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ABSTRACT:
There is high spatial overlap between grey seals and shipping trafÞc, and the functional hearing range of grey seals
indicates sensitivity to underwater noise emitted by ships. However, there is still very little data regarding the
exposure of grey seals to shipping noise, constraining effective policy decisions. Particularly, there are few
predictions that consider the at-sea movement of seals. Consequently, this study aimed to predict the exposure of
adult grey seals and pups to shipping noise along a three-dimensional movement track, and assess the inßuence of
shipping characteristics on sound exposure levels. Using ship location data, a ship source model, and the acoustic
propagation model, RAMSurf, this study estimated weighted 24-h sound exposure levels (10Ð1000 Hz) (SELw).
Median predicted 24-hSELw was 128 and 142 dB re 1l Pa2s for the pups and adults, respectively. The predicted
exposure of seals to shipping noise did not exceed best evidence thresholds for temporary threshold shift. Exposure
was mediated by the number of ships, ship source level, the distance between seals and ships, and the at-sea behav-
iour of the seals. The results can inform regulatory planning related to anthropogenic pressures on seal populations.
VC 2020 Acoustical Society of America. https://doi.org/10.1121/10.0001727
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I. INTRODUCTION

Global commercial shipping underpins trade and eco-
nomic development, and with the globalisation of
manufacturing and Þnancial markets, shipping has increased
dramatically since the start of the 20th century (Hoffmann
and Kumar, 2010). The carrying capacity of the world com-
mercial ßeet has increased by 1.6� 109 deadweight tonnes
since 1970 and was carried by more than 94 000 ships in
2018 (UNCTAD, 2018). Commercial ships emit low fre-
quency underwater noise from propeller cavitation, machin-
ery onboard the ship, and the ßow of water past the vessel
(Urick, 1983). This has been linked to a 3.3 dB per decade
increase in underwater ambient sound levels between 1950
and 2007 (Frisk, 2012). An increasing weight of evidence
suggests that shipping noise, deÞned as water-borne sound
(ISO, 2017) from motorised watercraft (Erbe et al., 2019),
can have a detrimental effect on marine mammals through
mechanisms such as communication masking (Hatchet al.,
2012; Jensenet al., 2009), behavioural change (Blair et al.,
2016; Dyndoet al., 2015; Mikkelsenet al., 2019), and phys-
iological changes such as hearing damage (Finneran, 2015;
Joneset al., 2017; Rollandet al., 2012).

As central-place foragers that return to haul-out sites to
rest, breed, and moult, seals heavily utilise the coastal zones
that are also home to busy shipping lanes.Joneset al.
(2017) highlighted a high rate of daily co-occurrence for
harbour seals, grey seals, and shipping within 50 km of the
coast. Evidence suggests that seals can ßush into the water
when cruise ships pass haul-out sites (Jansenet al., 2015),
and exhibit alert and orienting behaviour in response to the
sound of boat playbacks (Tripovich et al., 2012). In addi-
tion, Mikkelsen et al. (2019) report 2.2%Ð20.5% of the at-
sea time of tagged grey and harbour seals in the North Sea
contained audible shipping noise.

However, there is still very little information about the
at-sea exposure of seals to shipping noise and their spatial
relationship with shipping given their three-dimensional use
of the underwater environment. Grey seals (Halichoerus
grypus) frequently dive� 200 m to the seaßoor of the conti-
nental shelf, although where habitat permits, they can
exceed this depth (Jessoppet al., 2013; McConnell et al.,
1999; SCOS, 2018; Photopoulouet al., 2014; Thompson
et al., 1991). Evidence suggests that they can potentially
experience differential noise exposure of up to 10 dB as
they undertake such movement vertically throughout the
water column (Chenet al., 2017). To assess noise from ship-
ping, predictions primarily take the form of two-
dimensional maps (Erbeet al., 2014). However, these maps
often neglect or average the inßuence of depth. This may be
particularly problematic when assessing the exposure of
seals in shallow shelf seas, which are regions of intersection
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between dynamic environmental properties that inßuence
sound propagation and high density shipping (Simpson and
Sharples, 2012).

