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a b s t r a c t
The potential effects of anthropogenic noise on the physiology of Atlantic cod have not been well
described. The aim of the present study was to investigate the impact of anthropogenic noise on Atlantic
cod stress response using cortisol as a biomarker as well as on broodstock spawning performance. Results
showed that artiﬁcial noise consisting of a linear sweep from 100 to 1000 Hz can induce a transient and
mild cortisol elevation with a clear noise intensity dose response. In all cases plasma levels returned
to baseline levels <1 h post sound exposure. Daily exposure to a similar intensity and frequency noise
range applied habitually to a broodstock population during the spawning window resulted in a signiﬁcant reduction in total egg production and fertilisation rates thus reducing the total production of viable
embryos by over 50%. In addition, a signiﬁcant negative correlation between egg cortisol content and
fertilisation rate was observed. These results conﬁrm that cod can perceive noise generated within a frequency range of 100–1000 Hz and display a heightened cortisol plasma level. In addition, anthropogenic
noise can have negative impacts on cod spawning performances.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
The acoustic environment plays an important role throughout
the life cycle of most aquatic animals, however anthropogenic noise
can act as a stressor, impacting negatively on animal behaviour and
physiology (Wright et al., 2007). While most studies on the impact
of noise in the aquatic environment have been performed in marine
mammals (Thomsen et al., 2006; NRC, 2005), there is an increasing awareness of the potential negative effects on other marine
organisms including invertebrates (Morley et al., 2014) and ﬁsh
(Hawkins et al., 2014a; Popper and Hastings, 2009; Popper et al.,
2014). With regard to ﬁsh, the literature is sparse and does show
conﬂicting evidence with reports of ﬁsh being attracted as well
as showing avoidance reactions depending on the sound source
(Chapman et al., 1974; Hawkins et al., 2014b; Løkkeborg et al.,
2012; Spiga et al., 2012). Equally some studies have found no effect
(Wardle et al., 2001; Peña et al., 2013). In cases where an effect
is reported it has also been suggested that migration patterns and
reproductive behaviour may be disturbed by noise, forcing ﬁsh to
ﬁnd alternative routes or preventing them from settling in their
usual spawning grounds (van Opzeeland and Slabbekoorn, 2012)
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and thus possibly impacting on larval settlement (Holles et al.,
2013). The acoustic ﬁeld in enclosed aquaculture systems is not
exempt from noise pollution (Davidson et al., 2007; Wysocki et al.,
2007) but its impact on ﬁsh stocks has been widely overlooked to
date despite the drive towards increasing land-based facilities.
Most human activities in the aquatic environment generate
noise in the frequency range below 1 kHz (Popper et al., 2014),
which is well within the auditory range of most ﬁsh species (Ladich
and Fay, 2013; Popper and Fay, 2011; Radford et al., 2012). When
exposed to noise “challenges” in this audible range, a range of
effects have been reported, in some cases ﬁsh audition can be
altered with temporary threshold shifts (Scholik and Yan, 2001;
Smith et al., 2004a), physical injuries occur that can reduce hearing
capability (Hastings, 1995) and auditory tissue damage has been
observed along with general physical barotraumas (Casper et al.,
2013). Importantly, noise perturbations can also restrict or mask
communication when it covers similar frequencies to the vocalizations emitted by aquatic animals (Hawkins and Chapman, 1975).
Physiological response to stress varies widely between species
(Barton, 2002) however it has been observed that noise can cause
