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ABSTRACT

1. Recreational boating continues to grow in popularity, yet little is known about the effects of noise
disturbance from boating on fish. Therefore, this study evaluated the organism-level cardiovascular disturbance
associated with different recreational boating activities using largemouth bass (Micropterus salmoides) as a model.
2. Cardiac output and its components (heart rate and stroke volume) were monitored in real time, allowing for

the determination of the magnitude of disturbance and the time required for recovery. Fish responses to three
noise disturbances (canoe paddling, trolling motor, and combustion engine (9.9 hp)) for 60 s were contrasted
using a Latin squares design.
3. Exposure to each of the treatments resulted in an increase in cardiac output in all fish, associated with a

dramatic increase in heart rate and a slight decrease in stroke volume. The level of change in cardiac output and
its components increased in magnitude from the canoe treatment to the trolling motor treatment with the most
extreme response being to that of the combustion engine treatment. Furthermore, time required for
cardiovascular variables to recover varied across treatments with shortest periods for the canoe paddling
disturbance (�15min), the longest periods for the combustion engine (�40min), and intermediate recovery
periods for the trolling motor (�25min).
4. Collectively, these results demonstrate that fish experienced sublethal physiological disturbances in response

to the noise propagated from recreational boating activities. This work contributes to a growing body of research
that has revealed that boating activities can have a number of ecological and environmental consequences such
that their use may not be compatible with aquatic protected areas. Future research should evaluate how free-
swimming fish in the wild respond to such stressors relative to frequency of exposure and proximity to noise as
most research to date has occurred in the laboratory.
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INTRODUCTION

Power boating began early in the 20th century and has

increased in popularity in the last few decades. A survey

conducted in 1996 suggested that 9.3% of Canadians

participate in power boating activities annually

(Environment Canada, 2002). In the USA, there were over

12 million registered recreational power boats in 2002

(NMMA, 2004). There are several documented and potential

negative ecological and environmental consequences

associated with the high participation rates of recreational

boaters (reviewed in Mosisch and Arthington, 1998; Asplund,

2000). These consequences include, but are not limited to,

erosion (Nanson et al., 1994) and turbidity from wakes (Moss,

1977; Yousef et al., 1980), mixing or suspension/mobilization

of nutrients (Moss, 1977; Yousef et al., 1980), disturbance

(from noise, presence of boat, or wake) or injury of aquatic

organisms including plants (e.g. scarring and uprooting of

macrophytes; Zieman, 1976; Vermaat and de Bruyne, 1993;

Asplund and Cook, 1997; Bell et al., 2001), birds (Kahl, 1991;

Mikola et al., 1994; Burger, 1998), marine mammals

(Richardson et al., 1995; Nowacek et al., 2004; Wartzok

et al., 2004; Rommel et al., 2007), and fish (Lagler et al., 1950;

Mueller, 1980; Boussard, 1981; Wolter and Arlinghaus, 2003),

release of hydrocarbons and other substances from

combustion and fuel spills (Jackivicz and Kuzminski, 1973;

Schenk et al., 1975; Mastran et al., 1994; Kempinger et al.,

1998), as well as the creation of noise pollution (Mosisch and

Arthington, 1998). It is also important to note that non-

motorized boating disturbances (e.g. sailing boats, rowing

boats, kayaks, canoes) can also disturb wildlife, although this

topic has been explored in detail only for waterfowl (York,

1994). In terms of boating disturbance on vertebrates, most

studies have focused on marine mammals (see review in

Richardson et al., 1995; with an emphasis on understanding

the frequency of collisions, consequences of noise interference

with animal communication, behavioural alterations, or

physical damage to the hearing apparatus) or birds (see

review in York, 1994; with an emphasis on documenting

flush distances). Far fewer studies have focused on fish (but

see Popper et al., 2004 for a summary of fish hearing and

noise impacts) despite the fact that many populations of

marine and freshwater fish are imperilled (Richter et al., 1997;

Leidy and Moyle, 1998; Musick et al., 2000). Given the

recent increases in a number of human activities such as

underwater drilling, shipping, seismic exploration, and in

particular recreational boating, there is growing awareness of

the need to study anthropogenic noise and its effects on

aquatic ecosystems (Myrberg, 1990). Furthermore, there is a

need to determine which recreational boating activities are

compatible with aquatic protected areas (Agardy, 1994;

Suski and Cooke, 2007) and to determine the utility and

need for other restriction such as no wake zones (Asplund and

Cook, 1999).

Many fish species rely on their hearing for sensing activity in

their surroundings (Popper et al., 2004), so that noise from

boats has the potential to cause disturbance. Anthropogenic

noises will often create frequencies less than 1.0 kHz, which is

in the hearing range of many fish (Scholik and Yan, 2002).

There are many sources of anthropogenic noise in aquatic

ecosystems, including noise propagated from boats. All boats,

no matter their size, create noise that contributes to ambient

underwater noise through propeller singing, propeller

cavitation, propulsion or the use of other machinery

(Richardson et al., 1995). Vessel noise is composed of

narrowband sounds that are tonal (i.e. sound that is

composed of discrete frequency components) and broadband

sounds at specific frequencies. The frequencies and levels of

these two sounds are dependent upon vessel size, speed and

design. However, it is believed that in coastal and inland areas,

where there is an abundance of recreational boats with higher

speed propellers and engines, the sound is actually louder than

from larger vessels (Richardson et al., 1995).

