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Seismic airgun surveys to map petroleum deposits in the seabed may impact behaviour of marine animals over large distances. Understanding
whether fish spawning behaviour is affected by this anthropogenic noise source is important because reproductive success may be impacted.
The fine-scale behavioural responses of Atlantic cod to airgun exposure over an extended period were investigated using an acoustic telemetry
positioning system on a spawning ground in Norway. During 2019 to 2021, 135 spawning cod were equipped with telemetry sensor tags and
were exposed to airgun shooting during the spawning periods of 2020 and 2021, with varying received sound levels comparable to a full-scale
survey at distances of 5 to >40 km. Cod demonstrated only weak responses to the disturbance from repeated 3-h treatment periods over 5-d,
swimming on average slightly deeper during seismic exposure compared to silent control periods. This response varied between individuals.
Longerterm effects of seismic exposure on swimming depth were not detected. No changes in swimming acceleration, displacement, or area
use occurred. These results suggest that relatively distant seismic surveys do not substantially alter cod behaviour during the spawning period
at received sound exposure levels varying between 115 and 145 dB re 1 pPa?s over a 5-d period.
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Introduction

Seismic exploration, using airguns to acoustically map oil and
gas reserves in the seabed, is a major source of anthropogenic
noise in the marine environment (Hildebrand, 2009). The low
frequency sound from seismic surveys can propagate over long
distances and therefore has the potential to disturb marine life
on a relatively large spatial scale (Hildebrand, 2009; Duarte
et al.,2021). There is a need to understand the impact of such
disturbance on marine ecosystems, so that appropriate miti-
gation and management actions can be taken (Przeslawski er
al., 2018; Sivle et al., 2021a).

A growing body of research focuses on the effects of seismic
and other anthropogenic noise across a wide variety of ma-
rine taxa (Williams et al., 2015; Carroll et al., 2017; Duarte
et al., 2021). Recent reviews of this literature indicate, for ex-
ample, that seismic surveys can cause hearing damage and be-
havioural responses in marine mammals (Broker, 2019), and
behavioural and physiological responses in some marine in-
vertebrates (Carroll et al., 2017). Teleost fish can also be im-
pacted by this source of anthropogenic noise (Carroll et al.,
2017), as they tend to have their best hearing capabilities over
a low frequency range that overlaps with sound from seis-
mic surveys (Slabbekoorn et al., 2010; Popper and Hawkins,
2019) and are sensitive to particle motion caused by this type
of impulsive sound source (Popper and Hawkins,2018,2019).

The impacts of sound from seismic surveys on fish range
widely in severity between situations and studies. At close
range, exposure to sounds from seismic airguns can cause

temporary hearing damage in fish (McCauley et al., 2003;
Popper et al., 2005). In the context of seismic surveys, rela-
tively few individual fish would be expected to be exposed
to such high sound levels, whereas many more could poten-
tially be disturbed by lower sound levels at greater distances
from the survey (Popper et al., 2005). Anthropogenic sound,
including seismic, may mask communication, cause physio-
logical stress, and elicit behavioural responses in exposed an-
imals (Slabbekoorn et al., 2010). Studies on free-ranging fish
have mostly reported behavioural responses to airgun sound
(Carroll et al., 2017), such as startle responses (Wardle et al.,
2001), changes in activity or behavioural states (Lokkeborg
et al., 2012; van der Knaap et al., 2021), and changes in dis-
tribution either vertically (Slotte et al., 2004) or horizontally
(Engés et al., 1996). Other studies report no or minor changes
in fish behaviour (Pefa et al., 2013) and no change in species
assemblages and abundance of fish (Meekan et al., 2021) in
response to SeisSmic surveys.

The potential for anthropogenic noise to interfere with suc-
cessful reproduction of fish is a topic of particular concern
(Slabbekoorn et al., 20105 de Jong et al., 2020). Reproduc-
tion or spawning is considered a particularly sensitive pe-
riod in the fish life-cycle, as timing, location, biotic, and abi-
otic conditions are often critical for successful reproduction
(Portner and Farrell, 2008; Ciannelli et al., 2015). Vocal fish
with highly specific spawning grounds and short spawning
periods are predicted to be most sensitive to noise-induced
stress and masking during reproduction, though intermittent
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sounds, such as seismic, may be less harmful than continuous
sounds (de Jong et al., 2020). Assessing the effects of seismic
surveys on successful reproduction is a key step towards de-
termining the overall population consequences of this distur-
bance (Slabbekoorn et al., 2019).

Atlantic cod (Gadus morbua L., hereafter referred to as
cod) may be especially vulnerable to sound disturbance during
spawning. Cod is a soniferous fish species, with acoustic com-
munication playing an important role in the cod mating sys-
tem (Hawkins and Picciulin, 2019). During the spawning pe-
riod, male cod produce low frequency grunts (~50 Hz, Brawn,
1961b, Finstad and Noreide, 2004, Hernandez et al., 2013),
which have been associated with aggressive and courtship be-
haviours (Brawn, 1961a, b; Rowe and Hutchings, 2006). Low
frequency noise associated with ship traffic has been found to
reduce the effective communication range of spawning cod
(Stanley et al., 2017), and low frequency anthropogenic noise
can elicit stress responses in cod resulting in reduced egg pro-
duction and fertilization rates (Sierra-Flores et al., 2015). Ad-
ditionally, cod tend to demonstrate high site fidelity to spawn-
ing areas (Robichaud and Rose, 2001; Skjeeraasen et al., 2011;
Dean et al., 2014). Therefore, reports that free-ranging cod
move away from an area in immediate or delayed response to
seismic surveys (Engds et al., 1996; van der Knaap et al., 2021)
is further cause for concern. However, in a companion study
to the present paper, free-ranging, spawning cod exposed to
airgun sound similar to a full-scale seismic survey occurring
5->40 km away over a period of 5 d did not abandon their
spawning site. This was presumably due to high motivation to
remain on the spawning grounds despite the prolonged distur-
bance (McQueen et al., 2022).