behavioural changes in ﬁsh (Kasumyan, 2008) as well as affect
typical stress biomarkers including cortisol, glucose, lactate and
haematocrit (Smith et al., 2004b; Buscaino et al., 2010).
Atlantic cod (Gadus morhua) is a species of great commercial
ﬁsheries and aquaculture interest. To optimise ﬁsheries technology,
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cod auditory ability has been well studied. The optimal hearing bandwidth for cod ranges from 18 to 470 Hz although this
range should not be considered absolute (Buerkle, 1967; Chapman
and Hawkins, 1973). Importantly, Atlantic cod is a vocal species
that has been reported to communicate at low frequencies during
migration, aggression and escaping behaviours but mainly during courtship (Hawkins and Rasmussen, 1978; Engen and Folstad,
1999). One of the species main vocalisations, termed “grunts”, are
produced by repeatedly contracting a drumming muscle sending
vibrations to the swim bladder (Brawn, 1961) generating repeated
single pulses with frequencies ranging from 30 to 250 Hz that typically last for a duration of 60–200 ms. The volume of the drum
muscle mass is correlated with the vigour and number of grunts
and therefore to mating success (Rowe and Hutchings, 2006, 2008).
To date, few studies have investigated the potential effects of
anthropogenic noise on Atlantic cod behaviour, stress response and
physiology (Engas et al., 1996). Behavioural responses including
avoidance due to wind turbine noise, freezing to pile-driving noise
(Mueller-Blenkle et al., 2010) and attraction to divers breathing
(Chapman et al., 1974) have been reported. However, the possible physiological effects caused by noise have not been reported
for Atlantic cod in either a wild “ﬁsheries” or captive “aquaculture”
context.
The aims of the present study were to (1) investigate whether
sound can elicit a short-term stress response in Atlantic cod using
plasma cortisol as a stress biomarker, and (2) study the potential
effects of long-term sound disturbances on spawning performance.
2. Materials and methods
2.1. Facilities
All the experiments were carried out at the facilities of FAI
Aquaculture, Ardtoe Marine Research Facility, Acharacle, Scotland
(N56◦ 46 , W05◦ 53 ). All working procedures complied with the
United Kingdom Animals (Scientiﬁc Procedures) Act 1986 and were
approved by the ethics committee of the University of Stirling.
2.2. Sound recording system
Acoustic measurements were obtained using an omnidirectional hydrophone (RESON TC4034, frequency range: 1 Hz to
470 kHz +3/−10 dB; receiving sensitivity −218 ± 3 dB (at 250 Hz),
Avisoft Bioacoustics, Germany) connected to an UltraSoundGate
Charge Ampliﬁer with Hi-Pass ﬁlter (Avisoft Bioacoustics,
Germany) to reduce low frequency noise (cut-off frequencies of
25 Hz for sound mapping of rearing facilities, 100 Hz cut-off for
noise exposure trials to limit the noise analysis to the loudspeakers output). Acoustic data were pre-ampliﬁed (E-MU tracker pre
24-bit/192 kHz) and recorded using Avisoft SASLab Pro software
(Avisofts Bioacoustics, Germany) to a computer hard disk at a sampling rate of 48 kHz with 16-bit resolution. The acoustics equipment
was powered with the internal battery of the laptop to avoid noise
from the AC power supply. Raven interactive acoustic analysis software (The Cornell Laboratory of Ornithology) was used for all sound
recording analysis with sound pressure level (SPL) calculated over
the frequency range 100–1000 Hz.
2.3. Noise mapping and vocalizations
Noise mapping analysis consisted of determining background
sound levels for a range of tank systems (indoor and outdoor tanks
with diameters ranging from 1 to 5 m). This mapping was followed
by testing the impact of husbandry activities (hand feeding), disturbances (talking and walking next to the tank, simulated netting
in the tank, knocks against the tank walls with increasing intensity)

