
namic acceleration of the three axes (x, y, z).

Accelerometer data also were analyzed to identify different types of
swimming behaviour, namely burst swimming, routine swimming, and
resting. The frequency of occurrence of these activities was determined.
Burst swimming differs from routine swimming in being characterized
as aggressive, of short duration, and energetically demanding [13,58];
burst swimming is exhibited, for example, by nesting fish chasing away
a brood predator. Routine swimming included turns and general mon-
itoring of the nest area. Resting behaviour included periods where fish
were stationary or engaged in limited locomotor activities such as
performing nest checks to remove dead eggs and debris. To identify
these behaviours within the accelerometer data, first the swimming
behaviours of several fish were visually observed by snorkelers with
digital watches synchronized to the accelerometer, who noted the time
and duration that a fish exhibited behaviours of interest. These ob-
servations served to develop swimming behaviour criteria for a ‘trainer’
data set via a classification tree [52,59]. Predictor variables in the
classification tree model included the mean and standard deviation of
dynamic acceleration for each axis (x, y, z), pitch, and roll. Pitch and
roll were calculated using Eqs. (2) and (3), respectively.

= ×Pitch arcsine(surge static) (180 π) (2)

= ×Roll arcsine(heave static) (180 π) (3)

The final classification tree model was pruned to include three
nodes (one node for each swimming behaviour), and was cross-vali-
dated, yielding misclassification error of 5%. To classify routine
swimming, burst swimming, and resting behaviours on fish that were
not observed, the pruned classification tree model was applied to the

accelerometer algorithm outputs [52]. Predicted swimming behaviours
were classified at a probability of> 0.70 from classification tree cri-
teria output. Predicted swimming behaviour was determined on a per
second (s−1) time interval such that each second of the 64-h study
duration is classified as a burst, routine, or resting behaviour.

Owing to individual variation in clearance rates, cortisol-treated
fish were categorized based on their measured circulating cortisol va-
lues for data analyses. ‘Low’ cortisol fish were deemed to be those
having measured cortisol values of< 50 up to 1000 ng ml−1, docu-
mented in fish during a stress response [60,61]; and ‘high’ cortisol fish
included those with plasma cortisol levels> 1000 ng ml−1, a supra-
physiological level [44,45]. Control fish, those that did not receive a
cortisol treatment, remained unchanged in their categorization for all
analyses. A one-way analysis of variance (ANOVA) was conducted to
determine whether differences in circulating cortisol concentrations
among treatments were statistically significant. Measured cortisol va-
lues were log10 transformed to meet the assumptions of normality and
equal variance for parametric tests. As the fish in the present study were
angled and handled, separate analyses were conducted on data col-
lected prior to and following recovery, where the recovery period was
considered to be the initial 4 h of data collection. This recovery period
was chosen on the basis of previous research that indicated that cir-
culating cortisol levels return to pre-capture levels within 2 to 6 h in
teleost fishes [62]. Also, Schreer et al. [63] found that recovery from an
exhaustive angling event occurred within 215 mins, and fish in the
present study were only briefly angled (< 20 s). The effects of cortisol
treatment on locomotor activity (ODBA) and swimming behaviours
(burst and routine swimming) during the recovery period (i.e., ≤ 4 h
post-release) were tested using a linear mixed effects model (LME) with
cortisol treatment (no cortisol, low cortisol, high cortisol) as a fixed
effect. The effects of cortisol treatment on locomotor activity and
swimming behaviours during the post-recovery period (i.e., > 4 h post-
release) were tested using a LME with cortisol treatment (no cortisol,
low cortisol, high cortisol), diel period (day, night), and their interac-
tion terms as fixed effects. Diel period was included as a fixed effect
because smallmouth bass are less active at night [31,64]. Random ef-
fects in recovery and post-recovery LME included a random intercept of
individual fish (fish ID) nested within water surface temperature. Water
temperature measurements ranged from 12 to 14 °C during accel-
erometer attachment and cortisol treatment, and were categorized as
“low” or “expected”; “low” indicated a water temperature lower than
that at which smallmouth bass typically spawn (i.e., < 14 °C), while
“expected” was a water temperature approaching what is typical of
spawning bass (i.e., 14 °C; [65]). From the model including all ex-
planatory variables and interactions, a stepwise backward model se-
lection with single term deletions using likelihood ratio tests was con-
ducted; first the significance and optimal structure of the random
component was established with restricted maximum likelihood esti-
mation (REML), and then the optimal structure of the fixed component
was established with maximum likelihood estimation (ML), as re-
commended by Zuur et al. [66]. Linear mixed effects models were fit
using “lmer” from the lme4 R-package [67]. Model validation was
conducted as per Zuur et al. [66]. Owing to patterns in the residuals, log
transformation was applied to ODBA and square root transformation to
swimming behaviour response variables, resulting in improved model
fit. Fixed effect posterior simulations (N = 10,000) were generated
using “sim” from the arm R-package [68]. Fixed effect significance was
considered to exist if estimates from the simulated posterior distribu-
tions contained zero at the 95% credible interval. That is, the 95%
credible intervals of fixed effects estimates that did not contain zero
were considered significant. Statistical analyses were conducted using
RStudio (v. 0.99.896, Boston, MA) and R (v. 3.2.3, R Foundation for
Statistical Computing, Vienna, Austria).