Even if cod do not leave the spawning ground, exposure
to sound from seismic airguns could provoke behavioural
changes that negatively impact spawning success. For exam-
ple, during a seismic survey feeding cod were found to increase
the amount of time they spent inactive, and displayed subtle
changes in their distribution without immediately leaving the
area (van der Knaap et al., 2021). Subtle behavioural changes
have also been reported for cod in net-pen experiments that
were exposed to airgun sound (Davidsen et al., 2019; Hubert
et al., 2020). Even subtle responses might lead to biologically
significant impacts if the duration of the exposure and the re-
sponse are long enough, and prolonged exposure could cause
sensitization. Given that cod exhibit a complex mating sys-
tem involving a multitude of visual and acoustic behavioural
interactions (Brawn, 1961a, b; Hutchings et al., 1999; Rowe
and Hutchings, 2004, 2008; Rowe et al., 2008; Meager et al.,
2009,2010,2018; Skjeeraasen et al.,2010; Dean et al., 2014),
there appears to be considerable potential for long-duration
seismic exposure to impact cod spawning behaviour.

During a seismic survey, the sound exposure level (SEL) is
high close to the vessel, and the sound propagates over many
kilometres resulting in elevated SEL over a large area (Han-
degard et al., 2013). It is likely that relatively few fish will
experience the highest levels at very short distances from the
seismic survey vessel, while many more fish will occur within
several kilometres of the survey, where the sound from the air-
guns is still audible. Understanding the behavioural responses
of fish at moderate ranges from a seismic survey is therefore
useful for determining large-scale and population-level effects,
as more fish will receive lower sound levels that may still in-
duce behavioural reactions at greater distances (Popper and
Hawkins, 2019). Such information is also extremely relevant

for management of noise-producing activities at sea, including
to determine appropriate buffer zones for protecting impor-
tant fish spawning grounds (Sivle et al., 2021a). For example,
behavioural responses of fish observed at moderate distances
from a seismic survey formed the basis of scientific advice in
Norway to avoid conducting seismic surveys within 37 km of
important cod spawning grounds (Sivle et al., 2021a). How-
ever, in the absence of available data from spawning fish, this
advice was based on responses of feeding fish to seismic sur-
veys (Engds et al., 1996; Sivle et al., 2021a).

This study therefore uses acoustic telemetry to investigate
whether exposure to seismic airgun shooting over an ex-
tended period during the spawning season causes fine-scale
behavioural changes of cod on a spawning ground, which may
impact spawning success. To determine the behavioural re-
sponses of cod within a large area around a seismic survey
source, spawning cod were exposed to sound levels compara-
ble to a seismic survey operating 5 to >40 km away over a
duration of 5 d.

Methods

A controlled exposure experiment was carried out to expose
cod at a spawning ground to sound from a small seismic air-
gun cluster towed from a research vessel. The behaviour of cod
at the spawning ground was tracked using acoustic teleme-
try. The telemetry data were analysed to assess variation in
behavioural metrics (swimming depth, acceleration, displace-
ment) and changes in home ranges in response to the experi-
mental exposure to seismic airguns.

The test site was a spawning ground located within a rela-
tively sheltered bay (Bakkasund) in the Austevoll archipelago
near Bergen in southwestern Norway (Figure 1). Water depths
in the test site range from a few up to 100 m. Cod spawning in
this region typically peaks during February and March (Mea-
ger et al., 2009).

Seismic exposure survey and sound monitoring

In two controlled exposure experiments during 9-14 February
2020 and 14-19 February 2021, tagged cod at the test site
were exposed to sound from seismic airguns. The year 2019
served as a baseline year, when cod were tagged and released
at the same time of year as during the exposure years, but no
seismic airgun exposure was carried out at the test site.

In the exposure experiments, tagged cod were exposed to
three types of treatments: seismic exposure; boat control; and
silent control. Each treatment lasted 3 h, and the order of the
three treatments was fully randomized within blocks of one
of each treatment. During the seismic exposure and boat con-
trol, the 55 m source vessel travelled a 4.8 km racetrack with
a speed of 3.7 to 5.6 km h™! (Figure 1). The vessel contin-
ued until the end of the 3-h treatment, and then switched to
the next treatment. During the silent control treatments, the
source vessel stayed in an area acoustically sheltered from the
test site by islands (Figure 1), with a straight-line distance from
the test site of >5.6 km. The study was designed to mimic a
commercial seismic survey with long exposure times, and with
the seismic vessel switching between being in relative vicin-
ity (seismic treatments) and being out of audible range (boat
control and silent control treatments). Nine blocks were con-
ducted in 2020 and ten blocks were conducted in 2021 over
a period of 5 d.
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Figure 1. The location of receivers within the test site, and the position where tagged cod were released. Points are shaded by how many spawning
seasons of data (denoted by years) they contributed to the study, as some receivers were lost over the course of the experiment. The position of
temperature loggers deployed throughout the 3-year study period and the locations of hydrophones deployed during the seismic surveys are also
shown. The racetrack travelled by the research vessel during the seismic exposure survey is indicated. The ship holding site represents the area where
the ship stayed during silent control treatments. (a) Sketch showing the configuration of hydrophones deployed during the exposure survey, with two
hydrophones close to the sea floor in the inner and outer part of the bay and a vertical array in the middle of the test site. (b) Red point indicates location

of the study site in relation to the Norwegian coastline.

During seismic exposure treatments, a cluster of two 40 in3
airguns, deployed at 3 m depth, was towed from the source
vessel. The airguns fired synchronously every 10 s, operated
at a chamber pressure of 110 bar, with an expected nominal
broadband peak pressure level of 223 dB re 1 puPa-m. The
number and size of airguns are smaller than would typically
be used in a full-scale seismic survey, thus the sound levels
produced resemble a survey occurring at a greater distance
from the study site. Further technical details about this survey
and the experimental design can be found in a report available
online (Sivle et al., 2021b).

During the seismic exposure survey, calibrated omnidi-
rectional hydrophones (Naxys Ethernet Hydrophone, model
02345, frequency range: 5 Hz to 300 kHz, sensitivity:
—179 dB re V/uPa, gain: 20 dB, sampling frequency 48 kHz,
duty cycle: 22 s on, 8 s off) were deployed to capture the am-
bient sounds and the sounds from the research vessel and seis-
mic airguns. The hydrophones were deployed at four positions
within the test site: 8 m above the seafloor (50-65 m depth)
at the outer bay and at the inner bay; and at 8 and 37 m
depth from a vertical hydrophone array in the centre of the
bay (Figure 1).