and equipment (aerator, water inﬂow, oxygenator) on the acoustic
environment of the tank (SPL and frequencies only, particle motion
was not measured). Sound recordings were repeated on several
days and times of the day to obtain a representative sound proﬁle with the hydrophone suspended on the side of the tank, 30 cm
from the tank wall at a depth of 0.5–1 m depending on tank depth. In
addition, vocalisations generated by Atlantic cod broodstock in captivity (circular holding tank, 5.3 m diameter, 88 m3 ) were recorded
(hydrophone placed 30 cm from tank wall at 1 m depth) during the
spawning season. To do so, sound recordings were made during a
24 h period taking a 5 min sample at the start of every hour to record
number of vocalisations and then perform further audio analysis
(frequency, duration, SPL).

2.4. Experiment 1: sound as a short-term stressor in Atlantic cod
Prior to the experiment, Atlantic cod (total length 40.4 ± 2.8 cm,
body weight 806.8 ± 173.5 g) were maintained in 2 m3 (2 m diameter, conical bottom, 1 m depth) black circular ﬁbreglass tanks
under a constant 12L:12D artiﬁcial photoperiod with illumination provided by ﬂuorescent lights distributed evenly across the
experimental room. Tanks were on a ﬂow through system with
ambient water temperature of 6.9 ± 2.3 ◦ C and constant salinity of
34.4 ± 0.4‰ over the course of the experiment. Fish were fed ad libitum everyday using commercial 4.5 mm marine dry pellets (Classic
marine, Biomar Norway).
Naïve cod (not previously exposed to experimental noise stimulus) were randomly selected from the stock tanks and randomly
allocated to seven identical experimental tanks (same size as
stock tanks, 6 ﬁsh per tank) where they were acclimated for a
week prior to the noise exposure. Each tank was equipped with a
suspended omnidirectional underwater loudspeaker (UW30, frequency response 100–10,000 Hz; Impedance 8 , EV, USA). The
loudspeaker was suspended at the centre of the tank and submerged at mid water depth (0.5 m) with the hydrophone being
suspended at the same depth equidistant from the speaker and
the tank edge. The experimental noise exposure consisted in a linear sweep of 10 seconds (frequency range 100–1000 Hz) using a
sweep function generator (FS502, Feedback Instruments Ltd., UK)
and ampliﬁer (RX-4105 2 channel stereo, Sherwood, UK). The linear sweep was repeated for 10 min simultaneously in all tanks. The
voltage input used for the noise generation was 10, 15 and 20 V,
that resulted in a ﬁnal root mean square (RMS) SPL of 104.2 dB re
1 Pa (9.1 dB signal to noise ratio (SNR)); 108.7 dB re 1 Pa (13.3 dB
SNR) and 110.3 dB re 1 Pa (15.3 dB SNR) within the 100–1000 Hz
frequency range analysed (Fig. 1). Noise levels tested were intended
to reﬂect the range in noise levels recorded during the sound mapping of the facilities (from feeding: 8 dB to hitting the tank wall:
26 dB SNR, see below for further details). For each noise level tested,
the seven experimental tanks corresponded to a different sample
point. The ﬁrst tank was sampled prior to the 10 min exposure to
determine basal levels, followed by the 10 min sound exposure.
The remaining 6 tanks were sampled at 10, 20, 30, 40, 60 and
120 min post sound exposure. At each sampling point, 6 ﬁsh per
tank were netted, anaesthetised using MS-222 (50 mg L−1 , Pharmaq, Fordingbridge, UK) and blood sampled from the caudal vein
using pre-heparinised syringes. Sampling, from netting the ﬁsh to
blood withdrawal of 6 individuals was performed in less than 5 min
to minimise potential handling effects on cortisol release. Blood
was kept on ice and haematocrit levels were determined within
10 min by centrifuging a whole blood aliquot at 14,000 × g for 5 min
in a glass capillary tube and measuring the resulting proportion
of packed red blood cells. Blood samples were then centrifuged at
1,200 × g for 10 min and plasma samples stored at −20 ◦ C for later
cortisol analysis.
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different times during the 24 h period. Audio ﬁles were randomly
played throughout the experimental period to prevent acclimation.
The noise exposure had a total SPL of 132.8 dB re 1 Pa (34 dB SNR),
corresponding to the same voltage input as tested at the highest
exposure in experiment 1 (20 V).
Fish were fed to satiation three times a week using commercial
marine ﬁsh diets (Classic marine, Biomar Norway). Cod eggs were
collected daily from an external overﬂow egg collector at 15:00 h
each day and egg quality parameters monitored. The total egg volume was measured volumetrically recording both the ﬂoating and
sinking fractions following standardisation of salinity to 35‰. Fertilisation rates (%) and egg diameters were measured from samples
(50 eggs) of the ﬂoating fraction only, as was the egg wet weight
(triplicate measurement of the number of eggs in 1 g). Furthermore,
triplicate egg samples (∼1.5 g) were taken from both the ﬂoating
and sinking fractions from each batch in 1.5 mL eppendorfs and
stored at −20 ◦ C for later cortisol analysis.
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Fig. 1. Sound levels of the background and linear sweep tested in experiment 1 for
the stress reaction in Atlantic cod juveniles (100–1000 Hz). At SNR 9.1, 13.3 and
15.3 dB, with voltage inputs of 10, 15 and 20 V, respectively.

Plasma cortisol levels were determined by radioimmunoassay
(RIA) in duplicate according to North et al. (2006) and previously validated for Atlantic cod plasma by Cowan et al. (2011).
Egg extracts were conﬁrmed to be immunologically comparable
to puriﬁed standards by comparing serial dilutions before analysis
was performed (data not presented). For egg cortisol analysis, an
extraction, modiﬁed from McCormick (1998), was ﬁrst carried out
where egg samples were homogenised, in triplicate (0.5 g each),
using 350 L of PBS (Sigma–Aldrich, UK). Tubes were centrifuged
for 5 min at 1200 × g at 4 ◦ C. Supernatants were then transferred to
clean eppendorfs and centrifuged 1 min at 10,000 × g. The cleaned
supernatant (≈400 L) was then removed and added to 1 mL of
ethyl acetate. Tubes were vortexed and mixed in a rotary mixer
for 1.5 h, then centrifuged at 720 × g at 4 ◦ C for 10 min. Extraction samples were kept at 4 ◦ C until assayed as described above
with aliquots of 400 L of extract being assayed in duplicate. Intraand inter-coefﬁcients of variation were 8.5% and 8.9%, respectively
(n = 11), with a minimum sensitivity of 0.05 ng mL−1 which equates
to 0.24 pg egg−1 .
2.7. Data analysis