Phocid seals have a functional hearing range from
50 Hz to 80 kHz (National Marine Fisheries Service, 2018),
which overlaps with the dominant frequencies of noise from
large commercial ships (10Ð1000 Hz). Seals utilise sound
production and reception during mating, mother-offspring
interactions, and while maintaining territory (Hayeset al.,
2004; Van Parijset al., 2001). Grey seals vocalise at fre-
quencies between 100 and 500 Hz (Asselin et al., 1993)
placing them at risk of communication masking by shipping
noise (Bagocÿius, 2014). Exposure to underwater noise from
shipping has the potential to induce temporary or permanent
threshold shift, exhibited by an increase in the threshold
level at which an animal can hear at a given frequency
(Southallet al., 2007; Southallet al., 2019). The mean daily
sound exposure level measured at the Port of VancouverÕs
inbound shipping lane and weighted using a frequency
weighting function for underwater phocid pinnipeds was
156 [standard deviation (SD)¼1.3] dB re 1l Pa2s (Martin
et al., 2019), which did not exceed the 181 dB re 1l Pa2s
threshold for the onset of temporary threshold shift (TTS)
from non-impulsive underwater noise (ISO, 2017; Southall
et al., 2019). However, these measurements did not consider
seal habitat use.Joneset al. (2017) modelled the exposure
of harbour seals in the Moray Firth, Scotland, UK, to ship-
ping noise using seal tag movement data and reported that
when considering upper conÞdence intervals some estimates
did exceed the threshold for the onset of TTS. These predic-
tions were only based on the two-dimensional location of
seals at-sea and suggest there is still great uncertainty asso-
ciated with sound exposure predictions.

In response to evidence of the negative impact of under-
water noise on marine mammals, a number of international
regulatory bodies are taking steps to mitigate the risks asso-
ciated with shipping noise (European Commission, 2008,
2010, 2017). However, effective management is still con-
strained by a lack of data pertaining to the exposure of
marine life to shipping noise. As a result, it is difÞcult for
policy to set targets for acceptable noise levels without data
on historical and current noise levels against which to track
trends and measure the effectiveness of policy to mitigate
noise (Merchantet al., 2016). It is necessary to understand
the exposure of an individual, and consequently populations,
in order to explore the impact of this exposure on marine
animals (Merchant, 2019; Van der Graafet al., 2012).

Consequently, this study aims to predict the exposure of
individual seals to shipping noise using a sophisticated
underwater acoustic propagation model and the three-
dimensional location and dive tracks of tagged grey seals.
SpeciÞcally, the study aims to investigate the at-sea expo-
sure of grey seals at two different life stages: pups and
adults. The seal tracking data will link noise exposure
directly to at-sea vertical and horizontal spatial use by seals,
improving the applicability of the results to risk calculations
and marine spatial planning. The study also aims to

investigate the inßuence of ship source level, the number of
ships, and the proximity of ships to seals on predicted noise
exposure levels.

II. METHODOLOGY

This study undertook a historical reconstruction of 24-h
weighted sound exposure levels (SELw) (ISO, 2017) for seal
pups in the Celtic Sea and adult seals primarily located in
the English Channel with respect to shipping noise (Fig.1).
These regions host high volume shipping lanes (Fig.2) but
grey seals also utilise breeding and haul-out sites along the
coast, resulting in signiÞcant overlap between grey seals and
shipping (Joneset al., 2017; SCOS, 2018). The region is a
good example of a dynamically active, shallow, shelf sea
characterised by mesoscale eddies and fronts, as well as the
development of a strong thermocline in the summer
(Pingree, 1980), and the inßuence these properties have on
sound propagation (Shapiroet al., 2014). Seals were tagged
with FastlocVR Global Positioning System/Global System
for Mobile Communication (GPS/GSM) tags (SMRU
Instrumentation), which provided location and dive data for
each seal. The seals were tagged as part of separate studies
on animal movement and habitat use from 2009 to 2013
(Huonet al., 2015; Thompson, 2012). Weighted sound pres-
sure levels (SPLs) (ISO, 2017) from ships in a 24 h period
were predicted along each sealÕs three-dimensional track
using historic records of ship movements, a ship source level
model and a range dependent acoustic propagation model.

