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MSC: Ocean noise generated by human activities at sea has been increasing over the decades, affecting marine eco-
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Portugal one of the most intense shipping highways on a global scale. Among the cetaceans of the coast of
Portugal, the common dolphin (Delphinus delphis) was selected as a target species. Based on 15 years of obser-
vations, the common dolphins' habitat suitability was estimated, together with the shipping noise maps for the
year 2019, to produce seasonal risk maps for the same year. A large number of areas with a high noise risk index
(>0.85) were found in Portugal's southern and southwestern coasts, especially during the summer and fall
seasons. Comparably, the 0.50 risk index exceeds 7 % and 3.5 % of the total area in summer and fall, respec-

tively. These percentages decrease to 1 % in spring and winter.

1. Introduction

Ocean noise is a global concern for its impact on marine life world-
wide (National Research Council, 2003; Board et al., 2011; McKenna
et al., 2013; Hildebrand, 2009). Underwater noise was considered an
important stress factor for the Good Environmental Status (GES) of the
ocean under the Marine Strategy Framework Directive (MSFD) (der
Graaf et al., 2012). Noise generated by ships is the most pervasive and
ubiquitous component of ocean noise (National Research Council, 2003;
Soares et al., 2020; Redfern et al., 2017; Harris et al., 2016). The in-
crease in global trading, with the inevitable increase of ship traffic, in
turn led to an increase of underwater noise levels over the years (=~ 3 dB
per decade) (Rolland et al., 2012; Frisk, 2012; Merchant et al., 2016).

Fig. 1 shows the global ship density over an entire year, according to
Marine Traffic. Europe has a high or very high ship density, including
Portugal, which is affected along its entire coast due to the north-south
bound traffic to/from the Strait of Gibraltar, south America and Africa,
and the north of Europe.

One of the most evident consequences of the increase in underwater
noise levels is the harmful effect that it may have on marine species due
to their dependency on sound (Hawkins and Popper, 2014; R. Duarte
et al., 2021; C.M. Duarte et al., 2021; Finneran, 2016; Richardson et al.,
1995; El-Dairi et al., 2024; Moretti and Affatati, 2023). The Portuguese
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coast offers exceptional conditions for marine life and biodiversity, fa-
voring the presence of many different marine ecosystems (Martinho
et al., 2015; Correia et al., 2015; Castro, 2010; Brito et al., 2009) which,
due to the regions' upwelling, promotes the presence of prey for many
cetaceans such as whales and dolphins, recurrently sighted in several
periods of the year (Putland et al., 2017; Nowacek et al., 2007).

This paper evaluates the exposure to ship traffic noise of the common
dolphin (Delphinus delphis), which is used in this study as representative
of the small/medium-sized marine mammals due to its abundance on
the North-East (NE) Atlantic (Brito and Sousa, 2011) in general and
along the Portuguese coast in particular.

The analysis proceeds through the production of risk maps based on
the combination/overlap of noise maps and habitat suitability (HS)
maps, giving a visual output of the most endangered areas.

This paper follows a classical structure being divided into materials
and methods, results/discussion, and conclusions. The materials and
methods, Section 2, is broken down in three sub-sections addressing the
description of the shipping noise model, the description of the HS model,
and the methodology used to produce the risk maps. The results and
discussion Section 3 follows a similar structure as Section 2, addressing
the results obtained for shipping noise, for HS and finally for risk. The
final section summarizes some conclusions and attempts to motivate
future work.
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2. Materials and methods

This section describes the methodology used to estimate the shipping
noise maps, the HS maps, and the approach to calculate the resulting risk
maps considering the common dolphin species for the complete Portu-
guese coast. Noise maps and HS maps were generated for the four sea-
sons of the year: winter (December, January, and February), spring
(March, April, and May), summer (June, July, and August), and fall
(September, October, and November).