2.5. Experiment 2: effects of long-term noise exposure on Atlantic
cod spawning performance
Atlantic cod broodstock (total length 59.9 ± 5.6 cm, body weight
3.4 ± 1.0 kg) were maintained in a circular holding tank (5.3 m
diameter, 88 m3 ) under ambient photoperiod with an automatic
dimming system to recreate dawn-dusk (SunMatch, AquaBioLab,
Canada) using 40 W incandescent tungsten halogen bulbs. Two
experimental tanks (same as stock tank) were stocked with 10
females and 6 males each, 2 weeks prior to the initiation of the ﬁrst
egg release. Both tanks were identical (size, temperature, biomass
and sex ratio) and equipped with the same underwater loudspeaker
as in experiment 1, suspended at the centre of the tank 1 m below
the water surface. The hydrophone was located at a comparable
depth, 1 m from the loudspeaker. From the day of stocking, one of
the tanks was exposed daily to six noise events each lasting for
1 h, these events were played at random times throughout the day
as explained further below (exposed population) while the other
tank remained silent (control population: n.b. sound recordings
showed no noise transmission between tanks). The noise exposure was a repetition of the same 10 s linear sweep (frequency
100–1000 Hz) described above however it was played continuously
for 60 min. To ensure ﬁsh could not acclimate to the noise exposure,
10 different audio ﬁles lasting for a total 24 h period were created.
Each ﬁle contained within it, six 1-h sound events that played at

Statistical analysis was performed using MiniTab version 16.2.2.
All data sets were ﬁrst tested for normality using Anderson–Darling
test. Cortisol concentrations and haematocrit percentages across
experiments and sample points were analysed by one-way ANOVA.
Plasma cortisol concentrations were normalised by log transformation. Egg cortisol concentrations were normalised by their inverse
value. Haematocrit levels, fertilisation rates and ﬂoating fraction %
were arcsine, square root transformed. Signiﬁcance levels (p < 0.05)
were determined by Tukey post hoc test. The degree of linear relationship between egg cortisol content and fertilisation rate was
analysed using the Pearson correlation coefﬁcient (r). If the calculated r value was greater than the tabulated r value, at the 5% level,
the correlation between variables was considered to be signiﬁcant,
with Run’s test used to check for departure from linearity (INSTAT
version 3.0). All data are presented as mean ± standard error of the
mean (S.E.M.).
3. Results
3.1. Sound mapping and Broodstock vocalisations
Background broadband sound pressure levels ranged from 89
to 111 dB re 1 Pa across the different tanks of the facility with the
higher levels being recorded in tanks in close proximity to operating
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Table 1
Analysis of common anthropogenic distubances in the experimental tanks. Sound
levels are expressed as the broadband SPL (dB re 1 Pa) in the frequency range
100–1000 Hz as well as the signal to noise ratio (dB).
Sound source