The hydrophone data were bandpass filtered with a sixth
order Butterworth filter (5 Hz—10 kHz) and SEL (ISO, 2017)

were calculated by time integrating the squared pressure over
the seismic pulse and applying a 10log;¢ transformation. The
pulse was integrated over a 1 s interval around the highest
sound pressure value in each 22 s file (see Figure 2 in Mc-
Queen et al., 2022). We also calculated SEL over an interval
of a similar length prior to each pulse to compare with back-
ground noise levels. This approach was also used for the silent
and boat control periods.

Acoustic telemetry grid and fish tagging procedure

Thirty acoustic telemetry receivers (VR2Tx, Innovasea,
Canada) were deployed in a grid pattern within the test site
in October 2018. The grid was designed to allow for simulta-
neous detection of transmissions on multiple receivers for tri-
angulation of fish positions, confirmed through range testing
prior to experiment start (McQueen et al., 2022). The number
of receivers retrieved from the test site varied slightly between
study years, due to occasional receiver losses, with data re-
trieved from 29 receivers after the 2019 spawning season, 28
receivers after the 2020 spawning season, and 23 receivers af-
ter the 2021 spawning season (Figure 1). A string of ten tem-
perature loggers (HOBO Pendant, Onset Computer, United
States) was deployed along a depth profile at a position in the
centre of the bay (Figure 1), sampling every 2 h.
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Cod were caught within a 2-week period before tagging
by local fishers using gillnets or pots within 1 km of the test
site. Post-capture, fish were kept in net pens within the area
until tagging. Cod were tagged on 29 January 2019, 28 Jan-
uary 2020, and 27 January 2021. Under anaesthesia, cod were
measured for weight and length, sexed by ultrasound (Karlsen
and Holm, 1994) and egg biopsies were obtained from all fe-
males, allowing for further confirmation of sex and spawn-
ing readiness through subsequent image analysis (Thorsen and
Kjesbu, 2001; McQueen et al., 2022). An acoustic tag was
inserted in the body cavity through an incision made on the
ventral side of fish, which was then closed by two sutures.
Each cod was tagged with one of four types of acoustic trans-
mitter (V13P, V13TP, V13AP, V13TP ADST tags, Innovasea,
Canada). These tags transmit unique identity codes (IDs) at
69 kHz and were additionally equipped with combinations
of pressure, acceleration, or temperature sensors (Table 1).
Transmissions occurred at random intervals, on average ev-
ery 250 s with a minimum and maximum off time of 200 and
300 s, respectively. Tag life (~290-738 d) far exceeded the ex-
pected spawning period. Tags with >1 sensor alternated trans-
missions between the sensors. Additionally, an external #-bar
tag (TBA standard anchor #-bar tag; Hallprint, Australia) was
anchored at the base of the anterior dorsal fin for visual ex-
ternal recognition of tagged fish. Cod were returned to a tank
filled with a constant supply of seawater to recover from the
tagging procedure, before being transported to the middle of
the test site and released (Figure 1).

Permits were given from the Norwegian Directorate of
Fisheries to capture fish (permit 19/14024), Norwegian Food
Safety Authority for fish tagging and exposure (permit 18034
and 26019), and the Norwegian Petroleum Directorate for
permission to conduct seismic shooting (permit 739/2019).

Statistical analysis

The behavioural responses of cod to seismic airgun exposure
were examined with linear mixed-effects models for: (1) indi-
vidual behavioural metrics at two timescales: within the sur-
vey (treatment-level analysis) and before-during-after (BDA)
the survey; (2) changes in home range characteristics (area
change and overlap) for individual fish from before to dur-
ing the exposure period and corresponding baseline period.
All analyses were undertaken in R (v. 4.1.1) (R Core Team,
2021).

Relationship between behavioural metrics and seismic airgun
exposure

Data recorded on receivers within the test site during 12.5-d
periods encompassing the seismic exposure survey were used
for analysis of behavioural metrics. The analysis periods were
05 February 2020 22:50-18 February 2020 06:41 UTC and
10 February 2021 22:43-23 February 2021 11:35 UTC, thus
including 4 d before and after each 4.5-d seismic exposure
survey.

The behavioural metrics used as response variables in the
linear mixed-effects models were swimming depth, acceler-
ation, and displacement. Models were developed separately
for each behavioural metric. For analysis of treatment-level
responses, behavioural metric data were averaged over 10-
min bins. For analysing BDA responses, behavioural metric
data were averaged over 1-h bins. Binning data allowed stan-
dardization of time-steps and the selected bin widths were a

Table 1. Overview of condition at tagging and number of mature fish tagged per year and by tag type and sex at the test site.

Condition at tagging

Sensor type Sex

Tag cohort

Depth + Tempera-

Depth + Tem-

Depth + Ac-

Mean weight in g Mean Fulton’s K

Mean length in

ture + DST
(V13TP-ADST)

perature

celeration

(range) (range)

mm (range)

Male

Female

(V13AP) (V13TP)

Depth (V13P)

1.1 (0.5-1.5)
1.0 (0.8-1.4)

3146 (12826 100)
3145 (666-8 950)
2146* (704->6 000)

655 (480-890)

26

20
33

38

2019

654 (430-900)

21

32
14

18

2020
2021

1.0 (0.8-1.6)*

595 (390-875)

21

14

21

data storage tag.

*Does not include two individuals >6000 g that could not be weighed due to the limitations of the scale used in 2021. DST
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Table 2. The number of fish included in analysis, split by response variable, the period selected for analysis (seismic effect), year, and sex.

Swimming depth Acceleration Displacement
Sample
Seismic effect Year Female Male Sample size  Female Male size Female Male Sample size
Treatment-level 2020 17 10 9498 8 S 4319 13 10 1463
2021 8 6 6296 S 4 3891 8 S 3039
BDA 2020 13 10 6195 6 4 2848 12 10 2657
2021 8 S 3706 S 4 2521 8 4 3031

The sample size by year for each analysis after binning to 10-min or 1-h intervals is also shown.

compromise between reducing computing time for the larger
dataset, while keeping loss of information to a minimum for
each analysis. The sample size available varied between anal-
yses, depending on the variables that were included (Table 2).