As noted earlier, little work has evaluated the response of

fish to noise disturbance from boats, and most work that has

been done has focused on behavioural endpoints or injury. For

example, Vab� et al. (2002) studied the vessel avoidance

behaviour of Norwegian spring spawning herring (Clupea

harengus) using acoustic surveys. The authors found that the

most common behavioural reactions to a passing vessel in the

form of avoidance was body tilting as well as vertical and

horizontal swimming which is reflective of predator avoidance

reactions. A freshwater fish (longear sunfish; Lepomis

megalotis) exhibited altered nesting behaviour in the presence

of boating activity (Mueller, 1980). In addition, excessive noise

has been found to temporarily alter hearing thresholds in fish

or to annihilate hair cells of auditory maculae (Scholik and

Yan, 2002; Popper et al., 2004). Scholik and Yan (2002)

exposed the fathead minnow (Pimephales promelas) to the

noise created by a 55 hp outboard engine for 2 h. Exposure to

this type of noise resulted in temporary hearing loss in the fish.

Smith et al. (2004) suggested that noise-induced damage to the

fish ear may occur quickly. Popper et al. (2004) suggested that

underwater noise may cause physiological disturbance

alongside behavioural changes and physical damage in fish,

although this has only recently been studied. Wysocki et al.

(2006) considered physiological disturbance (i.e. stress

response) in fish as a response to noise propagated from a

ship. The study demonstrated that ship noise elicited elevation

of stress hormone titres (as measured by cortisol expression in

the water) in several species of freshwater fish regardless of

their hearing sensitivities. However, in general there is little

information available on the physiological response of fish to

noise, particularly in the context of recreational boating.
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Recently, there has been an interest in using physiological tools

to assess conservation problems (i.e. conservation physiology;

Wikelski and Cooke, 2006) and this approach has relevance to

recreational boating disturbance. Hence, the focus of this

study was to characterize the sublethal physiological

consequences of boating activity (i.e. magnitude and extent

of these disturbances) on a teleost fish.

For the purpose of this study, the cardiovascular response of

fish to different boating noise disturbances was monitored

because the cardiovascular system serves as an excellent

indicator of the stress response in fish (Cooke et al., 2003a)

as it is linked to whole organism metabolic rates (Webber

et al., 1998; Farrell, 2002). Furthermore, by monitoring

cardiac output in real time, it is possible to determine the

time required to recover from disturbance with very fine

resolution (to the nearest minute; Schreer et al., 2001; Cooke

et al., 2003a). The freshwater teleost fish, the largemouth bass

(Micropterus salmoides), was used as a model because it is the

most popular sportfish in North America and occurs in

systems that receive immense pressure from a diverse array of

recreational boat types and propulsion devices including

paddles, electric trolling motors, and combustion engines.

Furthermore, the cardiovascular response of largemouth bass

to a number of stressors (e.g. exercise, air exposure, simulated

avian predation) have previously been studied, providing an

opportunity to assess the relative magnitude of the various

boating disturbances compared with other stressors. The

specific objectives were (1) to characterize the cardiac

disturbance from the noise stimuli of three different sonic

intensities associated with recreational boating (canoe paddle,

electric trolling motor, and combustion engine), and (2) to

quantify the cardiac recovery time following each stressor. It

was predicted that the level of disturbance and recovery time

would be greatest for the combustion engine, least for the

paddle, and intermediate for the electric trolling motor. The

ultimate goal of this research was to provide information to

managers and regulatory bodies to enable them to respond

better to recreational boating concerns with the expectation

that conflict (e.g. with aquatic protected areas) will become

more common in the coming years.

METHODS

Experimental animals

Nine largemouth bass were used for this study (Table 1). These

fish were caught in May 2006 at Lake Opinicon in Elgin,

Ontario, Canada (N 448 330 56.00 0 W 768 190 23.60 0). Lake

Opinicon is a shallow (mean depth=4.5m) mesotrophic

natural lake of moderate size (787 ha) on the Rideau Canal

system and is regarded as a popular fishing destination.

Almost all boating traffic is recreational in nature and includes

pleasure boating, canoeing, water skiing, and fishing. A wide

range of boat types are used on the lake including canoes,

small fishing boats (powered by both electric trolling motors

and combustion engines), and larger pleasure craft. Fish

were captured using standard angling gear and techniques.

Once captured, the fish were held (for a minimum of

12 h before experimentation) in a water-flow-through holding

tank (150 cm� 62 cm� 55 cm) that was continuously supplied

with fresh lake water, at the Queen’s University Biological

Station. All of the methods used in this study were approved

by Carleton University’s Animal Care Committee (Protocol

B06-02).

Surgical procedure

The surgical procedure used in this study follows that

described by Cooke et al. (2003a), and is briefly outlined

below. Using three fish per treatment day, each fish was

individually introduced to a bath containing a solution of

water and 60mgL�1 of clove oil (emulsified with ethanol in a

9:1 ratio of ethanol to clove oil). This solution was used to

anaesthetize the animal to a point where equilibrium was lost

(approximately 5min). The fish was then placed on a wet

sponge on the operating table where a solution containing

30mgL�1 of clove oil (maintenance dose) was pumped over

the gills to ensure that the fish remained anaesthetized. The

gills and operculum of the fish were held back using a plastic

oval shaped cover which was placed behind the first gill arch to

provide unimpaired access to the aorta.