A. Seal location and movement data

The details of 18 seals included in the study are given in
Table I. Celtic Sea animals were tagged in2009 or 2010 at
sites on Anglesey or Ramsey Island, Wales, UK (TableI, Fig.
1) under Home OfÞce Licence No. 60/4009. English Channel
animals were tagged in the Iroise Marine Park under licence
Nos. 10/102/DEROG and 13/422/DEROG provided by the
French Ministry of the Environment (Fig.1). Seals were
caught, anaesthetised using ZoletilVR (Vibrac, France) where
necessary, and tags were glued to clean, dry fur at the base of
the neck using epoxy resin or cyano-acrylate contact adhesive.
The tagging methodology followedMcConnell et al. (1999)
and is explained in detail byThompson (2012, p. 6), Huon
et al. (2015, p. 1093), andCarteret al. (2017).

Erroneous GPS locations were identiÞed as those
obtained using fewer than Þve satellites and/or having high
residual error values from the FastlocVR position algorithm
(Dujon et al., 2014; Russell and McConnell, 2014). These
were removed, and tests on land reveal that such procedures
can result in a distance error< 50 m for 95% of locations
(Russell and McConnell, 2014). An animal was given the
status ÒdivingÓ when the tag registered a depth of 1.5 m or
deeper for greater than 8 s. A dive ended when depth was
shallower than 1.5 m. In order to produce a three-
dimensional track for each seal, the timestamps of location
and depth points transmitted by the tags were used to inter-
polate each dive in space using hermite curve interpolation
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(Kuhn et al., 2010; Tremblayet al., 2006). The tags attempt
to record regular location Þxes but they rely on the seal sur-
facing to capture satellite data (Carter et al., 2016). As a
result, the time between location points can vary, and there
can be bias in the number of GPS points to locations where
the seal is not diving. To address this, the interpolation also
re-sampled the seal track at a rate of 1 s to produce a track
with regularly spaced location points. Hermite curve inter-
polation can more closely represent the curvilinear paths of
animals moving through a ßuid environment than linear
interpolation (Tremblay et al., 2006). Dives that were not
within 180 min of a GPS Þx were excluded to reduce error
in interpolated locations (Carter et al., 2017). This value
retains as much continuous track as possible while limiting
error.

In order to calculate at-sea 24-h sound exposure levels,
periods of haul-out were excluded and track segments that
were 24 h in duration were extracted. Haul-outs were deter-
mined by the wet/dry sensors aboard the tag and periods of
haul-out were transmitted as part of the tag data message. In
addition, track segments had to be located entirely within
the study area to ensure Automatic IdentiÞcation System
(AIS) data coverage and overlap in time and space with
environmental datasets for acoustic modelling. The 24-h
track segments along which noise was estimated are shown

in Fig. 1 and the number of days processed for each seal is
shown in TableI. The mean maximum dive depth and mean
inter-dive interval for all seals was 34.7 (SD¼32.8) m and
58.1 (SD¼51.4) seconds, respectively.