Broadband SPL
dB re 1 Pa

SNR dB

Background
Feeding
Netting
Soft knocks
Knocks
Hard knocks

89.5
101.1
112.4
111
115.7
128.9

NA
11.6
22.6
21.5
26.2
39.4

plant (e.g. oxygen generator, pumps etc.). Different disturbances
mimicking husbandry activities induced noise perturbations from
11 to 39 dB SNR (Table 1, Fig. 2). A survey of recorded vocalisation
activity during the spawning season revealed a distinct nocturnal
peak of activity (Fig. 3a) with the frequency of calls (only “grunt”
sounds were observed) ranging from 36 to 132 vocalisations per
hour when extrapolated from the 5 min recordings. Analysis of
recorded grunts (n = 59) revealed that they typically had an average
duration of 192 ± 21 ms (range from 144 to 215 ms) (Fig. 3b), with
a frequency range from 28 to 252 Hz with peak frequencies around
48 Hz (Fig. 3c). Sound levels ranged from 129 to 141 dB re 1 Pa
with a mean broadband SPL of 132 dB re 1 Pa, or a SNR of 21 dB.
3.2. Experiment 1: sound as a short-term stressor in Atlantic cod
All noise levels tested showed a signiﬁcant increase in plasma
cortisol concentrations (Fig. 4). SNRs of 13.3 and 15.3 dB resulted in
a signiﬁcant peak in cortisol concentration 20 min after the noise
exposure (26.4 ± 9.9 and 29.3 ± 3.5 ng mL−1 , respectively) while in
the 9.11 dB noise exposure, cortisol peak level was reached within
10 min following the noise onset (22.2 ± 3.5 ng mL−1 ). Plasma cortisol returned to basal levels 20 and 40 min post exposure for the 9.11
and 15.3/13.3 dB exposures respectively. Haematocrit levels (total
experimental mean 22.9 ± 1.2%) did not show signiﬁcant differences between sound exposures (data not shown). Casual discrete
tank side observations of the behavioural response of the ﬁsh to
the sound suggested that they displayed a “freeze” reaction immediately after the sound started with a typical swimming response

Fig. 3. (A) Histogram of the number of Atlantic cod grunts recorded in a 5 min sample every hour during a typical 24 h period as well as a typical waveform (B) and
spectrogram (C) of a single grunt recorded during the scotophase from one broodﬁsh
during the spawning season.

resuming only after the noise exposure ﬁnished. No further characterisation of the behavioural response could be performed.

Fig. 2. Background and husbandry activities noise levels (sound pressure level:
dB re 1 Pa) recorded during the facilities sound mapping (100–1000 Hz). Sound
levels were recorded in an indoor tank (2 m diameter) comparable to those used in
experiment 1.

3.3. Experiment 2: effects of long-term noise exposure on Atlantic
cod spawning performance
Spawning in the control population started on March 4th and
ended on May 8th, 2012 (65 days) (Fig. 5a). The spawning period in
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Fig. 4. Plasma cortisol concentration (ng mL−1 ) of Atlantic cod juveniles exposed to noise with SNR of (a) 15.3 dB, (b) 13.3 dB; and (c) 9.1 dB. Data are presented as mean ± S.E.M.
transformed for homogeneity by square root. Different superscripts denote signiﬁcant statistical differences (one-way ANOVA p < 0.05).

the noise exposed population was 23 days shorter starting on March
6th and ending on April 17th (Fig. 5b). Total egg volume produced
during the spawning period was similar with 29.8 and 25.5 kg (relative fecundity of 0.75–0.88 kg/female) for control and exposed
populations, respectively (Table 2). Larger egg batches were collected from the noise exposed population in the ﬁrst 4 weeks of
the experiment (Figs. 5b and 6a) however no eggs were released in
the last 2 weeks of the study from the sound exposed population.
Table 2
Mean egg quality parameters over the spawning season ± S.E.M. Total volume is
the sum of the daily egg collection. Eggs per gram measured from 0.2 g samples
(n = 3) per day. Egg diameter (n = 50). Mean ﬂoating fraction over the spawning
season. Mean of daily fertilisation rates. Mean viability percentage (ﬂoating fraction × fertilisation rate).

Total volume (kg)
Eggs per gram
Egg diameter (mm)
Floating Fraction (%)
Fertilisation rate (%)*
Viability (%)*
∗

Control

Noise

29.7
580 ± 12
1.28 ± 0.06
70.4 ± 2.9
58.4 ± 3.8
47.7 ± 3.7

25.5
579 ± 12
1.31 ± 0.07
71.2 ± 4.5
37.12 ± 4.2
33.22 ± 3.6

Shows signiﬁcant differences (ANOVA p < 0.05).

The proportion of ﬂoating fraction was similar between exposures with the exception of weeks 3–5 and 7 (Fig. 6b) where it
was higher in the control population. Overall mean batch fertilisation rate was signiﬁcantly lower in the noise exposed population
(37.1 ± 4.2%) compared to the control population (58.4 ± 3.8%)
(Table 2). When compared by weekly performance it was clear that
the fertilisation rate within the ﬂoating fraction was signiﬁcantly
higher in the control population in most weeks from week three
of the study onwards (Fig. 6c) with a similar trend apparent in the
calculated viable egg volume from week three onwards (Fig. 6d).
For both fertilisation rate and calculated viable egg volume there
was a tendency towards reduced fertilisation rate/viable volume
during the spawning period in both exposures. Egg diameter was
statistically not different between exposures throughout the study
(Fig. 6e).
Cortisol levels in eggs batches ranged from 0.33 ± 0.04 to
14.83 ± 1.76 pg egg−1 across the study period. There was a wide
variability between batches within exposures, when the data was
collated by weekly exposure average there was no signiﬁcant time
by exposure interaction (p = 0.069). However, when overall exposure mean cortisol levels were analysed, a signiﬁcant difference was
found with mean egg batch cortisol levels from the sound exposed
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Fig. 5. Daily volume of eggs collected for each tank (control (A) and noise exposed (B) tanks) during the spawning season (March–May 2012). Total volume includes ﬂoating
and sink fractions of eggs collected form the overﬂow egg collector.