Swimming depth (distance from surface) data were trans-
mitted from tag pressure sensors, on average every 250 or
500 s, depending on the tag type. However, because not ev-
ery tag transmission was received, realized intervals were vari-
able within and between fish. For each 10-min interval, the
difference between the current and average sea level was sub-
tracted from the swimming depth to correct for tidal variation.
Sea level data were downloaded from the Norwegian Map-
ping Authority, Hydrographic Service (https://www.kartverk
et.no/), for position 60.10°N 5.10°E. The downloaded data
provided the water level observed at Bergen, multiplied by a
factor of 0.83 and time adjusted by —15 min to estimate the
water level at the test site.

Fish acceleration data were transmitted by accelerometer
sensors in a subset of the tags (Table 1), on average every 500 s.
The accelerometer sensors measured acceleration in three di-
mensions for 25-s periods and transmitted averaged accelera-
tion information as a vector quantity. Raw acceleration data
resembled a gamma distribution and were log-transformed
prior to linear mixed-effect model fitting.

Fish positions were calculated from the raw detection data
by Innovasea using a hyperbolic positioning method, based
on transmission detection times at synchronized receivers (for
more details, see Supplementary Material). Calculated posi-
tions were averaged over 10-min bins for the treatment-level
analysis and 1-h bins for the BDA analysis. Displacement was
calculated from these averaged fish positions. The positions
were projected to UTM coordinates (zone 32 N) using the
R package “rgdal” (Bivand et al., 2021b), and 2D Euclidean
distances between consecutive positions of each fish were cal-
culated. Consecutive positions with intervals of >10 min or
1 h were excluded from the treatment-level and BDA analy-
ses, respectively. For the treatment-level analysis, steps which
overlapped two different treatments were excluded. Raw dis-
placement data were positively skewed and bounded at zero,
and were log-transformed prior to analysis. The 0 m displace-
ment estimates (7 = 3) were replaced with 0.01 m, well within
the positional uncertainty (see Supplementary Material), to al-
low for log-transformation.

To explore treatment-level behavioural responses to seismic
airgun exposure, models were fit using “treatment” (the 3-h
treatments conducted within each experimental block) as a
fixed effect to represent the seismic effect. Only data recorded
during the treatments were included in the treatment-level
analysis. Seismic treatment was set as the reference level in the
models, to test for differences in behavioural metrics between

seismic and control treatments (a priori contrasts). Separate
models were fit using “BDA period” [4 d before the seismic
survey (B), during the seismic exposure survey (D), 4 d after
the survey (A)] as a fixed effect to represent the seismic effect.
Data recorded during the entire analysis period were used in
the BDA analysis. The “during” period was set as the reference
level in tests for differences in behavioural metrics between the
BDA periods (a priori contrasts). Therefore, a total of six sep-
arate models were developed: one at each timescale for each
of the three behavioural metrics. Only fish which contributed
data for all treatment types or BDA periods were retained in
the respective analyses. In cases where a significant difference
in behavioural metrics between treatment types or BDA pe-
riods was detected, comparisons between all treatment type
combinations were conducted a posteriori using least-square
means [R package “Ismeans” (Lenth, 2018)]. Tukey’s method
of p-value adjustment was implemented for multiple compar-
isons.

To account for potential variation in the behavioural met-
rics not associated with the seismic airgun exposure, ad-
ditional fixed effects were included in the models, namely
sex, year, and a three-level factor indicating day, night, or
dusk/dawn to account for diel changes. Timing of sunrise
and sunset were assigned using the package “suncalc” in R
(Thieurmel and Elmarhraoui, 2019). Day was set to begin 1
h after sunrise and ended 1 h before sunset. Night was set to
begin 1 h after sunset and ended 1 h before sunrise. Dawn and
dusk were assigned to the intervening 2-h periods [as in Dean
et al. (2014)].

In addition to including the main effects of the explanatory
variables listed above, the following interactions were consid-
ered: seismic effect: sex (to assess whether the sexes responded
differently to seismic exposure); seismic effect: year (to assess
whether the response to seismic varied between study years);
and seismic effect: diel phase [to assess whether seismic expo-
sure disrupted diel behavioural patterns, as indicated by van
der Knaap et al. (2021)]. Given that a previous telemetry study
focusing on spawning cod in the same coastal region of Nor-
way found a significant interaction between sex and diel phase
in relation to swimming depth (Meager et al., 2009), for the
depth models a three-way interaction between sex, diel phase,
and seismic effect was also considered. The full suite of fixed
effects included in the models of behavioural responses for
both timescales are listed in Supplementary Table S2.

Fish ID was included as a random intercept to account
for expected inter-individual variation in behaviour and non-
independence of observations from the same individual. We
also tested whether the inclusion of random slopes improved
model fit. A random slope for seismic effect was consid-
ered, to account for potential inter-individual variation in the
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response to the seismic exposure. For the depth analyses, diel
phase was included as an alternative random slope, as clear
diel vertical migration patterns were observed in some indi-
viduals, and thus depth selection in response to diel phase was
expected to vary substantially between individuals.

To account for expected temporal autocorrelation between
successive recordings of behavioural indices, a continuous
time autoregressive model of order 1 (continuous time AR-
1) was fit (Pinheiro and Bates, 2000). The correlation struc-
ture was fit to the 10-min or 1-h time steps of the binned be-
havioural metric data and was nested within fish ID.

The optimum random structures and autocorrelation struc-
ture were identified by comparing Akaike’s information cri-
teria (AIC) of models including all fixed effects and differ-
ent combinations of random effects, fit using restricted max-
imum likelihood (REML) (Zuur et al., 2009). Once the op-
timum random structures had been determined, the function
“dredge” from R package “MuMIn” (Barton, 2020) was used
to fit models including the defined optimum random structure
and all combinations of fixed effects. Models were fit with
maximum likelihood (ML) for selection of fixed effects. The
model with the lowest AIC and highest weighting was refit
with REML to estimate coefficients. In cases where there was
similar support for >1 model (AAIC < 2), the simpler model
was used for interpretation of the data (Zuur et al., 2009).
Residuals and autocorrelation plots were used to assess model
fit. Models were fit using the R package “nlme” (Pinheiro et
al., 2021).