D.A. Algera et al. Physiology & Behavior 181 (2017) 59–68

61



3. Results

Analyses included 6 control, 5 ‘low cortisol’, and 5 ‘high cortisol’
fish. Body length was significantly different among groups (one-way
ANOVA: F= 4.40, df = 2, p-value = 0.035). A pair-wise comparison
revealed a difference in body length between control and high cortisol
groups (Tukey's HSD: p-value = 0.049; Table 1). The significant dif-
ference in body size (total length) was driven by a single fish in the
control group; if this fish was removed from the analysis, there was no
difference among treatments. Owing to the small sample sizes we opted
to retain this fish in the data set. Measured circulating cortisol con-
centration was lowest in the control group (Table 1), ranging from 10 to
19 ng mL−1. The low and high cortisol groups included fish with
measured circulating cortisol values ranging from 128 to 897 ng mL−1,
and 1527 to 4277 ng mL−1, respectively. Cortisol values were sig-
nificantly different among groups (one-way ANOVA: F = 127.7,

df = 2, p-value < 0.0001; Tukey's HSD: p-value < 0.001, all cases;
Table 1).

3.1. Locomotor activity (ODBA)

Fish in all groups began the experiment with a similar level of lo-
comotor activity (ODBA, Fig. 1A). There was considerable variation in
activity level among individuals in all treatments groups for the first
~30 min of the study period (Fig. 1A). However, after 30 min, in-
dividual variation was more consistent, and both low and high cortisol
fish began to exhibit lower activity levels than control fish. When ex-
amined on an hourly basis, control fish maintained the highest level of
locomotor activity, with both cortisol groups exhibiting lower mean
locomotor activity than control fish for the 64-h study duration
(Fig. 1B). During the recovery period (≤4 h post-release), a linear
mixed effects model (LME) revealed significant differences in locomotor
activity among low and high cortisol-treated fish relative to controls
(Table 2). During the post-recovery period (> 4 h post-release), a LME
revealed significant differences in locomotor activity between high
cortisol-treated fish relative to controls (Table 2). Fish exhibited sig-
nificantly higher locomotor activity level during daylight than at night,
an effect independent of cortisol treatment (Table 2; Fig. 3A). Multiple
comparisons revealed that high cortisol fish exhibited lower daytime
locomotor activity relative to controls (Tukey's HSD: p-value < 0.001;
Fig. 3). Significance of fixed effects remained unchanged with a LME in
which the significant treatment and diel interaction terms were re-
moved.

Table 1
Body length and circulating cortisol concentrations measured 3 days post-treatment for
nesting male smallmouth bass (Micropterus dolomieu).

Treatment Body length (TL, mm) [Cortisol] (ng mL−1)

Control 426 ± 12a 15 ± 2a

Low cortisol 456 ± 5ab 537 ± 153b

High cortisol 459 ± 4b 2691 ± 469c

Values are means ± SE for N = 6 control, N = 5 low cortisol, and N = 5 high cortisol
fish. Significant differences among groups (α = 0.05) are denoted with different letters.
P-values are found in text.