Using a pair of blunt forceps, the connective tissue

surrounding the ventral aorta was carefully removed. A

Doppler flow probe (sub-miniature 20MHz piezoelectric

transducer: Iowa Doppler Products, Iowa City, Iowa) was

selected for each fish based on the diameter of the aorta. The

sizes of the flow probes varied from 1.2 to 1.6mm. The cuff-

like silicon probe, once checked for sufficient signal strength,

was placed onto the aorta and held in position by a single

suture. The lead wire attached to the probe was sutured three

Table 1. Descriptive statistics for the fish (n=9) utilized in the study
including size and baseline cardiac values

Variables Mean�SEM Minimum Maximum

Total length (mm) 270.44� 41.89 226 338
Mass (g) 270.89� 131.84 116 508
Resting cardiac output
(mLmin�1 kg�1)

29.22� 2.74 24.2 33.1

Resting heart rate
(BPM)

39.63� 4.63 29.5 45.1

Resting stroke volume
(mLkg�1)

0.75� 0.01 0.73 0.77
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times to the exterior of the fish to ensure that the cuff remained

in position during any fish movement.

To monitor cardiac output, a flow meter (545C-4

Directional Pulsed Doppler Flowmeter: Bioengineering, The

University of Iowa, Iowa City, Iowa) and a digital strip-chart

recorder (LabVIEW, version 4.0.1, National Instruments

Corporation, Austin, Texas) were used. The procedure took

approximately 30min for each fish and was repeated for two

more fish on each treatment day to give a total of three fish per

trial. Following surgery, the three fish were given

approximately 12 h to recover in individual chambers located

in an undisturbed experimental tank (150 cm� 62 cm� 55 cm).

The experimental tank was continuously supplied with fresh

lake water. The fish were considered to have ‘recovered’ from

surgery once they displayed normal cardiac output, a period of

at least 6 h (Cooke et al., 2003a). Cardiac parameters of the

fish were recorded for several hours before treatment and for

several hours post-treatment.

Experimental apparatus and treatments

Experimentation occurred in a water-flow-through tank

(approximately 200 L; 150 cm� 62 cm� 55 cm) at the

Queen’s University Biological Station in Elgin, ON. Fish

were held in individual chambers (36 cm� 12.5 cm� 30 cm)

that were essentially partitions within a plastic storage bin

(50 cm� 36 cm� 30 cm). Fish were separated such that they

could not see each other (Figure 1). Each chamber was

screened on the side facing the disturbance arena with the front

of their head oriented towards the disturbance. The bottom

and back of the chambers were perforated to enable constant

oxygenation. The chambers were covered so that the presence

or movement of researchers would not be visible to the fish.

Access to the room where the experimental tank was housed

was limited to research staff during experimental

manipulations. A wave baffle was positioned between the

fish-holding chambers and the experimental area (where the

motors were mounted and where the paddle was used) to

prevent hydrodynamic disturbance. The effectiveness of the

baffle was tested with a digital flow meter before

experimentation.

Following recovery, the fish were exposed to each of the

three separate treatments; the operation of a 9.9 hp

combustion engine, an electric motor and a canoe paddle.

Both motors were mounted in the chamber before fish were

introduced to the chambers. The operation of the combustion

engine consisted of starting the mounted engine using the pull

cord and allowing it to operate in neutral. Similarly, the

mounted trolling motor was turned on manually and operated

at low speed. Finally, the canoe paddle was stroked in back

and forth motions in the water in front of the wave baffle in the

tank at a rate of 20 strokes min�1. Treatment time was held

constant at 60 s for each disturbance type and was always

applied in the disturbance arena at the opposite end of the

experimental apparatus to where the fish were held. The fish

were exposed to the first treatment and were then given a

minimum of 3 h to recover; fish were considered to have

recovered once they resumed a normal cardiac output (Cooke

et al., 2003a). Upon recovery, fish were exposed to the second

treatment. Again, the fish were given a minimum of 3 h to

recover before being exposed to the third and final treatment.

This entire procedure was repeated for two more sets of three

fish. The order of treatments was randomized for each

treatment day (i.e. Latin squares design; Cochran and Cox,

1957). This experimental design enabled efficient use of

animals. Furthermore, given the cardiac plasticity of fish,

Figure 1. Experimental apparatus consisting of a water-flow-through tank (approx 200 L), a wave baffle and fish-holding chambers
(36 cm� 12.5 cm� 30 cm), which were subdivided sections of a larger plastic bin.

A.L. GRAHAM AND S.J. COOKE1318

Copyright # 2008 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 18: 1315–1324 (2008)

DOI: 10.1002/aqc



this approach also allows for each animal to be exposed to

each treatment (in different orders). Water temperatures varied

between 18 and 208C during experiments.

Calibration

To calibrate the flow probes, the fish were individually

euthanized using a lethal dose of clove oil (180mgL�1). The

probes were calibrated to convert Doppler shift (V) to blood

flow measurement (mL min�1; Schreer et al., 2001) and to

enable the determination of cardiac output (CO) and stroke

volume (SV). Heart rate (HR) was determined using a

counting algorithm that was interfaced with the digital strip

recorder. In order to conduct a postmortem calibration the

head and the pericardial cavity of each fish were removed and

the heart was exposed. With the use of a constant infusion

pump (Harvard Apparatus, South Natick, Massachusetts), an

aqueous solution with suspended particular matter water was

pumped through the ventral aorta of the fish. This permitted

calibration of the probes over a range of flow rates including

flow rates that were recorded throughout the treatments. This

procedure was completed following each treatment day for all

three treatment days.