B. Ship location data

This study utilised historical data from terrestrial AIS to
determine the location of ships at sea in relation to the grey
seal tracks. AIS data were obtained from ShipAIS (ShipAIS,
2018) and Marine TrafÞc for time periods that overlap with
the seal data. Each dataset provided coverage for a subsec-
tion of the total study area (Fig.1), but overall this resulted
in complete coverage of the area (Figs.1 and 2). The data
from all sources were combined in a SQLite database and
matched on the unique Þeld ÒMMSI number.Ó

A subset of 930 MMSI numbers were removed from the
analysis because no data on vessel length was available;
length was recorded as zero or they were identiÞed as base
stations and aircraft, resulting in 22 443 ships in the Þnal
AIS database. The data were split into transects. A transect
was deÞned as containing more than one AIS location point,
and the ship was moving at a speed over ground over 1.5
knots. Ships slower than this were likely to be stationary or
drifting at anchor (Marine Management Organisation, 2014,
2015). A transect ended and a new transect started when

FIG. 1. (Color online) Map of study area showing the bathymetric depth of region and 24 h seal track segments used to calculate weighted sound exposure
levels. Navy blue tracks are adult seals tagged in the Iroise Marine Park (Inset map: yellow dot). Light blue tracks are seal pups tagged on Anglesey (Inset
map: green dot) or Ramsey Island (Inset map: orange dot), Wales, UK.
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there was greater than 180 min between location points. The
next point was the start of a new transect. This 180 min time
interval was short enough to resolve ships rounding LandÕs
End, UK, and heading north into the Celtic Sea, as well as

those leaving and returning to the study area, while retaining
the presence of as many ships as possible. The location of a
ship along the transect at a particular time was estimated
using linear interpolation.

C. Ship source model

The source level (ISO, 2017) of each ship was calcu-
lated using the Research Ambient Noise Directionality
(RANDI) model (Breedinget al., 1996; Chenet al., 2017;
Erbeet al., 2014; Joneset al., 2017; Ross, 1976; Williams
et al., 2014). The model is based on the relationship between
ship source level, speed, and vessel length and has a satis-
factory agreement with monopole source levels (ISO, 2019)
derived from measured data. RANDI has exhibited underes-
timates of 5Ð13 dB at frequencies greater than 200 Hz
(Simard et al., 2016), and median estimation errors of 0
(6 7.1 dB) (Penget al., 2018) when compared to monopole
source levels. There are several ship source level models
available (Brooker et al., 2015; Wittekind, 2014) and each
of these models exhibit some level of disagreement (Jansen
and de Jong, 2017; Karasaloet al., 2017; Simard et al.,
2016) when compared to monopole source levels derived
from measured data (Chion et al., 2019; ISO, 2017). Given
this variation between models, a deterministic one-way sen-
sitivity analysis was conducted to assess the inßuence of
source level and other modelling parameters on the pre-
dicted exposure of seals. The resulting uncertainty in pre-
dicted exposure was calculated by generating bootstrapped

FIG. 2. (Color online) Ship transects derived from raw AIS data from all data sources. Shows AIS data coverage of area occupied by the seal tracks. Colour
ramp shows total number of transects that intersect a cell for all data (approximately 1 km� 1 km). Data between 2% and 98% of range visualised.
Transects are passages of a ship with more than 1 AIS location point, travelling at a speed over ground between 1.5 and 60 knots and with less than 180 min
between points. Maximum number of transects passing through a cell was 352 690.

TABLE I. Details of seal tag data used in the study. A total of 18 seals were
included; nine adults and nine pups. Noise was calculated for a total of 86
days. The table shows the percentage of the total time the seal spent at sea
used in the study. ISMP, Iroise Sea Marine Park.

ID
Location
tagged

Mass
(kg) Sex

% track
used Days

Age
Class

B23 ISMP 129 M 3.4 4 Adult
B24 ISMP 124 M 4.8 6 Adult
B26 ISMP 68 F 0.6 1 Adult
B27 ISMP 152 M 2.4 4 Adult
B31 ISMP 206 M 4.0 4 Adult
B32 ISMP 114 F 3.4 4 Adult
B33 ISMP 210 M 7.3 11 Adult
B35 ISMP 148 M 3.5 4 Adult
B37 ISMP 70 M 3.8 4 Adult
hg27-01-09 Anglesey 37 M 2.1 3 Pup
hg27-04-09 Anglesey 38 M 3.3 5 Pup
hg29-11-10 Anglesey 35 M 2.0 5 Pup
hg29-15-10 Ramsey 39 F 0.5 1 Pup
hg29-16-10 Anglesey 40 F 4.4 5 Pup
hg29-18-10 Ramsey 32 M 10.6 9 Pup
hg29-21-10 Ramsey 37 M 5.5 7 Pup
hg29-23-10 Ramsey 29 M 5.3 1 Pup
hg29-24-10 Ramsey 32 F 25.8 8 Pup
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samples ofSELw every 15 min along the seal track. A more
detailed explanation of this analysis is included in the
Supplemental Material.1