Changes in area usage

Changes in home range size and site fidelity in response to seis-
mic exposure were examined using indices of utilization dis-
tribution (UD) size change and overlap. Comparable periods
during the baseline year were used to assess whether changes
in area usage during exposure years were more pronounced
than usual. We only included mature fish with at least 30 po-
sitions [as in Meager et al. (2010)] for both the 4-d period be-
fore seismic exposure and during the seismic exposure survey,
since small sample sizes underestimate home ranges (Borger
et al., 2006).

For each fish, the 95% UD (UDgs in m?) was calculated
using the Brownian Bridge kernel method for autocorrelated
location data (Horne et al., 2007), using the function “ker-
nelbb” in the R package “adehabitatHR” (Calenge, 2020).
This UDgs, or home range, is the smallest estimated area where
the individual was predicted to have spent 95% of its time
during a given period, while accounting for travel between
relocations and uncertainty in the recorded positions. A sep-
arate UDys was calculated for each fish (a), where UDys , 1,
and UDys , 4 are defined as home range in the 4 d before
(b) and during (d) exposure periods, respectively. The first
parameter required for smoothing (sigl) was estimated from
the recorded tracks using the ML approach of Horne et al.
(2007). An estimate of sig1 was calculated for each individual
in each period. The median of all sig1 values was used in home
range calculation, to facilitate comparisons between individu-
als and periods. The error associated with the relocations was
incorporated into the model by setting the second smooth-
ing parameter (sig2) as the median horizontal positioning er-
ror (HPE,,) for that year (i.e. 2.6 m in 2019, 4.6 m in 2020,
4.0 m in 2021, see Supplementary Material and Table S1).
Sections of the estimated home ranges that overlapped with
land were removed, using a simplified representation of the

Bakkasund coastline (Supplementary Figure S10) and the R
package “rgeos” (Bivand et al., 2021a).

To estimate change in size of UDys for each individual
from before periods to during exposure periods, we calculated
AUDys , as:

AUDgs ; = UDgs 5 ¢ — UDos 4 1,-

To investigate the extent of overlap between UDy;s , , and
UDys, , 4 for each individual, a UD overlap index (UDOI) was
calculated as:

UDOL, }, 4
=100 [overlap, , 4/ (UDys , 1, + UDgs , ¢ — overlap, , 4)] .

where overlap, ;, ¢ (in m?) is the intersection between the
UDys, ., and UDys , 4 (Meager et al., 2010; Dean et al.,
2012), calculated using the package “raster” in R (Hijmans,
2021). The UDOI ranges between 0 and 100, with 0 indicating
no overlap and 100 indicating complete overlap. The UDOI
can therefore be considered a measure of the individual’s site
fidelity over this period, ranging from no change in area us-
age (UDOI = 100) to a complete change to a new location
(UDOI = 0).

To investigate whether changes in home ranges were more
pronounced during the seismic exposure years compared to
the baseline year, UDOI, 1, 4 and AUDys, , were calculated for
the exposure periods in 2020 and 2021, and for a compara-
ble period in the baseline year (2019), when no seismic expo-
sure was carried out. For 2019, the UDy;s , |, was calculated
from the period 06 February 2019 22:50 to 10 February 2019
22:50, and the UDy;s , 4 was calculated from the period 10
February 2019 22:50 to 15 February 2019 06:41. The periods
in 2019 were selected to have the same interval since tagging
as the periods in 2020. The periods were kept as similar as
possible each year to account for seasonal variation.

Linear mixed-effects models were fit to the AUDys, , and
UDOI, }, 4 to test if change in area and degree of site fidelity
were related to sex and year. The most complex models for
both response variables included sex, year, and an interaction
term. The year 2019 was used as the reference level in the
model, to compare the results of the baseline year to the results
in each exposure year. Rather than grouping 2020 and 2021
to a single “exposure years” level, the years were included as
separate levels in the model, to allow detection of potential
inter-annual differences in responses. Fish ID was included as
a random intercept in all models, as some fish were present in
>1 year. Model selection was carried out as described previ-
ously through comparison of model AICs.

Results

Sound exposure

In both 2020 and 2021, the seismic signal was clearly stronger
than the background noise and the noise made by the source
ship without active airguns, even at the furthest distance from
the source (Figure 2). The spectral analysis showed that the
main energy content of the seismic pulses lay in the frequency
range below 100 Hz (see Figure 2c¢ and d, Supplementary
Figure S4c and d in McQueen et al., 2022), as is the typi-
cal frequency range of conventional seismic airguns (Gisiner,
2016; Landre and Langhammer, 2020; Prior et al., 2021).
However, there was also energy above ambient level at higher
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Figure 2. SEL for the three different treatments (seismic, boat control, silent control) for the study years 2020 (upper panels) and 2021 (lower panels).
Data were recorded at bottom mounted hydrophone rigs in the outer bay, closest to the source (green points) and inner bay, furthest from the source
(pink points), as well as at a hydrophone array in the centre of the bay with two hydrophones: upper at 8 m depth (light blue points) and lower at 37 m
depth (dark blue points). For the outer bay, data for control runs (boat control, silent control) were not available for 2020 due to battery failure of the
hydrophone. For the centre bay hydrophones, several data gaps were present due to battery limitations of the hydrophones. Recordings of boat control
were missing for 2020 for the upper hydrophone and for both years for the lower hydrophone due to battery and hydrophone failure. Plots are
constructed using data collected at the different stations during different blocks of both the 2020 and 2021 exposure. X-axis shows time since start of
treatment. SEL during seismic treatments varies as the source vessel travelled around the racetrack, peaking when the source vessel reaches the

closest point of approach to the test site.

frequencies, and variation between shots (for additional de-
tails, see Sivle et al., 2021b; McQueen et al., 2022).

SEL at the different hydrophones varied over time (Figure
2) as the source vessel travelled around the racetrack, result-
ing in varying distance between the ship and the hydrophones.
Different depths along the racetrack and variable shielding
from the land also contributed to this observed variation in
received sound levels. At the hydrophone in the outer bay,
closest to the ship and the sound source, SEL during the seis-
mic treatments varied between 120 and 145 dB re 1 pPaZs,
while at the inner bay hydrophone, at the location furthest
from the source, SEL of the seismic signal varied between 115
and 130 dB re 1 uPa?s (Figure 2). The levels of the seismic sig-
nals were relatively similar between the two years. However, in
2020, due to higher background noise likely caused by stormy
weather during the survey period, the signal to noise ratio was
lower. Available data from the boat control and seismic con-
trol treatments are also shown in Figure 2.