Fig. 1. Post-release locomotor activity (as overall dynamic body acceleration, ODBA) of nesting smallmouth bass for the first hour of the study period (A) and for the duration (64 h) of
the study period (B). Solid line and black symbols depict data for control fish (N = 6); low cortisol fish (N = 5) are depicted with a dashed-dot line and light grey symbols; high cortisol
fish (N = 5) are depicted with a dashed line and dark grey symbols. A linear trend line with 95% confidence intervals is shown for the observed data. Data in (B) were analyzed using a
linear mixed effects model and simulated posterior distributions (see Table 2 for values; credible intervals do not correspond to confidence intervals shown in figure). The solid vertical
line in (B) denotes where the post-recovery period (> 4 h post-release) begins.
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3.2. Routine swimming

The time spent routine swimming was variable among individuals in
all treatments groups, particularly in the controls (Fig. 2A). Routine
swimming declined in control fish as the study period progressed, but
despite this trend, control fish consistently performed more routine
swimming per hour than cortisol-treated fish through the majority of
the study period (Fig. 2A). Both cortisol groups exhibited a positive
trend in the time spent routine swimming through the study period,
with values steadily increasing to levels similar to those of control fish
around hour 60 (Fig. 2A). During the recovery period, a LME revealed
significant differences in routine swimming among low and high cor-
tisol-treated fish relative to controls (Table 2). During the post-recovery
period, a LME revealed a significant difference in routine swimming
among high cortisol-treated fish relative to controls (Table 2). Overall,
fish performed more routine swimming during the day than at night, an
effect that was independent of cortisol treatment (Table 2; Fig. 3B).
Multiple comparisons revealed no significant differences in routine
swimming among cortisol-treated fish and controls during daylight or
night.

3.3. Burst swimming

Control fish consistently spent more time burst swimming per hour

throughout the study period (Fig. 2B). By contrast, the low and high
cortisol groups exhibited increased use of burst swimming throughout
the study period, with both groups initially performing less burst
swimming than control fish, and rates then steadily increasing to values
similar to those of control fish after ~30 h (Fig. 2B). During the re-
covery period, a LME revealed significant differences in burst swim-
ming among low and high cortisol-treated fish relative to controls
(Table 2). During the post-recovery period, a LME revealed no sig-
nificant in burst swimming among low and high cortisol-treated fish
relative to controls (Table 2). Fish performed more burst swimming
during the day than at night independent of cortisol treatment (Table 2;
Fig. 3C). Multiple comparisons revealed no significant differences in
burst swimming among cortisol-treated fish and controls during day-
light or night.

3.4. Resting behaviour

Trends in resting behaviour for each group (not visually depicted)
were the mirror image of those for routine and burst swimming shown
in Fig. 2A and B. The time spent resting gradually increased in control
fish as the study period progressed, with control fish consistently
spending less time per hour resting than cortisol-treated fish through
the majority of the study period. Through the study period, both cor-
tisol groups exhibited a negative trend in the time spent resting, with
values steadily decreasing to levels similar to those of control fish
around hour 60. Resting behaviour was not statistically analyzed.

4. Discussion

In this study we tested whether experimental cortisol elevation
(intended to mimic the stress-induced GC response typical of anthro-
pogenic activity; [43]) elicited changes in the locomotor activity and
swimming behaviour of wild, nesting male smallmouth bass to gain
further insight into the effects of cortisol, a key stress hormone in fish,
on parental care. As predicted, during the recovery period cortisol-
treated smallmouth bass exhibited significantly lower locomotor ac-
tivity (i.e., ODBA) and routine and burst swimming than control fish,
and the effects were magnified in fish with high (supra-physiological)
cortisol levels. During the post-recovery period, fish with high cortisol
levels exhibited significantly lower locomotor activity and reduced
routine swimming relative to controls. Low cortisol fish tended to ex-
hibit reduced bust swimming relative to controls during the post-re-
covery period, but this trend was not statistically significant. Diel
period had an overall effect on smallmouth bass locomotor activity and
swimming behaviour such that fish spent less time burst swimming at
night compared to the day. The corresponding locomotor activity and
swimming behaviour responses during the recovery period suggest that
physiologically-relevant circulating cortisol levels, which are those re-
flective of a stress response [i.e., low cortisol group in the present study
[54,57] and supra-physiological levels [i.e., high cortisol group in the
present study [44,45], produce a similar behavioural response in
nesting smallmouth bass. Although there was a statistical difference in
mean body length between the control and high cortisol group, the
difference in body length amounted to a one-year age difference in
smallmouth bass [69], which has been shown not to be biologically
significant in terms of parental care behaviour in mature smallmouth
bass [70].