The length and speed of the ship for input into the
RANDI model was derived from the AIS data. Spectral
source levels were estimated at every 1 Hz between 10 and
1000 Hz and integrated to give 1/3 octave band source levels
(ISO, 2017). The 1/3 octave band source level was obtained
for each ship individually in a 15 min period using the shipÕs
length and speed over ground at that point along its transect.
Median broadband source levels in the database ranged
from 132 dB re 1l Pa2m2 for ships< 30 ft to 196 dB re 1
l Pa2m2 for ships > 630 ft. Ship source levels were not
grouped into classes.

D. Acoustic propagation model

The parabolic equation model RAMSurf (Collins, 1993)
was used to calculate propagation loss (ISO, 2017) between
each sound source and the location ofeach seal. This model is
suitable for range dependent, low frequency, shallow water
scenarios (Etter, 2013). The horizontal and vertical step param-
eters for the acoustic model were Þxed at 50 and 0.5 m,
respectively, for all simulations. These ensured a convergent
solution across all frequencies tested. Ships greater than 164 ft
(� 50 m) were assigned a source depth of 6 m (Scrimger and
Heitmeyer, 1991) and smaller vessels a depth of 3 m (Erbe
et al., 2012b). The model considers detailed three-dimensional
environmental changes. The environmental conditions were
described along each transect by submitting the bathymetric
depth, a sound speed proÞle for the water column, and geoa-
coustic parameters every 2 km to the maximum range of each
transect. Sediment type was determined from the EMODnet
Geology project seabed substrate map (1:1 000 000) (European
Commission, 2016). Geoacoustic parameters for the model
were extracted from the literature based on the percentage of
mud, sand, and gravel given in the sediment classiÞcation
(Hamilton, 1980; Long, 2006). The sound speed proÞle was
calculated using the nine-term equation proposed by
Mackenzie (1981). Temperature and salinity values for each
proÞle were extracted from the Iberian Biscay Irish Ocean
Reanalysis system (0.083� 0.083 degrees resolution; 50 depth
levels) available through the E.U. Copernicus Marine
Environment Monitoring Service (CMEMS; product identiÞer:
IBI_REANALYSIS_PHYS_005_002). Complete tables of
model and geoacoustic parameters are given in the
Supplemental Material.1

The bathymetry of UK and Irish waters was determined
using the EMODnet Digital Bathymetry (DTM 2016) at
1/8 * 1/8 arc min resolution (EMODnet Bathymetry
Consortium, 2016). This data is given in metres with refer-
ence to lowest astronomical tide but converted to mean sea
level using the Vertical Offshore Reference Frame data gen-
erated by the UK Hydrographic OfÞce (Adamset al., 2006;
Turner et al., 2010). Bathymetric data for French waters
were taken from the MNT Bathym�etrique de facade

Atlantique (Projet Homonim), which is provided in metres
with reference to mean sea level (Shom, 2015).