Response of behavioural metrics to seismic airgun
exposure

Overall, the only significant relationship between the be-
havioural metrics and seismic exposure was a treatment-level
effect on swimming depth. No relationship between swim-
ming depth and BDA period was detected. No relationships
were detected between acceleration or displacement and seis-
mic exposure, at either timescale.

Cod swimming depth data ranged from 0 to 58 m. The
simplest models with the lowest AIC for both treatment-
level and BDA swimming depth responses to seismic expo-
sure included all main effects (seismic effect, sex, year, diel
phase). The selected model for BDA swimming depth re-
sponses also included an interaction between BDA period and
diel phase (Table 3). The optimum random structure for swim-
ming depth models included the autocorrelation term, fish ID
as a random intercept, and diel phase as a random slope (Sup-
plementary Table S2).

The selected treatment-level swimming depth model indi-
cated significant differences in swimming depth between seis-
mic and silent control treatments (a priori contrasts, Table
4). To compare the average swimming depths between all
treatment type combinations a posteriori, least-square means
were contrasted between treatments. The only significant
contrast was between seismic and silent control treatments
(0.39 £+ 0.13 m, adjusted p = 0.01), with no significant dif-
ference apparent between swimming depth during boat con-
trol treatments and swimming depth during silent control
(0.21 £ 0.13 m, adjusted p = 0.22) or seismic treatments
(—0.18 £ 0.12 m, adjusted p = 0.29). Although the over-
all effect sizes for differences between treatments were small
(0.39 m or less, Table 4), there was considerable variation be-
tween individuals (Supplementary Figure S4). Females were
shallower than males on average. Both sexes were shallower
at night than during the day, with swimming depths at dusk
and dawn intermediate. The fixed effect for year indicated
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Table 4. Summary of selected linear mixed-effects models to explain the treatment-level and BDA depth responses of cod.

Response variable Fixed effect Estimate SE df t-value p-value
Swimming depth (m), Intercept (seismic, 2020, female, day) 19.26 2.13 15751 9.05 <0.001
10-min bins
Boat control —0.18 0.12 15751 -1.5 0.132
Silent control —0.39 0.13 15751 —2.88 0.004
2021 9.72 1.7 15751 5.71 <0.001
Male 9.91 3.12 36 3.17 0.003
Dusk/dawn —0.42 0.22 15751 —-1.97 0.049
Night —1.52 0.42 15751 —3.66 <0.001
Swimming depth (m), Intercept (during, 2020, female, day) 22.75 1.97 9858 11.53 <0.001
1-h bins
After 0.71 0.47 9858 1.5 0.132
Before —0.76 0.52 9858 —1.47 0.141
2021 6.57 1.14 9858 5.76 <0.001
Male 9.93 2.84 32 3.49 0.0014
Dusk/dawn —-2.16 0.46 9858 —4.7 <0.001
Night —4.99 1.03 9858 —4.86 <0.001
After:dusk/dawn -0.5 0.32 9858 —1.54 0.122
Before:dusk/dawn 0.47 0.33 9858 1.42 0.156
After:night 0.03 0.44 9858 0.08 0.937
Before:night —0.07 0.44 9858 —0.16 0.875

Models also included a random-effects structure, and an autocorrelation structure (see Supplementary Table S2). Models were fit with REML for parameter

estimation.

that fish were on average deeper in 2021 than 2020 (Table 4,
Figure 3).

The selected BDA swimming depth model predicted that
average swimming depth in the 4 d before or after the expo-
sure period did not differ significantly from average swimming
depth during the 4.5-d exposure period (Table 4 and Supple-
mentary Figure S5). Similar to the treatment-level analysis, this
model indicated that males were deeper than females on aver-
age (Table 4 and Supplementary Figure S5). Swimming depth
also showed a similar pattern relating to diel phase, with fish
of both sexes deepest during the day, shallower at dusk/dawn,
and shallowest during the night (Table 4 and Supplementary
Figure S5). Although the interaction between diel phase and
seismic effect was included in the best fitting models, the pa-
rameter estimates indicated that this pattern was not disrupted
during the seismic exposure (Table 4 and Supplementary Fig-
ure S5). As with the treatment-level model, average swimming
depth was found to be deeper in 2021 than 2020 (Table 4).

No treatment-level or BDA effect of seismic exposure was
detected in the acceleration or displacement data, with the
models with lowest AIC for these behaviour metrics includ-
ing diel phase (displacement models, Table 3) or diel phase
and year (acceleration models, Table 3) as the only fixed ef-
fects. Seismic effect and sex were thus not included in the final
models for either behavioural metric. The optimum treatment-
level acceleration and BDA displacement models included seis-
mic effect as a random slope (Supplementary Table S2), sug-
gesting there may have been some individual variability in re-
lation to seismic exposure. Autocorrelation was detected in
all models, and model fit was significantly improved by in-
cluding fish ID as a random intercept, indicating variation in
the behaviour metrics between individuals and correlation of
successive records of behaviour metrics (Supplementary Ta-
ble S2). The year effect in the acceleration models indicated
that average acceleration was significantly lower in 2021 than
2020 (Supplementary Table S3 and Figures S6 and S7). Un-
related to seismic exposure, acceleration was higher and dis-
placement greater at night and dusk/dawn than during the day

(Supplementary Tables S3 and S4 and Figures S6 to S9). Dis-
placement per 10 min ranged from 0 to 317 m. Displacement
per hour ranged from 0.07 to 934 m. Acceleration records
ranged from 0 to 3.5 m s™2, with the latter being the maxi-
mum value the tag could record.

Changes in area usage in relation to seismic
exposure

Data from 8, 12, and 7 females and 12, 10, and 5 males in
2019, 2020, and 2021, respectively, were included in home
range analysis. Nine fish were present in >1 year. Average
time between positions to estimate UDoys , 1, ranged between
fish from 8 to 173 min with an overall average across all fish
of 33 min, and for the UDy;s , 4 between 6 to 179 min with
an overall average across all fish of 35 min. Across all years,
the number of positions used to estimate the UDy;s_, 1, ranged
from 33 to 695 (mean: 283.7), and the number of positions
used to estimate the UDys , 4 ranged from 31 to 978 (mean:
340.6).