Fig. 2 shows the bathymetry (a) and the cumulative ship traffic based
on the AIS along the Atlantic margin of the Iberian Peninsula (b). The
rectangle indicates the selected target area considered in this study. The
Portuguese coast is characterized by a continental shelf varying from
approximately 8 km in the country's southwest cape (Sagres) to 70 km in
the region to the north of Lisboa (40° north). Several long and deep
submarine canyons can also be seen in Fig. 2(a). Note that most of the
target area (approximately 60%) is for acoustic modeling purposes
considered as shallow water (less than 200 m water depth). Fig. 2(b)
shows the ship traffic cumulative density that can be divided into three
components: large vessels using the offshore Traffic Separation System
(TSS), large vessels reaching major ports (as for example, Porto, Aveiro,
Lisboa and Sines), and coastal traffic due to small or medium-sized
fishing and recreational boats (as for example in the south of Portugal,
near Settibal, or between Aveiro and Porto). Notice that the target area is
placed at the border of the TSS.

2.1. Shipping noise modeling

Shipping noise maps were generated for the year 2019, based on the
Automatic Identification System (AIS) extracted from ExactEarth data-
base with a spatial resolution of 1 km by 1 km and a temporal resolution
of 10 min. Considering that, at some frequencies, sound propagates for
very long distances, the contributions of the vessels in the full area
shown in Fig. 2 were considered for the modeling of the noise distri-
bution in the black rectangle.

Shipping noise maps were generated following the methodology
outlined in the diagram of Fig. 3.

Ship source level (SL) was assigned using the JOMOPANS-ECHO
source model, which considers vessel type, speed and length drawn
from AIS (Macgillivray and de Jong, 2021).
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Acoustic transmission loss (TL) was calculated based on KRAKEN
normal mode propagation model (Kuperman et al., 1991; Porter and
Reiss, 1984) fed with the bathymetry (downloaded from GEBCO data-
base (Weatherall et al., 2015)) and sound speed profiles (SSP) charac-
terising the water column properties of the area, were determined
through the MacKenzie nine-term equation (Mackenzie, 1981) through
the salinity and temperature profiles (obtained from Copernicus Marine
System database). The influence of bottom properties in the sound
propagation in deep water is residual. Therefore, historical bottom
properties obtained through extensive studies for the continental plat-
form near Settibal were used in the whole target area (Jesus et al., 2002).
These properties consider a generic bottom composed of a sandy sedi-
ment layer over a rocky sub-bottom as described in detail in Table 1.

Once the TL was estimated for each source/vessel position (obtained
from AIS) to every point in the spatial grid and for the considered
number of frequencies f, the sound pressure level (SPL) was calculated
according to the equation in Fig. 3 as the range-azimuth discs of each
individual source converted to latitude-longitude-depth coordinates
(vector r) and then summed over all Q sources, weighted by the esti-
mated source level SL. This process is iterated for each time t at 10 min
interval.

The frequency band of [31-1008] Hz was covered through 1/3
octave bands (base 10). The KRAKEN model was run for the 1/3 octave
bands center frequencies and for the receiver depths comprised between
10 and 50 m, which represent the usual diving and foraging depths of
the common dolphin (Evans, 1994). The resulting noise field is a 5-
dimensional hypercube, that was reduced as follows: SPL was first
averaged in-depth (between 10 and 50 m) and then summed over the
frequency band. Further reduction was obtained through time averaging
in specific seasonal periods resulting in the latitude-longitude maps as
shown in Section 3.

2.2. Habitat suitability modeling

Habitat suitability (HS) maps were developed for the common dol-
phin species using the occurrence records of three independent com-
panies: a) Sociedade Portuguesa para o Estudo das Aves (SPEA), b)
SeaEO Tours, and c) Marllimitado.

The dataset provided by SPEA was obtained from linear transect
surveys carried out with the European Seabirds At Sea (ESAS) method
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Fig. 1. Global ship traffic density over an entire year obtained from Marine Traffic, with the following color coding: blue (zero), green (low), yellow (intermediate)
and red (high) ship density. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Bathymetry (a) and cumulative ship traffic distribution based on the AIS of 2019 (b) along the Iberian Peninsula. The rectangle indicates the target area

considered for this study [longitude —10; —8] and [latitude 36.5; 42].
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Fig. 3. Shipping noise estimation diagram: environmental data and AIS inputs
(top), sound propagation and source level computer models (middle)
combining formula for SPL estimation and shipping noise map output (bottom).