Nest-tending smallmouth bass with high cortisol levels exhibited
lower locomotor activity (ODBA) and routine swimming throughout the
post-recovery study period compared to control fish, and low cortisol-
treated fish tended to perform less burst swimming than control fish in
the post-recovery period. Studies that experimentally manipulated
cortisol in other teleosts [e.g., rainbow trout Oncorhynchus mykiss, [71];
common carp Cyprinus carpio[72]] found no effect of chronically ele-
vated cortisol concentrations on aerobic swimming performance as
measured by Ucrit. These findings suggest that swimming function per se

Table 2
Linear mixed effects models testing the effects of cortisol treatment (Treatment) and diel
period (Diel) on the locomotor activity and swimming behaviours of nesting male
smallmouth bass. Mean and 95% credible interval of fixed effects were calculated from
posterior simulations (N = 10,000). Recovery and post-recovery models encompass the
first 4 h and the remaining 60 h of the study duration, respectively. Significant terms are
denoted in boldface.

Response Factor Mean Upper CI Lower CI

Recovery
Locomotor activity

(ODBA)
Intercept 32.05 41.98 22.42
Treatment (low) −19.43 −5.04 −32.61
Treatment (high) −20.97 −6.49 −34.54

Routine Intercept 4.73 5.56 3.93
Treatment (low) −1.99 −0.90 −3.07
Treatment (high) −1.96 −0.86 −3.12

Burst Intercept 1.15 1.50 0.78
Treatment (low) −0.44 0.01 −0.87
Treatment (high) −0.65 −0.21 −1.08

Post-recovery
Locomotor activity

(ODBA)
Intercept 39.14 50.77 26.83
Treatment (low) −16.61 1.85 −34.69
Treatment (high) −30.94 −13.74 −48.62
Diel (night) −7.88 −4.97 −10.80
Treatment (low) × Diel
(night)

−1.56 2.73 −5.73

Treatment (high) × Diel
(night)

3.63 7.74 −0.43

Routine Intercept 5.29 6.43 4.08
Treatment (low) −1.33 0.06 −2.69
Treatment (high) −1.37 −0.01 −2.73
Diel (night) −0.69 −0.49 −0.92
Treatment (low) × Diel
(night)

0.16 0.49 −0.15

Treatment
(high) × Diel (night)

0.88 1.19 0.58

Burst Intercept 1.29 1.71 0.89
Treatment (low) −0.18 0.12 −0.47
Treatment (high) −0.25 0.04 −0.58
Diel (night) −0.54 −0.44 −0.63
Treatment (low) × Diel
(night)

0.20 0.34 0.06

Treatment
(high) × Diel (night)

0.33 0.47 0.19

For all analyses control N = 6, high cortisol N = 5, and low cortisol N = 5. ODBA,
overall dynamic body acceleration; low = low cortisol; high = high cortisol. Multiple
comparisons for significant interaction terms other than those indicated are found in text.
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(e.g., Ucrit) was not impaired by cortisol treatment in nesting small-
mouth bass, but rather that elevated cortisol levels may be affecting
behavioural choices (i.e., motivation and investment), with cortisol-
treated fish choosing to engage in routine and burst swimming less
often than control fish. Cortisol influences metabolic processes (re-
viewed by [40]). For example, cortisol treatment elevates metabolic
rate [73,86,72], and elevated cortisol levels can contribute to energy
mobilization even when teleosts are inactive. Liew et al. [72] found that
common carp with exogenously elevated cortisol levels mobilized liver
and muscle proteins while in a resting state. Other teleosts have ex-
hibited a decreased hepatosomatic index (rainbow trout [74]; bluegill
sunfish Lepomis macrochirus[87]) and condition factor [74] owing to
chronically elevated cortisol levels. Thus, it is possible that the
chronically elevated cortisol levels may be contributing to decreases in
physiological condition and mobilization of energy reserves during
periods of inactivity in the smallmouth bass in the present study. Our
results suggest that in response, the cortisol-treated fish may be redu-
cing activity level, favouring self-maintenance over the continued en-
ergetic demands of swimming activities. Overall dynamic body accel-
eration (ODBA), used to estimate activity level in this study, correlates
highly with metabolic rates [75–77]. As such, the lower ODBA ex-
hibited by the cortisol-treated fish implies that the cortisol-treated fish
exhibit a lower energy expenditure. Interestingly, manipulation of
cortisol titres in wild creek chub (Semotilus atromaculatus) was not as-
sociated with changes in behaviour in mesocosm or field environments
[78], suggesting that the effects of cortisol treatment on behavioural
choices may only become apparent under conditions of increased en-
ergy demand or environmental challenge. In agreement with this

possibility, O'Connor et al. [79] failed to find differences in behaviour
between cortisol-treated and control largemouth bass, except in re-
sponse to an environmental challenge (i.e., winter hypoxia).