The home range analysis provided no indication that cod
changed the size of their home ranges more during the seismic
exposure years than during the baseline year. Of all models
tested for explaining change in size of UD (AUDys, ,) between
before and during exposure periods, the null model had the
lowest AIC (Table 5), indicating that neither year [baseline
year (2019) compared to exposure years (2020 and 2021)]
nor sex improved the model fit. Overall mean + SE change in
home range was 14288 + 17103 m?. The mean + SE change
in home range size per year was 19713 4 19775 m? in 2019,
—1931 + 34975 m? in 2020, and 34979 4 29113 m? in 2021.

For site fidelity, characterized as the overlap of an individual
cod’s home range between the before and during exposure pe-
riods (UDOI, }, 4), there was similar support (AAIC < 2) for
three models with the lowest AIC: the model with sex as the
only fixed effect, the model with sex and year as fixed effects,
and the null model (Table 5). The null model can therefore
be selected as the simplest model with lowest AIC, indicating
that sex and year do not explain the variation in the degree
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Table 5. Model selection for linear mixed-effect models fit to UDOI,, , ¢ and AUDgs , estimates.

No. Response variable Fixed effects Random effects df AIC; A;(AIC) w;

1 AUDys, , none 1 | Fish ID 3 1423.6 0 0.60
2 S « 4 1425.6 2.0 0.22
3 Y « S 1426.8 3.2 0.12
4 S+Y « 6 1428.8 5.2 0.05
N S+Y+S:Y « 8 1431.4 7.9 0.01
6 UDOI, }, 4 S 1| Fish ID 4 494.8 0 0.43
7 S+Y « 6 496.3 1.5 0.20
8 none “ 3 496.5 1.8 0.18
9 Y « 5 496.9 2.2 0.15
10 S+Y+S:Y « 8 499.1 4.3 0.05

Models were fit with ML for model selection. Differences between model AIC and lowest AIC (A;) and Akaike weights (w;) are also shown. The simplest

models with lowest AIC are emboldened. S = sex; Y = year.

of site fidelity of individual cod. The calculated UDOI, j, 4
indicated some overlap of individual home ranges, with the
mean =+ SE across all individuals and years 37.3 + 3.1. The
mean £ SE UDOI per year was 44.5 + 4.6 in 2019, 32.8 £ 4.8
in 2020, and 33.6 &+ 7.4 in 2021. Additionally, plotting the
home ranges onto a map of the test site did not indicate an ob-
vious avoidance of regions close to the vessel racetrack during
the exposure periods (Supplementary Figure $10).

Discussion

No pronounced behavioural response was observed in wild,
spawning cod exposed to sound from airguns at SEL of 115
to 145 dB rel u Pa’s over 5 d. The only subtle behavioural
response to this exposure was that on average the tagged cod
used slightly deeper swimming depths during the seismic treat-
ments than during the silent control treatments. This response
varied between individuals. The cod neither changed their
swimming activity (acceleration, displacement) during seismic
exposure, nor altered their distribution within the bay more
during the exposure years than the baseline year.

The SEL at the study site during the seismic treatments
(ranging between 115 and 145 dB re 1 uPa’s) resembles the
predicted SEL at distances of 5 to >40 km from a full-scale
seismic array, depending on the propagation conditions (Han-
degard et al.,2013). It may be argued that SEL at our study site
were mostly too low to elicit a strong response from the tagged
cod. Previous experiments using captive, hatchery-reared cod
(Mueller-Blenke et al., 2010) and wild mackerel and sprat
(Hawkins et al., 2014) found that the experimental fish be-
gan to react to playback of impulsive sounds at levels to-
wards the upper end of the range of sound levels used in our
study. There are difficulties in directly comparing or extrap-
olating results from these previous experiments to our study
system, however. Hawkins et al. (2014) studied small pelagic
fish, which differ from cod in many ways, including in their
hearing abilities (Popper and Hawkins, 2019). Mueller-Blenke
etal. (2010) used captive, hatchery-reared cod, which may not
behave in the same way as wild, free-ranging fish (e.g. Mea-
ger et al., 2011). Additionally, these earlier experiments used
playback of artificial sound over short periods, whereas we
used real airguns over prolonged periods. It is important to ac-
knowledge that seismic surveys occurring at closer proximity
to spawning grounds, with higher sound levels than tested in
our study, could provoke an increased response from spawn-
ing cod. However, it is also important to note that the spatial

and temporal extent of these higher sound levels would be
limited compared to sound levels from more distant surveys.

The observed lack of response from swimming behaviours
other than swimming depth (acceleration, displacement, area
usage) is somewhat unexpected, given that previous studies on
free-ranging cod have found that passage of a seismic survey
at similar distances can displace cod (Engas et al., 1996), cause
behavioural changes consistent with a reduction in feeding
activity, and distributional changes consistent with increased
roaming (van der Knaap et al., 2021). Net-pen experiments
have also indicated that cod altered their horizontal position
in response to airgun exposure (Davidsen et al., 2019). The
SEL recorded at the test site in our study are in a similar range
to these previous experiments that documented behavioural
reactions in cod. The SEL at the study site of van der Knaap
et al. (2021) ranged from around 147 dB re 1 pPa’s at the
closest point of approach (2.25 km) of a full-scale seismic ar-
ray, to around 115 dB re 1 pPa®s at ~20-km distance (see
Supplementary Figure S3c¢ in van der Knaap et al., 2021). In
Engas et al. (1996), SEL was not measured, but reactions were
observed in fish up to 33 km from the seismic survey, which
overlaps with the range of distances imitated in our study (5—
40 km). In Davidsen et al. (2019), the distance between the
survey vessel and the experimental fish ranged between 0.1
and 6.7 km, and the SEL ranged between 133 and 155 dB re
1 uPa?s. Although it cannot be ruled out that some of the vari-
ation in responses between studies may be related to specifics
of the study design and the sound exposure levels, it seems
plausible that other biological factors play an important role.