Data analysis

Resting CO, HR and SV values were recorded, corrected using

calibrations, and plotted to evaluate the extent of disturbance

and the recovery time. Maximal disturbance was classified as

the greatest change in value either positive (from baseline) or

negative (from baseline) for each cardiac variable. Recovery

times following treatments were determined by plotting CO,

HR and SV mean values for each fish. Fish were considered to

have recovered when their cardiac parameters reflected their

baseline cardiac values (Schreer et al., 2001). In this

experiment, treatments were fixed and fish number was

random for each of the three trials. A mixed model repeated

measures ANOVA was used for analysis after verifying that

the data were normal and variances were equal (Levene’s

Test). Significance was assessed at P50.05 and all analyses

were conducted using JMP (V 4.0, SAS Institute, Cary, NC).

Unless otherwise noted, all values are means� SEM.

RESULTS

Baseline cardiac performance was recorded for each of the nine

fish (Table 1) in the study before treatment and following 12 h

of surgical recovery. The mean resting CO for fish used in this

experiment was 29.22� 2.74mLmin�1 kg�1, the mean resting

HR was 39.63� 4.63 BPM, and the mean resting SV was

0.75� 0.01mLkg�1. All fish survived the monitoring period

and were successfully calibrated, enabling the determination of

cardiac output and stroke volume.

During the 60 s treatment periods, all fish responded with an

intense bradycardia (data not shown). However, within several

minutes following treatment, the fish became tachycardic.

Specifically, cardiac output and heart rate were consistently

elevated and stroke volume decreased irrespective of

treatment. However, the maximum cardiac values varied

significantly across treatments (CO, F=46.5, P50.0001; HR,

F=39.9, P50.0001; SV, F=89.46, P50.0001; Figure 2). The

combustion motor elicited the greatest cardiac disturbance

(mean�SEM percentage change in variables from baseline;

CO, 43.67� 18.13%, HR, 67.08� 19.49%, and SV, �23.71
� 2.76%) and the canoe paddle the least (mean �SEM

percentage change in variables from baseline; CO, 19.60

� 15.60%, HR, 28.52� 16.14%, and SV, �15.73� 6.14%).

The trolling motor elicited intermediate levels of disturbance

(mean�SEM percentage change in variables from baseline;

CO, 31.04� 15.57%, HR, 44.09� 14.35%, and SV, �16.75
� 4.32%).

Recovery rates also varied significantly among treatments

(Figure 3). For CO (F=119.7, P50.001), HR (F=129.03,
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P50.001), and SV (F=138.46, P50.001) recovery was most

rapid for the canoe simulation (mean�SEM recovery time;

CO, 15.00� 4.48min, HR, 14.88� 5.11min, SV, 11.44�
3.71min) and took the longest for the combustion motor

(mean�SEM recovery time; CO, 38.00� 4.39min, HR,

37.89� 4.01min, SV, 30.89� 3.10min). Recovery times

were intermediate for the trolling motor treatment

(mean�SEM recovery time; CO, 23.78� 3.67min, HR,

23.44� 4.03min, and SV, 18.00� 3.87min). SV tended to

recover more rapidly than CO or HR. There was a significant

effect of ‘individual’ onHR for recovery (P=0.024) and SV for

recovery (P=0.028), indicating that not all individuals

recovered at the same rate. No other individual effects were

found among other analyses.

DISCUSSION

Previous research has revealed that cardiac output is a

sensitive indicator of fish stress and has been used to assess

responses to exercise, air exposure, water temperature

alterations, handling, and other human activities (Schreer

et al., 2001; Schreer and Cooke, 2002; Cooke et al., 2003a,

2004b). This is the first study to use cardiac output or other

cardiac variables to assess fish responses to boating

disturbance. In addition, this is the only boating disturbance

study to have monitored fish stress in real time. This study

revealed that fish do experience cardiovascular alterations in

response to different recreational boating activities and that

the recovery time varies relative to the magnitude of the

disturbance.

The cardiovascular system of fish, similar to that of other

vertebrates, consists of a heart, arteries, arterioles, capillaries

and veins (Farrell and Jones, 1992). This is a closed system that

transports oxygen, via red blood cells, from the gills to tissues

throughout the body (Satchell, 1991). Cardiac output is the

volume of blood pumped by the cardiovascular system per

minute (measured at the point where blood exits the heart

(Farrell, 1991b)). Cardiac output typically increases when

there is a greater demand for oxygen in the body, such as

following exercise or stress (Webber et al., 1998). Cardiac

output is quantified as the product of the heart rate and the

stroke volume in mLmin�1 kg�1 (Farrell, 1991b; Satchell,

1991) and can be quantified using Doppler flow probes as in

this study (Cooke et al., 2003a). An increase in cardiac output

of largemouth bass reflects a dramatic increase in heart rate

and a decrease in stroke volume (i.e. frequency modulation;

Farrell, 1991b; Cooke et al., 2003a). Although an increase in

cardiac output itself is usually not deleterious, it is indicative of

elevation in metabolic requirements and reduces cardiac scope

(Farrell, 1991a). Hence, cardiac output is an extremely

sensitive measure of whole organism condition.

In this study, exposure to all three treatments caused

alteration compared with baseline values. Cardiac output

and heart rate increased while stroke volume decreased. The

magnitude of change was greatest for the combustion motor.

This finding is consistent with the notion that this is the

noisiest of the three treatments tested. Although actual

frequency and volume were not measured in this study, there

is ample evidence to support the notion that the canoe

treatment was the least noisy and that the combustion motor

was the noisiest (Richardson et al., 1995). The trolling motor

also caused cardiac disturbance although not to the same

extent as the combustion engine. Electric trolling motors are

used extensively in inland waters to enable anglers to

manoeuvre in shallow waters. In fact, these electric trolling

motors are probably most popular on ‘bass boats’ – a vessel

type specifically designed to target black bass. Typically

anglers would use their combustion motors to reach their

general fishing site and then use the trolling motor to move

within the site. Clearly, even trolling motors create noise that

elicits a disturbance in bass.