Parental care is energetically demanding for nesting black bass [13],
contributing to lost body mass [14] and depleted endogenous energy
reserves [12,15]. Chronic elevation of cortisol in nesting black bass
adds to this physiological burden because cortisol increases metabolic
rate, mobilizes energy reserves and lowers growth rate [71,86,72]. For
example, increased incidence of Saprolegnian fungal infections was
observed in cortisol-treated nesting largemouth bass [45]. Zolderdo
et al. [46] found that cortisol-treated smallmouth bass showed evidence
of altered immune function through changes in white blood cell counts
(i.e., lymphocytes, monocytes, neutrophils), and that chronically ele-
vated cortisol may contribute to oxidative stress in nesting smallmouth
bass. Under these conditions, cortisol-treated nesting black bass may
have few options but to lower activity levels, particularly if nest
abandonment is to be avoided. Although the time frame of the present
study did not allow the incidence of nest abandonment to be examined,
previous studies have reported that cortisol treatment is associated with
increased nest abandonment in parental male black bass [44,45]. Thus,
our results may indicate that parental males are attempting to maintain
parental investment in their current reproductive effort, but limiting
energetic expenditure to ensure opportunity for future reproductive
potential [25,80]. Alternatively or additionally, locomotor activity may
have a non-linear relationship with offspring survival; for example, a
moderate or large reduction in activity level may result in a small re-
duction in brood size.

Control fish, serving as an indicator of the typical swimming

Fig. 2. Proportion of each hour nesting male smallmouth bass performed routine (A) and burst swimming (B) during the study period (64 h). Solid line and black symbols depict data for
control fish (N = 6); low cortisol fish (N = 5) are depicted with a dashed-dot line and light grey symbols; high cortisol fish (N = 5) are depicted with a dashed line and dark grey symbols.
A linear trend line with 95% confidence intervals is shown for the observed data. Data were analyzed using a linear mixed effects model and simulated posterior distributions (see Table 2
for values; credible intervals do not correspond to confidence intervals shown in figure). The solid vertical line denotes where the post-recovery period (> 4 h post-release) begins.
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behaviours characteristic of parental care for nesting black bass, per-
formed more routine swimming and tended to perform more burst
swimming than low cortisol fish. Significant two-way interactions be-
tween cortisol treatment and diel period indicate that high-cortisol fish
performed less routine swimming during the day relative to controls.
Parental investment in nest defense behaviours in parental black bass
and other centrarchids is higher when guarding a large brood
[27,65,81], because larger broods have a higher reproductive value.
Using electromyogram telemetry transmitters, Cooke et al. [13] esti-
mated that nesting black bass swim upwards of 40 km day−1 as they
monitor their nest area. Studies by Gravel and Cooke [50] and Steinhart
et al. [17] found that when predation pressure increases, male black
bass guarding eggs spent more time performing burst swims, an es-
sential behaviour in protecting the nest from brood predators. Hanson

et al. [20–22] found no correlation between cortisol levels and nesting
male smallmouth bass aggression, however in that case fish were ex-
posed to an acute stressor. Consequently, the observed reduction in nest
defense and monitoring behaviours (i.e., reduced routine and burst
swimming) exhibited by exogenously cortisol-treated fish in the present
study may result in impaired parental investment in brood defense and/
or maintenance, which in turn may ultimately have fitness related
impacts through reduced nest success with the current brood. Given this
impact of elevated cortisol levels on locomotor activity and, pre-
sumably, parental care, it is perhaps not surprising that parental male
bass exhibit attenuation of the cortisol response to a stressor during the
early stages of offspring development, when the energetic demands of
parental care are at their highest [61,82].

Temporal factors affected activity level and swimming behaviours.