Seal tag data provides depth with reference to the water
surface. This varies in height with respect to the sea ßoor
throughout the tidal cycle. The seals are diving throughout
the tidal cycle and, therefore, can dive deeper than the
bathymetry layer at certain points. This was minimised by
using bathymetry with reference to mean sea level and noise
exposure values were corrected to the noise level 5 m above
the sea ßoor if there was a mismatch between maximum
dive depth and bathymetric depth. The impact of this correc-
tion was assessed within the sensitivity analysis presented in
the Supplemental Material.1

Simulations were conducted at the centre frequencies of
one-third octave bands between 10 and 1000 Hz. This fre-
quency range encompasses the maximum energy output for
ships and covers both of the frequencies (63 and 125 Hz)
recommended by the Marine Strategy Framework Directive
as important for monitoring shipping noise (European
Commission, 2008, 2010, 2017). However, it is noted that
ship source levels do extend beyond this (Veirs et al., 2015).
The propagation loss output was smoothed to remove varia-
tion associated with the coherent nature of the model. This
was completed using a moving average (Harrison and
Harrison, 1995).

E. Construction of three-dimensional received noise
levels

At each 15 min time step, a three-dimensional noise Þeld
of broadband (10Ð1000 Hz) weighted SPL (SPLw) (ISO, 2017)
was generated for the area enclosing the dive and location
track of the seal (Fig.3). SPLs (ISO, 2017) for each ship were
calculated by subtracting smoothed propagation loss values,
calculated using the RAMSurf model, from the ship source
levels, calculated using the RANDI ship source model. The
RAMSurf model output is two-dimensional (range and depth).
Three-dimensional coverage of the area enclosing the seal
track was generated by calculating propagation loss along mul-
tiple transects at an azimuth of 2.5� . This produced a noise
Þeld composing depth and range at multiple azimuths (Fig.3).
SPLs were weighted using two methods: the underwater m-
weighting function proposed bySouthallet al. (2007)for pin-
nipeds and the underwater frequency weighting function for
phocid pinnipeds proposed bySouthall et al. (2019).
BroadbandSPLw (10Ð1000 Hz) was calculated by integrating
across all frequencies (approximated by summation). Total
SPLw (10Ð1000 Hz) from all ships at each point along the seal
track was calculated by summing the noise intensity of each
ship as shown in Eq.(1), whereli is the ith ship andn is the
number of ships in 15 min,

totalSPLw ¼ 10log10

Xn

i¼1

10li=10: (1)

The ship locations were determined for the mid-point of
each 15 min time period. The ships were assumed to remain
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stationary during each 15 min period and the seal moved
throughout the noise Þeld. It is recognised that in reality, the
ships and seals would move relative to each other in a 15
min period. However, the computational time required to
recalculate the sound Þeld using the RAMSurf model is a
key factor in determining the possible temporal resolution
for noise calculations. This parameter was included in a sen-
sitivity analysis (see Supplemental Material1) that demon-
strated the sufÞcient accuracy of a 15 min resolution.

All ships within 120 km of the sealsÕ location in a 15
min period were included in noise calculation estimates. It
was a precautionary threshold to include all possible ships
contributing to noise levels. Seals located close to the
boundary would be exposed to fewer ships due to the lack of
AIS data outside the boundary. To combat this issue, a
15 km buffer zone was implemented. Seal tracks only
touched the edge of the 15 km buffer zone on 5 of 86 days.

F. 24-h sound exposure levels and prediction
of auditory damage

The exposure of the seal to shipping noise was linearly
interpolated from the sound Þeld for each 24-h period to
give sound exposure levels with a temporal resolution of 1 s
(i.e., a noise exposure value was predicted at the sealÕs loca-
tion every 1 s). The temporal exposure period of 24 h is arbi-
trary (National Marine Fisheries Service, 2018; Southall
et al., 2019). However, this is the standard cumulative
period utilised byNational Marine Fisheries Service (2018)
for assessing auditory threshold shift.