population being signiﬁcantly higher (2.09 ± 0.43 pg egg−1 ) compared to the control population (1.56 ± 0.21 pg egg−1 ). Cortisol
levels were also monitored in the sinking fraction of each egg batch.
These levels were in general about half of those recorded in the
ﬂoating fraction, 0.83 ± 0.09 vs. 1.01 ± 0.17 pg egg−1 for control and
sound exposure, respectively. Regression analysis of weekly mean
egg cortisol content and fertilisation rate revealed a signiﬁcant negative relationship in the sound exposed population that explained
almost 70% of the data variability while no such signiﬁcant relationship was present in the control population (Fig. 7).
4. Discussion
The aim of this study was to investigate the effects of anthropogenic noise on both the short-term stress response and long term
effects on spawning performance. Results showed that artiﬁcial
noise with a comparable SNR to typical disturbances in land-based
aquaculture facilities can trigger an increase in plasma cortisol in
Atlantic cod. Similar noise stressors applied over a longer time
frame also appeared to negatively impact on spawning performance in terms of spawned embryo viability and as such these
results have clear implications for land based production and
broodstock management.
During the initial sound mapping it was evident that background noise levels varied between tanks, as reported previously
(Bart et al., 2001), depending on size, material and tank position in
relation to operating plant within the facilities. In general the background sound levels observed were lower than those previously
reported in shallow open waters or in recirculating aquaculture
systems (Wysocki et al., 2007; Mueller-Blenkle et al., 2010). During the initial monitoring of the facilities, we catalogued a series

of common husbandry activities and disturbances that caused a
behavioural reaction in the ﬁsh (i.e. ﬂight, freeze or attraction) such
as hand feeding, dropping hand nets, knocks on the tank walls or
people talking and walking. All tested perturbations increased the
broadband SPL. These were generally low-frequency disturbances
(25–1000 Hz), which are within the hearing thresholds of most
ﬁsh species including Atlantic cod (Chapman and Hawkins, 1973;
Popper et al., 2003). Many of the perturbations recorded in the
present study are very common but easily avoidable. As Davidson
et al. (2007) demonstrated it is important to consider noise perturbations when designing land-based aquaculture facilities and
simple engineering solutions (i.e. suspended, insulated pipeline or
physical distance) can be applied to efﬁciently minimise the transmission of extraneous noise.
In the short-term stress response study, noise exposures tested
were in the range of those recorded in common husbandry activities
(9.11, 13.3 and 15.3 dB SNR). In all cases noise triggered a physiological stress response showing a signiﬁcant increase in plasma
cortisol levels within 10–20 min after the noise exposure. The
effects of cortisol in ﬁsh have been widely reviewed (Mommsen
et al., 1999; Milla et al., 2009; Ellis et al., 2012) and reported
to affect growth, food conversion, immune response, ﬂesh quality and reproduction. Cortisol peak levels have been reported to
vary from ∼27 to 127 ng mL−1 in Atlantic cod when exposed to a
capture/conﬁnement stress (Morgan et al., 1999), ∼115 ng mL−1
when exposed to progressive hypoxia (Herbert and Steffensen,
2005) and >400 ng mL−1 when kept at 24 ◦ C (Pérez-Casanova et al.,
2008). In the present study, the peak cortisol concentration (up to
30 ng mL−1 ) and the fast return to basal levels (within 20–40 min)
are typical of a mild and transient stress reaction in Atlantic
cod. Results also suggest that cortisol increase is sound pressure
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Fig. 6. Egg quality parameters presented in mean values per week (n = 9). (A) Total egg volume collected during the week; including ﬂoating and sink portions. (B) Floating
fraction from each tank. (C) Fertilisation rates (n = 100) from the ﬂoating fraction. (D) Mean egg viability percentage (ﬂoating fraction × fertilisation rate). (E) Mean week egg
diameter per exposure. * Denotes statistical signiﬁcant differences Tukey post hoc test following one-way ANOVA.