Table 1

Assumed seabed parameters.
Model parameter (units) Value
Sediment speed (m/s) 1650
Sediment density (g/cm®) 1.9
Sediment attenuation (dB/1) 0.8
Sediment thickness (m) 10
Sub-bottom speed (m/s) 1800
Sub-bottom density (g/cm®) 2.8
Sub-bottom attenuation (dB/4) 0.2

(Adapted from Jesus et al. (2002); Soares et al. (2015).)

along the whole coast of Portugal to a maximum distance of 75 km from
the coastline. This dataset spans the period from 2005 to 2020, with
records equally distributed throughout the year. The datasets provided
by the other companies were much more limited in space and time. For
SeaEO Tours the observations cover a complete two-year period be-
tween 2019 and 2020 and for Mar Ilimitado, the data set covered the
period between April and October over the years of 2005-2020.

This methodology is fully detailed in Fernandez et al. (Fernandez
et al., 2021) in which the combination of the target species' observation
records and the target area's environmental characteristics was used to
perform an Ecological Niche Model (ENM) through a maximum entropy
algorithm called MAXENT (Philips et al., 2018). Terrain variables of
water depth and seabed slope from NOAA ETOPO 1 Global Relief Model
were used together with oceanographic variables of sea surface tem-
perature (SST) from Copernicus database and chlorophyll-a also from
Copernicus database. A minimal temporal resolution of 8 days
throughout the period from June 2005 until June 2020 was used. Then,
the HS data in this period was averaged to obtain the HS maps for each
season. A spatial resolution of 2 km by 2 km was considered. The vari-
ance inflation factor (VIF) was implemented to avoid collinearity among
environmental predictor variables (using usdm R package (Naimi,
2015)). A targeted selection approach was used to correct for biases and
provide better distributional estimates.

Different background selections were made according to the
different nature of each dataset. It was used the Minimum Sampled Area
for whale watching data as implemented in Fernandez et al. (Fernandez
et al., 2021). Background data for the surveys were extracted following
the same principle, but in this case adding a buffer on the surveyed area
each 8-day period. An identical seasonal division that was used for noise
modeling was adopted for the production of HS maps.

2.3. Risk map calculation

Generating risk maps requires combining shipping noise and species
density maps. Firstly, since the spatial resolutions were not the same,
both maps were re-adjusted to the lower spatial resolution of 2 km by 2
km. Risk maps were then created considering a similar approach to that
of Erbe et al. (Erbe et al., 2014), which normalizes from 0 to 1 both the
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species density maps and the noise maps. The only difference between
Erbe's et al. (Erbe et al., 2014) and the present study is the fact that HS
maps were used instead of species density maps. The maximum value
over the whole year was considered for HS and shipping noise normal-
ization. In the next step, shipping noise and HS normalized maps were
overlapped by a point-to-point multiplication of the normalized noise
and habitat maps, over the whole space. The resulting risk scores were
also normalized between 0 and 1, considering, again, the year's
maximum value. The normalization by year's maximum allows for
comparing risk between seasons.

In order to take advantage of the 15-year-long series of common
dolphin observations, HS maps plus or minus one standard deviation
(+ops) were calculated, and the procedure above was repeated to obtain
the respective risk maps, still using the shipping noise distribution map
of 2019. This strategy allows for the observed HS variability of 15 years
to be used as an indicator of possible upper and lower risk bounds if such
variability was observed with the shipping noise of 2019.

3. Results and discussion

This section presents the results of, first, the shipping noise map
produced for each season of the year 2019; second, the HS map for the
common dolphin species; and third, the resulting risk map for the entire
Portuguese coast. Finally, the overall meaning of our findings and po-
tential future studies are discussed.