Situation specific trade-offs likely dictate the level of re-
sponse of fish to seismic exposure, in an analogous way to
animal decision making under predation threat; maximizing
fitness through compromising between reducing risk of pre-
dation and reducing costs related to lost opportunities for
feeding or reproduction (Lima and Dill, 1990; Kavaliers and
Choleris, 2001). A strong motivation to stay in the area and
continue spawning behaviour, due to the link between spawn-
ing and fitness, might explain why we did not observe large
behavioural responses. In contrast, previous studies that did
report behavioural responses focused on cod in other be-
havioural states (i.e. feeding; Engas et al., 1996; van der Knaap
et al.,2021). Additionally, the fish may have habituated to the
disturbance, as the seismic exposure was repeated over sev-
eral days in our study. However, habituation to or tolerance
of a disturbance stimulus does not necessarily indicate a lack
of negative impacts (Bejder et al., 2009).
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Figure 3. Boxplots showing data used to analyse treatment-level effects of the experimental treatments (seismic, boat control, and silent control) on
swimming depth of tagged cod, with data for all individuals combined. For sample sizes per group, see Table 2. Overlaid black points with error bars
show the predicted values and 95% Cls from the selected model (model 1 in Table 3, see Table 4 for parameter estimates).

The only behavioural response to seismic exposure ob-
served in this study was a significant increase in swimming
depth during seismic treatments relative to silent control peri-
ods. An increase in swimming depth in response to exposure
to sound from seismic airguns was also observed in other stud-
ies. Diving has previously been reported as a response of other
fish species to seismic airgun exposure in various experimental
settings, including cod and saithe in a net pen (Davidsen et al.,
2019), free-ranging whiting (Chapman and Hawkins, 1969),
and free-ranging blue whiting, and mesopelagic fish species
(Slotte et al.,2004). In general, diving can be considered threat
avoidance behaviour, and fish may dive in response to stressful
stimuli (Papandroulakis et al., 2014).

Diving has also been reported as a response of various fish
species to an approaching vessel (e.g. Handegard and Tjos-
theim, 2005; Ona et al., 2007; De Robertis et al., 2008). In
the case of Handegard and Tjestheim (2005), cod reacted to
a vessel several hundred metres away, a response that was as-
sociated with deployment and use of trawl gear. Although it is
not completely understood which specific stimuli from a mov-
ing vessel fish react to, it is likely that radiated noise is impor-
tant (De Robertis and Handegard, 2013). In our study, aver-
age swimming depth during the boat control treatments was
intermediate between average swimming depth during seis-
mic (deepest swimming depths) and silent control (shallowest
swimming depths) treatments, and was not significantly dif-
ferent from either. This may indicate that the vessel itself was
partly responsible for the increased swimming depth of cod,
though cod seemed to react more strongly to the louder stim-
ulus of the active seismic shooting.

The differences in average swimming depths across all in-
dividuals between the experimental treatments were <0.5 m,
which is minor compared to the average differences between
sexes, years, and diel phases (Figure 3, Table 4). There was,
however, substantial individual variation, with much larger
differences between treatments observed for some fish (Sup-

plementary Figure S4), indicating that some individuals may
be more severely impacted than others. However, the overall
small effect sizes suggest that population-level impacts would
likewise be minor. None of the overall patterns in depth use,
notably those related to sex and diel phases, were disrupted
by the seismic treatments (Figure 3). The lack of evidence
for a longer-term effect of seismic airgun exposure on swim-
ming depth indicates that any responses were transient. Al-
though it seems unlikely that short-lived diving, within depth
ranges that cod traverse during their normal activities, would
strongly impact spawning success, any movement in response
to seismic airgun exposure may indicate an interruption of
natural behaviours. Therefore, studies which can directly mea-
sure spawning output are required to test whether swimming
depth responses can substantially impact reproduction.

In this study, the behavioural metrics were found to vary
with factors other than seismic, providing insights into cod
behaviour during the study period. Differences in swimming
depth between sexes and diel period, similar to those ob-
served during the limited sample of the spawning period stud-
ied here, have already been documented and linked to cod
spawning behaviour (Meager et al., 2009). Strong diel varia-
tion in acceleration and displacement were also observed. The
higher acceleration and longer distances travelled at night and
at dusk/dawn suggest increased activity during these periods,
when the majority of cod spawning tends to occur (Kjesbu,
1989; Fudge and Rose, 2009; Dean et al., 2014). The lower
acceleration during the colder of the two study years (2021,
Supplementary Figure S11) was likely caused by a decrease in
metabolic scope with decreased temperature (Claireaux et al.,
2000), and similar patterns have been observed in both lab-
oratory (Claireaux et al., 1995) and field settings (Freitas et
al., 2015). Similarly, the telemetry data revealed clear differ-
ences in swimming depth between the two study years, with
the cod’s use of deeper waters on average during 2021 presum-
ably linked to avoidance of colder surface waters during this
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year [Supplementary Figure S11; see also Freitas et al. (2021)].
None of these patterns in cod behaviour were disrupted by
the seismic exposure. The home range analysis suggested that
over the short time periods considered, cod were relatively mo-
bile and distributed throughout the bay, and this also did not
change significantly as a response to seismic.

Conclusions and recommendations for future work

In conclusion, we did not find substantial changes in the be-
haviour of cod in spawning condition at a spawning site when
exposed to seismic signals at SEL of 115 to 145 dB re 1 uPa’s,
corresponding to a relatively distant (5->40 km) seismic sur-
vey over an extended period (5 d). This builds on the results
from our companion paper (McQueen et al., 2022), which
showed that the same group of spawning cod apparently did
not perceive this seismic survey disturbance stimuli as suffi-
ciently high of a risk to warrant leaving the spawning ground
and lose spawning opportunities. We did find a small, but
significant, increase in swimming depth of cod during seis-
mic exposure. Since depth selection plays an important role in
the cod mating system (e.g. Morgan and Trippel, 1996; Win-
dle and Rose, 2006; Meager et al., 2009, 2012; Dean et al.,
2014), the impact of such a depth response on spawning suc-
cess should be examined further.

In this study, we used telemetry data transmitted at a tem-
poral resolution of several minutes and were therefore unable
to investigate other potential impacts of the seismic survey
on the spawning fish, such as physiological stress responses
(e.g. Sierra-Flores et al., 2015; Celi et al., 2016; Amorim et
al.,2022), communication masking (e.g. Stanley et al., 2017),
distraction (e.g. Chan et al., 2010), and startle responses (e.g.
Meager et al., 2011). Further studies are encouraged to assess
the risk that such responses to seismic surveys may pose to
cod spawning success.
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