Fig. 3. Nesting male smallmouth bass locomotor activity
(as overall dynamic body acceleration, ODBA; A), and
proportion of each hour performing routine (B) and burst
swimming (C) during the post-recovery period (> 4 h post-
release) according to diel period. Values are presented for
control (black, N = 6), low cortisol (light grey, N = 5), and
high cortisol (dark grey, N = 5) fish. Within a diel period,
groups that share a letter are not significantly different.
Significant differences between day and night (independent
of treatment) are indicated with an asterisk. Data were
analyzed using a linear mixed effects model and simulated
posterior distributions (see Table 2 for values). Multiple
comparisons were conducted using a Tukey's HSD method.
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The difference in locomotor activity level and swimming behaviours
between control and cortisol-treated fish was evident in the recovery
period, suggesting that cortisol uptake was rapid. The eventual con-
vergence in routine and burst swimming behaviours of cortisol-treated
and control fish late in the study period corresponds with the results of
previous studies, which found no difference in control and cortisol-
treated black bass parental care behaviours when fish were assessed
four days post-cortisol treatment [44–46]. Our study indicates that al-
tered behavioural responses attributable to experimental cortisol ma-
nipulation commence rapidly, and are only evident when observed at a
fine scale. Burst swimming differed according to diel period such that
smallmouth bass exhibited reduced burst swimming at night. The re-
ductions in activity level (ODBA) and swimming behaviour at night is
not surprising, as nesting smallmouth bass have fewer brood predators
to engage at that time. Although nocturnal brood predators (e.g.,
bullhead catfish Ameiurus spp.) are present in the study lake system
[83], the predator burden imposed by these nocturnal species would be
negligible in comparison to that imposed by other centrarchids (e.g.,
Lepomis spp.) and conspecifics, the dominant brood predators in lakes
within this study system [83,50], which are primarily active during
daylight hours [64].

Variation in water temperature, which ranged from 12 to 16 °C
during the study period, was an unavoidable limitation in the present
study. Temperature impacts most metabolic processes [84], and thus
may have influenced fish activity in this study. Surface temperature
data were recorded for each fish in our study at the time of capture (and
associated tagging and treatment), but temperature was not con-
tinuously monitored throughout the study period. It is possible that fish
sampled on warmer days (i.e., higher surface water temperature) had
increased activity relative to those sampled on cooler days. It is also
possible that cortisol absorption and pharmokinetics may have varied
across temperatures. Furthermore, black bass typically begin spawning
when the water temperature approaches 15 °C [65], thus fish that begin
spawning at cooler temperatures may exhibit different activity patterns
than those spawning in warmer temperatures. Owing to a lack of
thermal data, we cannot adequately rule out that temperature was not a
significant co-factor in the decreased locomotor activity and swimming
behaviours observed in cortisol-treated black bass. Nonetheless, fish
were allocated to different treatments randomly, nests were in similar
habitats and in reasonable close proximity (within a given waterbody),
tagging occurred over a narrow window of time related to when we
found “new” eggs, and the water temperature at time of initial treat-
ment only ranged across 2 °C (i.e., 12 to 14 °C) collectively suggesting
that vastly different thermal exposure among individual fish or treat-
ments were unlikely.

The present study is the first to examine locomotor activity and
parental care behaviours in response to exogenously elevated cortisol at
a fine scale over an extended time period, adding important new in-
formation to the growing body of literature documenting the effects of
elevated cortisol levels on teleost reproduction. Many teleost species
that provide parental care construct their nest in the littoral zone near
the shoreline (e.g., [12,85]). Our results are pertinent to recreational
fisheries management given that anglers could reduce potential nega-
tive effects on nesting male black bass by reducing capture stress (e.g.,
reducing fight times, minimizing handling and air exposure, releasing
fish as rapidly as possible) although avoiding bass capture entirely
during this period would be prudent [34]. Owing to anthropogenic
shoreline development, fish in nearshore areas are expected to have the
highest exposure to stressors such as shoreline development, increased
light pollution, and boat operation and noise. In the present study,
changes in parental care behaviours in response to exogenously ele-
vated cortisol were observed. However, fish in the present study were
not explicitly exposed to the aforementioned shoreline development
stressors. Our study focused only on a single reproductive event,
whereas fish may trade-off the value of their current brood with the
potential for future reproductive success [9,80]. Furthermore, though

the present study examined parental care activities at a fine scale over
64 h early in the parental care period, when demands on the male are
particularly high, the parental care period encompasses four to six
weeks in total. For future work, it will be important to track nest success
in conjunction with activity level and swimming behaviour. Studies
conducted at different temporal scales (single breeding season, multi-
year) to directly quantify and examine the relationship(s) among cir-
culating cortisol concentrations, parental care behaviours, and re-
productive success would be beneficial in understanding how stress
influences parental care decisions and ultimately, lifetime fitness.
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