Sound exposure has the potential to have a negative
impact on auditory systems through permanent threshold
shift or temporary threshold shift, as well as instigate mal-
adaptive behavioural or physiological responses (Hastie
et al., 2018; Rolland et al., 2012; Southall et al., 2019).
Consequently, this study reports two sound exposure values,

24-h SELw and 24-hSELw above effective quiet. The 24-h
SELw represents the total contribution of shipping noise per-
ceivable by seals to the soundscape (ISO, 2017) (given the
limitations in AIS data) and includes weighted SPLs emit-
ted by ships that, while may not be at an intensity to cause
auditory damage, may be pertinent in assessing behavioural
responses to noise levels or when assessing the contribution
of shipping to the wider soundscape. The 24-hSELw above
effective quiet was calculated by removingSPLw values
below an estimated level of effective quiet for grey seals,
124 dB re 1l Pa2 (Finneran, 2015). Effective quiet can be
deÞned as the exposure levels which neither result in TTS
nor retard the recovery of TTS from a previous exposure
(Ward et al., 1976). It recognises that some sound expo-
sures are at a level that no matter how long the exposure
lasts, it will never result in TTS (Ward et al., 1976). It is
important to consider the effective quiet threshold when
calculating sound exposure levels because accumulating
low sound levels over long durations may result in an
inßated impression of sound levels (Finneran and
Branstetter, 2013). However, there is very little data on
appropriate levels of effective quiet in marine mammals
(Finneran, 2015). Hence, the value used here was estimated
by Finneran (2015)when considering the lowest value
known to cause TTS in pinnipeds. The two types of sound
exposure levels were weighted using theSouthall et al.
(2007) frequency weighting function and compared to the
best estimate value of 183 dB re 1l Pa2s for the onset of
TTS in pinnipeds with respect to non-impulsive sounds
(Southall et al., 2007). For comparison, they were also
weighted using the updated frequency weighting function
proposed bySouthallet al. (2019)and compared to the cor-
responding threshold of 181 dB re 1l Pa2s for the onset of
TTS in phocid pinnipeds (Southall et al., 2019).
Uncertainty estimates associated with modelled values are
provided in the Supplemental Material.1

FIG. 3. (Color online) Diagram of methodology used to create the received noise Þeld for each 15 min of seal track. For each 15 min track segment, the track
was enclosed in a rectangle. For each ship, the bearing between the ship and corners of the rectangle were calculated. The maximum bearing was increased
and the minimum bearing was decreased by 2.5� to ensure complete coverage of the seal track and transects between the two outer transects were created at
an azimuth of 2.5� . Propagation loss and hence received SPLs were calculated along each transect and at every 1 m in depth. (a) Top view; (b) depth view.
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G. Analysis of shipping traffic

The relative inßuence of ship source levels, distance,
and the number of ships on the calculated sound exposure
levels from shipping was analysed using a Generalised
Additive Mixed Model (GAMM). GAMMs allows for non-
linear relationships between the response variable and the
explanatory variables and the inclusion of random effects.
The response variable, 15-minSELw (i.e., SELw integrated
over 15 min and weighted using frequency weighting func-
tion proposed bySouthallet al., 2007), was modelled using
the explanatory variables, closest point of approach of a ship
(CPA), deÞned as the minimum separation distance between
a seal and any of the ships in the 15 min section, the maxi-
mum source level of any ship in the 15 min (SLmax), the
number of ships within 120 km of the seal for those 15 min
(NUM), and the location of the seal (English Channel or
Celtic Sea). CPA, NUM, andSLmax were included in the
model as individual smooths as well as a multivariate
smoothed term using tensor product smooths of cubic
regression splines (Wood, 2006). This was appropriate
because each covariate was not isotropic (i.e., they did not
have the same scale) (Wood, 2006). The GAMM models
were implemented in R version 3.5.3 (R Core Team, 2019)
using the mgcv package version 1.8Ð28 (Wood, 2003, 2004,
2006). The models were implemented using a Gaussian
error structure with an identity link function. The response
variable was log transformed [log(y)] to improve the nor-
mality of the residuals where different model families (e.g.,
Gamma) did not improve the model.