To our knowledge, this is the first study to evaluate fish or

wildlife responses to electric motors. The treatment that had
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the least effect on cardiac disturbance was the canoe paddle

which was consistent with our prediction and belief that

paddles generate the least amount of noise. Nonetheless, the

paddle did cause�20% increase in cardiac output (which was

roughly half the increase noted in cardiac output for the

combustion engine (�40%). Interestingly, there are several

other studies that have documented disturbances of fish

associated with canoeing. Todd (1987) determined that of the

various human activities (e.g. swimming, gigging, canoeing,

boating) in small Missouri streams, canoeing during the

spawning season was the most deleterious activity for

smallmouth bass (Micropterus dolomieu). Because smallmouth

bass spawn in shallow waters where powerboats cannot go,

powerboats were not as detrimental as canoes in this study.

However, a study by Mueller (1980) determined that another

sunfish species, the longear sunfish, was disturbed by

powerboats during spawning. The behavioural disturbance

was greater from slow-moving boats than from fast-moving

boats. Interestingly, trolling motors are intended to manoeuvre

boats in shallow waters and at slow speeds. There is clearly a

need for future research to determine the relative impacts of

different boating activities in field settings because this

laboratory study was unable to vary proximity to the

disturbance or speed.

Because bass have been well studied with respect to their

cardiac response to different stressors, it is possible to put the

disturbance from the various boating activities in context. For

purposes of comparison, this discussion focuses on heart rate

because it has been studied independent of cardiac output and

stroke volume in some cases (Cooke et al., 2002). In terms of

the magnitude of disturbance, heart rate increases were 29%

for canoe, 44% for trolling motor and 67% for the combustion

motor. The combustion motor values are at the lower end of

ranges of cardiac disturbances that have previously been

documented for bass. For example, when largemouth bass

were exercised to exhaustion and brief air exposure, heart rate

increased by 78 to 108% (Cooke et al., 2003a) and by 95%

following a tournament weigh-in (Suski et al., 2004). Similar

disturbances to those observed for the canoe treatment have

previously been noted for a bass following a small movement

(10 s displacement, 28%; Cooke et al., 2002) or when large bass

are exposed to a simulated heron attack (20%; Cooke et al.,

2003b). The magnitude of heart rate disturbance for the

trolling motor treatment compares with simulated predator

attacks on bass by osprey models (44%; Cooke et al., 2003b).

Hence, the canoe and trolling motor disturbance are similar to

ecologically relevant disturbances such as swimming activity

and predation attempts. However, the frequency with which

these ecological events occur relative to the frequency of

boating disturbance is unknown.

In addition to the magnitude of disturbance, the recovery

time for cardiac variables was also quantified. The time

required for recovery following the treatments was directly

related to the magnitude of response in cardiac activity. This

trend was consistent for all three cardiac parameters. Recovery

time for cardiac output and heart rate was similar for all three

treatments and slightly longer than stroke volume. If cardiac

output were to remain elevated for extended periods, there

would be conflict with other metabolic processes (e.g. growth,

digestion, locomotory activity; Priede, 1985) and fish could

succumb to metabolic-rate-dependent mortality (Priede, 1977).

Hence, disturbances (such as the combustion motor) that lead

to prolonged elevations in cardiac output are costly. Although

no studies have previously assessed the energetic consequences

of boating disturbances on fish, Batten (1977) found that

sailing boats disturbed waterbirds to the level that it was

energetically inefficient to forage in that lake. Compared with

other studies of cardiac recovery times in centrarchids,

disturbance from recreational boating activities range from

mild to moderate. For example, the recovery time for heart

rate following exposure to the combustion motor (�48min)

was comparable to moderate exercise (Cooke et al., 2003a)

whereas the canoe treatment (�15min) was similar to

ecologically relevant activities such as exposure to simulated

predation (Cooke et al., 2003b). Only one other study has

evaluated the stress response of fish following exposure to

boating noise. Wysocki et al. (2006) measured cortisol levels

secreted into the water after half an hour of boat noise

exposure in different freshwater species and found significant

elevations compared with no-noise or white-noise controls.

However, they were unable to monitor recovery rates. The

only study to evaluate recovery from stress was by Smith et al.

(2004), although the noise that they studied was generated

experimentally and was not intended to mimic a boat. They

found that goldfish exposed to noise had cortisol levels spike

within 10min and then return to pre-treatment levels within

60min of exposure to the noise source, although they had only

three points in time to assess the physiological dynamics of

cortisol (basal, 10min, 60min). Indeed, in most fish, cortisol

release does not peak until 10min following application of a

stressor and often stays elevated for several hours (e.g.

following exercise; Gamperl et al., 1994) suggesting that the

noise generated by Smith et al. (2004) resulted in a minimal

stress response. Cardiac variables have been shown to be

extremely responsive to stress (Schreer et al., 2001) and thus, to

our knowledge, this is the first study to quantify the

physiological recovery time following exposure to different

noise stressors in real time (to the nearest minute).

There are several limitations of this study that are worthy of

discussion as it will help to guide future research. Specifically,

the study did not consider the effect of proximity to noise, as

all fish were an equal distance from the noise sources.