dependant (22 ng mL−1 for 9.11 dB and 26–29 ng mL−1 for 15.3 and
13.3 dB SNR). Cortisol levels recorded in the present study are much
lower than reported in previous stress trials in Atlantic cod, indicating that noise perturbation could be considered as a mild stressor
compared to more conventional stressors tested (e.g. conﬁnement,
handling).
It is envisaged that such a temporary mild increase in blood
corticosteroid level would not have a major impact on ﬁsh performances (Mommsen et al., 1999) as ﬁsh are likely to acclimatise over a
short period although this may vary between individuals as a factor
of age, reproductive stage, nutritional status, social rank or immune
condition and species (Martins et al., 2012). The physiological reaction to a given stressor will depend on the perception or correlation
that the animal associates with it i.e. threat or reward. During a
light-feed conditioning study, Nilsson et al. (2008) found that cod
needed repeated light exposure to “switch” from a ﬂight response
to the positive food call. Similarly rainbow trout, Oncorhynchus
mykiss, exposed to constant noise showed no signiﬁcant difference
after 9 months (Wysocki et al., 2007). However, the ability of a ﬁsh
population or individual to adapt to a chronic sound perturbation

appears to be dependent upon the predictability of the disturbance
(Mueller-Blenkle et al., 2010). Most common anthropogenic perturbations found in land based facilities (knocks, walking, electrical
plant turning on, etc.) can be considered as random and therefore it
can be hypothesised that ﬁsh would take longer to adapt although
further studies are clearly needed.
Haematocrit levels did not show any signiﬁcant variation
between ﬁsh exposed to noise and controls during the sampling
period. In a similar experiment with sea bass and sea bream, haematocrit and lactate levels were altered following noise exposure
(Buscaino et al., 2010). Interestingly, in the same study glucose
levels differed in sea bream but not in sea bass.
In the long-term sound exposure study our results suggest that
noise had a signiﬁcant negative effect on Atlantic cod broodstock
performance. While the spawning window in the exposed population was much shorter than the control population, the total egg
volume was not signiﬁcantly different between populations due to
higher egg volumes being released during the early phases of the
spawning period. It must be acknowledged that the single population comparison is suboptimal but commercial limitations in the
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Fig. 7. Scatter plot and linear regressions representing the relationship between
weekly mean egg cortisol content and average fertilisation rate from the buoyant
fraction. Bi-directional error bars represent the S.E.M. for each axis. Dotted line is the
linear regression for sound exposed population: fertilisation rate = 56.24 − 8.9 × egg
cortisol level, r2 = 0.69, p = 0.04.

facility precluded replication. The results are in agreement with
previous reports showing irregular spawning cycles caused by conﬁnement stress with cod broodstock engaged in fewer courtships
and skipping the initial steps of the mating sequence (Morgan et al.,
1999). Most egg quality parameters (total egg volume, ﬂoating fraction, egg diameter and egg weight) appeared not to be negatively
affected by the noise exposure. However, fertilisation rates were
reduced by 40% reducing viable egg productivity by over 50%. Overall, 18 kg of viable eggs were collected from the control population
as compared to 8 kg from the sound exposed population. Based
on the egg counts during the trial this reduction in viable eggs
equates to approximately 6 M less viable embryos from a comparably sized spawning population. In a hatchery environment this
would translate to a loss of approximately 300,000 weaned juvenile
cod (assuming a survival rate of 5% from egg to weaned juvenile),
which would have a farm gate value in excess of £0.5 M.
Analysis of cortisol content in freely released eggs showed great
batch variability across the spawning season with mean levels ranging from 0.3 to 14.8 pg egg−1 which is in the same range as levels
measured in eggs from a range of other teleost species (Hwang et al.,
1992). The overall exposure mean cortisol levels were 34% higher
in the noise exposed population than in the control population.
While it appeared that there was a differential shift in cortisol levels between exposures with levels increasing over time, this trend
fell short of signiﬁcance (p = 0.069). There was however a clear negative relationship between cortisol level and fertilisation rate in
the noise exposed population that did not exist in the control population. Kleppe et al. (2013) reported that cortisol concentration
in cod eggs and embryos was positively correlated to the plasma
concentration of the female. Furthermore high concentrations of
plasma cortisol in spawning cod females ∼30 ng mL−1 resulted in
a higher frequency of deformities in larvae (Morgan et al., 1999)
and ∼150 ng mL−1 caused differential gene expression in eggs and
embryos in pathways linked mainly to cytogenesis and mesodermal fate (Kleppe et al., 2013). By association we can speculate that
in the current study the long-term sound stressor provided to the
broodstock could have generated a chronic stress response with
increased secretion of cortisol and subsequent maternal transfer of
elevated cortisol to the eggs. Unfortunately, this could not be conﬁrmed in the current study as cod broodstock could not be sampled