The random variable seal was included to account for
the possibility of greater similarity between the exposures of
an individual seal compared to other seals. Each 15 min
sample was highly autocorrelated because it was likely to
contain the same ships as those before and after it. As a
result, the data were subsampled and every tenth 15 min sec-
tion was included in the model. The inclusion of a spherical
correlation structure [corSpherðform ¼� 1jsealÞ] reduced
any remaining autocorrelation between the residuals where
necessary. Model selection was completed using AkaikeÕs
Information Criterion (AIC) and followed the methodology
laid out by Zuur (2009)by Þrst creating a model with all
variables, determining the random structure that gave the
lowest AIC and then determining the optimum Þxed effects
structure by removing variables and comparing AIC values.
AIC was given by� 2loglikelihoodþ 2k, where k is the
number of parameters. Model validation was completed by
visual inspection of the residuals.

III. RESULTS

A. Shipping traffic and seals

The weighted sound exposure levels of adult grey seals
in the English Channel and grey seal pups in the Celtic Sea
varied as they moved throughout their environment, particu-
larly, lower received levels resulted from scattering and
absorption at the boundaries with the surface and bottom of

the ocean (Figs.4 and5). Spatial variation in received noise
levels was driven in part by the number of ships, the source
level of the ships and the distance between the seal and the
ship. In a 15 min period, within 5 km of the seal, the mean
number of ships was only 1.1 (SD¼0.3) for the Celtic Sea
and 1.3 (SD¼0.5) for the English Channel. However,
within 120 km of the seal, this was higher for the English
Channel group at 26.9 (SD¼24.5) ships and lower for the
Celtic sea group at 6.5 (SD¼7.2) ships, highlighting the
overall busier nature of the greater English Channel area
(Fig. 2).

The CPA between a seal and any of the ships in a 15
min section, was 161 m for the English Channel seals and
535 m for the Celtic Sea seals. The majority of 15 min sec-
tions (52%) had a CPA below 35 km. For the English
Channel seals 65% of CPA for ships were below 35 km,
whereas ships in the Celtic Sea were generally not as close
to the seals and only 41% of CPA were below 35 km.

The source levels of ships included in the predictions
were greater in the English Channel (median¼176 dB re 1
l Pa2m2, Inter-Quartile Range, IQR¼46 dB) than the Celtic
Sea (median¼170 dB re 1l Pa2m2, IQR¼34 dB). This dif-
ference was even more stark when only considering those
ships that were within 5 km of the seal. The median source
level in the English Channel was 177 dB re 1l Pa2m2

(IQR¼30 dB) but this was only 154 dB re 1l Pa2m2

(IQR¼20 dB) in the Celtic Sea. Seals included in the study
in the Celtic Sea, generally utilised areas located further
from the major shipping lanes where the largest ships are
concentrated (Figs.1 and2).

The relationship between 15-minSELw, the CPA of a
ship, maximum ship source level (SLmax), and the number of
ships within 120 km of the seal (NUM) in that 15 min was
modelled using a GAMM. The model, following stepwise
model selection using AIC, included the multivariate
smooth of CPA, NUM, andSLmax, as well as the main effect
smooths ofSLmax and CPA as signiÞcant explanatory varia-
bles (TableII ). It did not include location or the number of
ships as an individual smooth (TableII ). The 15-minSELw

decreased as the CPA increased, and 15-minSELw increased
as the maximum ship source level increased. As the CPA
increased, noise remained constant if the maximum source
level increased and/or the number of ships increased. This
relationship did not differ between the Celtic Sea or English
Channel. However, in the Celtic Sea, there are fewer 15 min
sections with high numbers of ships, a close approach and
high SLmax than the English Channel (Fig.6). Model valida-
tion plots are included in the Supplemental Material1 and
show the residuals and autocorrelation were appropriately
modelled.

The relationship between CPA, NUM, andSLmaxcan be
examined more closely in Figs.4 and 5, which also show
the distance between a seal and the ships that were included
in the soundscape calculations. Figure4 shows three peaks
in SPLw greater than 105 dB re 1l Pa2 just before 12:06, at
14:53, and between 23:13 and 02:00. The high noise levels
at the seal are mediated by the source level of the ship, how
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