Proximity to noise sources may have an effect on the level of

cardiovascular disturbance, as it has been determined to
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influence behaviour (Mueller, 1980). Water depth may also

have an effect on the frequency and level of noise perceived by

fish, because sound transmission varies between deep and

shallow water; as water depth increases, sound wave velocity

decreases (Richardson et al., 1995). There is also a need to

evaluate the extent to which fish are able to compensate for

this disturbance. Furthermore, studies should document short-

term and long-term physiological responses to noise in fish.

This study, documented reasonably rapid recovery (less than

an hour). However, it would be of interest to consider if there

is potential for long-term effects on fish arising from elevated

cortisol (Smith et al., 2004) and/or altered cardiovascular

activity (this study). In addition, this study exposed fish to a

rather abrupt noise (silence followed by 60 s of noise followed

by silence) which may have elicited a startle response. For

example, Schwarz and Greer (1984) noted that Pacific herring

(Harengus pallasi) exhibited alarm responses in reaction to

motorboat noise, particularly when abrupt changes in

temporal characteristics of the sound occurred. Studies

should also be conducted in different seasons as previous

research on birds has revealed that effects of boating

disturbance were more severe during the reproductive period

(Kahl, 1991). Ideally, these studies would include field

observations of boat traffic to provide realism to the

frequency of boat disturbance for controlled laboratory

experiments. There is a need for future research to evaluate

how free-swimming fish in the wild respond to such stressors:

this would be possible with field physiology techniques such as

biotelemetry (Cooke et al., 2004a) and could be replicated in

systems of different size (e.g. small lakes to coastal

environments).

Little research to date has evaluated the sublethal

consequences of boating disturbance on fish. Considering the

growing popularity of recreational boating activity, fish will

increasingly be exposed to a variety of boating disturbances.

Information on fish responses to boating disturbance is needed

to manage aquatic protected areas better and to reduce conflict

between human activity and aquatic ecosystems. In North

America there is increasing use of aquatic protected areas to

reduce or eliminate direct fisheries exploitation (Saunders

et al., 2002; Suski and Cooke, 2007). However, rarely do

aquatic protected areas, particularly in fresh water, include

zonation that restricts boat use. In some smaller lakes and

reservoirs in North America (usually associated with parks in

conservation areas), use of combustion motors is often

prohibited in an effort to minimize user conflicts (Suski and

Cooke, 2007), shoreline erosion (Mosisch and Arthington,

1998), or disturbance of birds (York, 1994), but electric motors

and non-motorized boats are usually permitted. Interestingly,

this current work suggests that even non-motorized boats and

electric motors can produce physiological disturbance. Hence,

when evaluating the type of boating activities allowed within

aquatic protected areas, even non-combustion motors or

paddling that produce relatively little noise can have an

impact on individual fish and may need to be excluded or

restricted depending on the goals of a given protected area. At

present, we are unaware of any freshwater protected areas in

temperate regions where boating is restricted in an effort to

reduce noise disturbance impacts on fish. Indeed, it is still

unclear whether these individual sublethal effects result in

fitness impairments or population level impacts. Such

information would be needed to understand the ecological

relevance of boating noise on fish and to determine if aquatic

protected areas and zonation are a useful tool for reducing it

independent of more conventional goals associated with

reducing exploitation.

ACKNOWLEDGEMENTS

We thank the individuals who assisted with this project

including Cory Suski, Lisa Thompson, Andrew Gingerich,

Mike Donaldson, Kyle Hanson and Caleb Hasler. Field work

was conducted at the Queen’s University Biology Station and

we thank Frank Phelan, Bruce Tufts and Floyd Connor for

their support. Jason Schreer and an anonymous referee

provided helpful comments for improving the manuscript.

This research project was partially funded by Carleton

University, the Ontario Research Fund, the Canadian

Foundation for Innovation, and the Natural Sciences and

Engineering Research Council of Canada.

REFERENCES

Agardy MT. 1994. Advances in marine conservation: the role
of marine protected areas. Trends in Ecology and Evolution 9:
267–270.

Asplund TR. 2000. The effects of motorized watercrafts on
aquatic ecosystems. Wisconsin Department of Natural
Resources, Madison, WI. PUBL-SS-948-00.

Asplund TR, Cook CM. 1997. Effects of motor boats on
submerged aquatic macrophytes. Lake and Reservoir
Management 13: 1–12.

Asplund TR, Cook CM. 1999. Can no-wake zones effectively
protect littoral zone habitat from boating disturbance?
Lakeline 19: 16–18.

Batten LA. 1977. Sailing on reservoirs and its effects on water
birds. Biological Conservation 11: 49–58.

Bell SS, Brooks RA, Robbins BD, Fonseca MS, Hall MO.
2001. Faunal response to fragmentation in seagrass habitats:
implications for seagrass conservation. Biological
Conservation 100: 115–123.

Boussard A. 1981. The reactions of roach (Rutilus rutilus) and
rudd (Scardinius erythrophthalmus) to noises produced by

A.L. GRAHAM AND S.J. COOKE1322

Copyright # 2008 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 18: 1315–1324 (2008)

DOI: 10.1002/aqc



high speed boating. In Proceedings of 2nd British Freshwater
Fisheries Conference. 188–200.

Burger J. 1998. Effects of motorboats and personal watercraft
on flight behavior over a colony of common terns. The
Condor 100: 528–534.

Cochran WG, Cox GM. 1957. Experimental Designs. John
Wiley: New York.

Cooke SJ, Philipp DP, Dunmall KM, Schreer JF. 2001. The
influence of terminal tackle on injury, handling time, and
cardiac disturbance of rock bass. North American Journal of
Fisheries Management 21: 265–274.