during the spawning window. While the longer term survivability
of cod embryos was not recorded, the work of Kleppe et al. (2013)
suggest that those which did survive would have possibly been
further compromised as they could exhibit an elevated proportion of abnormal development, as also recently shown in marine
invertebrates (Aguilar de Soto et al., 2013).
While convention has focused on the maternal inﬂuence on
embryo viability it must be recognised that the male broodﬁsh
were equally exposed to the noise stressor with a presumed concomitant increase in plasma cortisol concentration. Moderate doses
of cortisol (<100 ng mL−1 ) was shown to enhance DNA replication
and mitosis in spermatogonia in Japaneese eel (Ozaki et al., 2006),
however doses >100 ng mL−1 had a negative effect on spermatogonia proliferation. Excess cortisol levels inhibit the reproductive
physiology of the males, delaying testicular development, spermatogenesis and lower sperm counts (Carragher et al., 1989;
Campbell et al., 1992; Consten et al., 2001). It is therefore possible
that lower sperm quality could have also contributed to the reduction in fertilisation success observed in the current study though
this requires conﬁrmation.
In addition to the physiological responses to stress observed,
noise can mask natural communication (Hawkins and Chapman,
1975) or damage the auditory system (Hastings et al., 1996; Popper
et al., 2003; Casper et al., 2013). Luczkovich et al. (2012) found
that vocal ﬁsh of the Sciaenidae family produced fewer vocalizations when ambient noise increased due to vessel and ferry trafﬁc,
although this reduction happened only outside the reproductive
season. In cod it is known that captivity does not inhibit reproduction while it may restrict the vocalisation repertoire (Midling
et al., 2002; Finstad and Nordeide, 2004). While not an exhaustive examination, the recordings of grunts in the current study (in
terms of peaks in activity, duration of grunts and frequency range)
appeared comparable to that previously reported for captive cod
broodstock (Finstad and Nordeide, 2004) and in agreement with
the same authors we recorded no prolonged “knock” vocalisations
which may be an effect of captive rearing as proposed by Midling
et al. (2002). As grunts have been correlated to mating success
(Rowe and Hutchings, 2006, 2008), even if the randomised noise
in the current study did not always conﬂict with the vocalisation
climax, hearing thresholds could have been adjusted, as previously
shown in cyprinid species (Scholik and Yan, 2001; Smith et al.,
2004a), reducing the communication success, mate choice process
and subsequently fertilisation of egg batches.
The current study focused on the effects of noise in enclosed
aquaculture facilities where activities are limited to the speciﬁc
husbandry needs. The implications are clear and support previous
work proposing simple engineering adjustments to minimise the
incidence and intensity of anthropogenic sound sources in aquaculture facilities to maximise productivity (Davidson et al., 2007).
What is perhaps more overlooked are the implications for wild ﬁsheries management due to the rapidly increasing human activities
in the oceans, mainly related to maritime trafﬁc and offshore engineering (Slabbekoorn et al., 2010). While it must be acknowledged
that an accurate extrapolation of current results to the wider ﬁeld
situation is not feasible, the implication that noise could ultimately
impact reproductive performance in Atlantic cod should not be
overlooked. With a notable increase in offshore engineering that
overlaps with established cod spawning grounds (Fox et al., 2008;
FourC Offshore, 2013) the authors would advocate more detailed
investigations on the potential impact of such developments on
wild spawning productivity.
Overall this work is the ﬁrst demonstration that noise can act
as a stressor in Atlantic cod and that furthermore a chronic sound
exposure can compromise cod spawning performance. There is a
suggestion that maternal cortisol transfer could be associated with
this reduction in spawning performance. However, the role of other
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mechanisms cannot be precluded, which warrants further investigation equally, the potential signiﬁcance of these ﬁndings for wild
ﬁsheries management requires greater exploration. On the other
hand the implications for farm management of the species are clear,
where every effort should be made to minimise the propagation of
anthropogenic sound within culture facilities.
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