Cooke SJ, Bunt CM, Schreer JF, Philipp DP. 2002.
Attachment, validation, and preliminary deployments of
ultrasonic heart rate transmitters on largemouth
bass, Micropterus salmoides. Aquatic Living Resources 15:
155–162.

Cooke SJ, Ostrand KG, Bunt CM, Schreer JF, Wahl DH,
Phillip DP. 2003a. Cardiovascular responses of largemouth
bass to exhaustive exercise and brief air exposure over a
range of water temperatures. Transactions of the American
Fisheries Society 132: 1154–1165.

Cooke SJ, Steinmetz J, Degner JG, Grant EC, Philipp DP,
2003b. Metabolic fright responses of different-sized
largemouth bass (Micropterus salmoides) to two avian
predators show variations in nonlethal energetic costs.
Canadian Journal of Zoology 81: 699–709.

Cooke SJ, Hinch SG, Wikelski M, Andrews RD, Wolcott TG,
Butler PJ. 2004a. Biotelemetry: a mechanistic approach to
ecology. Trends in Ecology and Evolution 19: 334–343.

Cooke SJ, Suski CD, Ostrand KG, Tufts BL, Wahl DH.
2004b. Behavioral and physiological assessment of low
concentrations of clove oil anesthetic for handling and
transporting largemouth bass (Micropterus salmoides).
Aquaculture 339: 509–529.

Environment Canada. 2002. Survey on the importance of
nature to Canadians: a Federal-Provincial-Territorial
initiative. Federal-Provincial-Territorial Task Force on the
Importance of Nature to Canadians, Ottawa, ON. Cat. No
En 47-311/1999E.

Farrell AP. 1991a. Cardiac scope in lower vertebrates.
Canadian Journal of Zoology 69: 1981–1984.

Farrell AP. 1991b. From hagfish to tuna: a perspective
on cardiac function in fish. Physiological Zoology 64:
1137–1164.

Farrell AP. 2002. Cardiorespiratory performance in salmonids
during exercise at high temperature: insights into
cardiovascular design limitations in fishes. Comparative
Biochemistry and Physiology 132A: 797–810.

Farrell AP, Jones DR. 1992. The heart. In Fish Physiology,
Vol. XIIa, Hoar WS, Randall DR (eds). Academic Press:
New York; 1–88.

Gamperl AK, Vijayan MM, Boutilier RG. 1994. Experimental
control of stress hormone levels in fishes: techniques and
applications. Review of Fish Biology and Fisheries 4: 215–255.

Jackivicz TP, Kuzminski LN. 1973. A review of outboard
motor effects on the aquatic environment. Journal of the
Water Pollution Control Federation 45: 1759–1770.

Kahl R. 1991. Boating disturbance of canvasbacks during
migration at Lake Poygan, Wisconsin. Wildlife Society
Bulletin 19: 243–248.

Kempinger JJ, Otis KJ, Ball JR. 1998. Fish kills in the Fox
River, Wisconsin, attributable to carbon monoxide from
marine engines. Transactions of the American Fisheries
Society 127: 669–672.

Lagler KF, Hazzard AS, Hazen W, Tompkins WA. 1950.
Outboard motors in relation to fish behavior, fish
production, and angling success. Transactions of the North
American Wildlife Conference 15: 280–303.

Leidy RA, Moyle PB. 1998. Conservation status of the world’s
freshwater fish fauna: an overview. In Conservation for the
Coming Decade, 2nd edn, Fieldler PL, Kareiva PM (eds).
Chapman and Hall: New York; 187–227.

Mastran TA, Dietrich AM, Gallagher DL, Grizzard TJ. 1994.
Distribution of polyaromatic hydrocarbons in the water
column and sediments of a drinking water reservoir with
respect to boating activity. Water Research 28: 2353–2366.

Mikola J, Miettinen M, Lehikoinen E, Lentilä K. 1994. The
effects of disturbance caused by boating on survival and
behaviour of velvet scoter Melanitta fusca ducklings.
Biological Conservation 67: 119–124.

Mosisch TD, Arthington AH. 1998. The impacts of power
boating and water skiing on lakes and reservoirs. Lakes and
Reservoirs: Research and Management 3: 1–17.

Moss B. 1977. Conservation problems in the Norfolk Broads
and rivers of east Anglia, England } phytoplankton, boats
and the causes of turbidity. Biological Conservation 12:
95–114.

Mueller G, 1980. Effects of recreational river traffic on nest
defense by longear sunfish. Transactions of the American
Fisheries Society 109: 248–251.

Musick JA, Harbin MM. Berkeley SA, Burgess GH, Eklund
AM, Findley L, Gilmore RG, Golden JT, Ha DS,
Huntsman GR et al. 2000. Marine, estuarine and
diadromous fish stocks at risk of extinction in North
America (exclusive of Pacific salmonids). Fisheries 25: 6–30.

Myrberg AA. 1990. The effects of man-made noise of the
behavior of marine animals. Environment International 16:
575–586.

Nanson GC, von Krusenstierna A, Bryant EA, Renilson MR.
1994. Experimental measurements of river-bank erosion
caused by boat-generated waves on the Gordon River,
Tasmania. Regulated Rivers: Research and Management 9: 1–
15.

NMMA 2004. 2002 U.S. Recreational Boat Registration
Statistics. The Market Statistics Department of the
National Marine Manufacturers Association: Chicago, IL.

Nowacek SM, Wells RS, Owen ECG, Speakman TR, Flamm
RO, Nowacek DP. 2004. Florida manatees, Trichechus
manatus latirostris, respond to approaching vessels.
Biological Conservation 119: 517–523.

Popper AN, Fewtrell J, Smith ME, McCauley RD. 2004.
Anthropogenic sound: effects on the behavior and
physiology of fishes. Marine Technology Society Journal
37: 35–40.

EFFECTS OF NOISE FROM BOATING ACTIVITIES ON CARDIAC PHYSIOLOGY OF A FRESHWATER FISH 1323

Copyright # 2008 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 18: 1315–1324 (2008)

DOI: 10.1002/aqc



Priede IG. 1977. Natural selection for energetic efficiency and
the relationship between activity level and mortality. Nature
267: 610–611.

Priede IG. 1985. Metabolic scope in fishes. In Fish Energetics:
New Perspectives, Tytler P, Calow P (eds). The Johns
Hopkins University Press: Baltimore, MD; 33–64.

Richardson JW, Greene CR, Malme CI, Thomson DH. 1995.
Marine Mammals and Noise. Academic Press: San Diego,
CA.

Richter BD, Braun DP, Mendelson MA, Master LL. 1997.
Threats to imperilled freshwater fauna. Conservation Biology
11: 1081–1093.

Rommel SA, Costidis AM, Pitchford TD, Lightsev JD, Snyder
RH, Haubald EM. 2007. Forensic methods for
characterizing watercraft from watercraft-induced wounds
on the Florida Manatee (Trichechus manatus latirostris).
Marine Mammal Science 23: 110–132.

Satchell G. 1991. Physiology and Form of Fish Circulation. Press
Syndicate of the Cambridge University: Cambridge, UK.

Saunders DL, Meeuwig JJ, Vincent ACJ. 2002. Freshwater
protected areas: strategies for conservation. Conservation
Biology 16: 30–41.

Schenk JE, Atkins Jr PF, Weitzel RL, Simon PB, Posner JC,
Weber Jr WJ. 1975. Effects of outboard marine engine
exhaust on the aquatic environment. Progress in Water
Technology 7: 733–741.

Scholik A, Yan H. 2002. Effects of boat engine noise on the
auditory sensitivity of the fathead minnow, Pimephales
promelas. Environmental Biology of Fishes 63: 203–209.

Schreer JF, Cooke SJ. 2002. Behavioral and physiological
responses of smallmouth bass to a dynamic thermal
environment. American Fisheries Society Symposium 31:
191–203.

Schreer JF, Cooke SJ, McKinley RS. 2001. Cardiac response
to variable forced exercise at different temperatures: an
angling simulation for smallmouth bass. Transactions of the
American Fisheries Society 130: 783–795.

Schwarz AL, Greer GL. 1984. Responses of Pacific herring,
Clupea harengus pallasi, to some underwater sounds.
Canadian Journal of Fisheries and Aquatic Sciences 41:
1183–1192.

Smith ME, Kane AS, Popper AN. 2004. Noise-induced stress
response and hearing loss in goldfish (Carassius auratus).
Journal of Experimental Biology 207: 427–435.

Suski CD, Cooke SJ. 2007. Conservation of aquatic
resources through the use of freshwater protected areas:
opportunities and challenges. Biodiversity and Conservation
16: 2015–2029.

Suski CD, Killen SS, Cooke SJ, Kieffer JD, Philipp DP, Tufts
BL. 2004. Physiological significance of the weigh-in during
live-release angling tournaments for largemouth bass.
Transactions of the American Fisheries Society 133:
1291–1303.

Todd BL. 1987. Movement patterns and habitat use of stream-
dwelling smallmouth bass. MS Thesis, University of
Missouri at Columbia, MO.

Vab� R, Olsen K, Huse J. 2002. The effect of vessel avoidance
of wintering Norwegian spring spawning herring. Fisheries
Research 58: 59–77.

Vermaat JE, de Bruyne RJ. 1993. Factors limiting the
distribution of submerged waterplants in the lowland
River Vecht (the Netherlands). Freshwater Biology 30:
147–157.

Wartzok D, Popper AN, Gordon J, Merrill J. 2004. Factors
affecting the responses of marine mammals to acoustic
disturbance. Marine Technology Society Journal 37: 6–15.

Webber DM, Boutilier RG, Kerr SR. 1998. Cardiac output as
a predictor of metabolic rate in cod Gadus morhua. Journal
of Experimental Biology 201: 2779–2789.

Wikelski M, Cooke SJ. 2006. Conservation physiology. Trends
in Ecology and Evolution 21: 38–46.

Wolter C, Arlinghaus R. 2003. Navigation impacts on
freshwater fish assemblages: the ecological relevance of
swimming performance. Reviews in Fish Biology and
Fisheries 13: 63–89.

Wysocki LE, Dittami JP, Ladich F. 2006. Ship noise and
cortisol secretion in European freshwater fishes. Biological
Conservation 128: 501–508.

York D. 1994. Recreational-boating disturbances of natural
communities and wildlife: an annotated bibliography. US
Department of the Interior Biological Report 22,
Washington, DC.

Yousef YA, McLellon WM, Zebuth HH. 1980. Changes in
phosphorus concentrations due to mixing by motor boats in
shallow lakes. Water Research 14: 841–852.

Zieman JC. 1976. The ecological effects of physical damage
from motor boats on turtle grass beds in southern Florida.
Aquatic Botany 2: 127–139.

A.L. GRAHAM AND S.J. COOKE1324

Copyright # 2008 John Wiley & Sons, Ltd. Aquatic Conserv: Mar. Freshw. Ecosyst. 18: 1315–1324 (2008)

DOI: 10.1002/aqc