3.1. Shipping noise maps

Mean broadband shipping noise is shown in Fig. 4, where higher
noise levels can be seen in the winter season (a), followed in decreasing
order, by fall (d), spring (b), and summer (c).

As expected, the higher noise levels are registered in the vicinity of
the TSS, as well as in the vicinity of important ports such as Porto,
Aveiro, and Sines, and in occasional coastal spots, especially in the south
of Portugal. Most of the TSS crosses deep water where sound propagates
easily in a typical periodic pattern of shadow and convergence zones,
that may be broken when encountering the steep slope of the continental

(a) (b)
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platform towards the Portuguese coast. The net result is an abrupt noise
level decrease when entering the continental shelf, which is clearly
noticed in almost the whole area. The exception is the zone slightly to
the north of Lisboa, where the TSS actually crosses over the continental
platform, giving rise to a ducted propagation at relatively high levels
towards the coast (winter case of Fig. 4(a)).

In winter (plot (a)), the noise level near ports is remarkably intense,
followed by fall (d), spring (b) and summer (c), in decreasing order.
Additionally, comparing noise levels between ports one can remark that
Porto and Aveiro show the most intense noise levels followed by Sines
and Settbal/Lisboa. This may indicate that Porto and Aveiro have
higher traffic than Sines, but also that the bathymetric slope is sharper in
Sines than off the ports in the north of Portugal. In the south of Portugal,
higher noise levels were obtained during the summer, and it may be
speculated that fishing and tourism are the main contributors. This re-
sults from a simple correlation with two main activities taking place in
that region, precisely in that period of the year. One may argue that
many touristic recreational boats may not have an AIS transponder and,
therefore, would not be included in this distribution, which reinforces
that these noise maps represent optimistic lower levels, at least for some
areas and periods of the year.

3.2. Habitat suitability maps

HS results are shown in Fig. 5 for winter (plot(a)), spring (b), summer
(c) and fall (d). These results show a significant variability between
seasons, with the highest HS values in summer, followed by fall, spring
and winter. The high scores obtained in winter and summer were
somehow expected, as well as those of spring and fall. This might be
explained by the water temperature and chlorophyll content in the
water. Common dolphins are generally found in cold and highly pro-
ductive upwelling-modified waters (Au and Perryman, 1989; Roden and
Mullin, 2000; Santos et al., 2001; Jefferson et al., 2009). The spring-
—summer seasonal upwelling variability off the Portuguese west coast
greatly influences the recruitment dynamic of sardines and horse
mackerel (Santos et al., 2001), which are the main prey of the diet for
common dolphin in this area (Marcalo et al., 2018). Therefore, the

(c) (d)
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Fig. 4. Mean broadband shipping noise predictions considering 1/3-octave band levels (base 10) during the four seasons of the year 2019: winter (a), spring (b),

summer (c) and fall (d).
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Fig. 5. Common Dolphin's average HS distribution index along seasons: winter (a), spring (b), summer (c) and fall (d).

typical summer upwelling season (June-September), which positively
affects the recruitment of small pelagic species, is influencing the habitat
suitability of common dolphins presented here, with higher values
during summer and fall.

Fig. 5 shows higher HS values near the coast till the bathymetric line
of 200 m, following the limits of the continental platform for all seasons.
Also, in this case, this could be explained by the small pelagic fish, which
are the primary nourishment for dolphins, that are especially abundant
in shallower waters (Yen et al., 2004; Moura et al., 2012; Jefferson et al.,
2009), and consequently favoring the habitat near the coast. This is
especially true during the summer season, which is also reflected in
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3.3. Risk maps

This section presents risk maps for the target area, considering the
common dolphin's average HS distribution of the previous fifteen years
and the shipping noise produced over the four seasons of 2019. Fig. 6
shows the risk index for winter (plot (a)), spring (b), summer (c) and fall
(d).

Risk maps show an important seasonal and spatial variability in
which summer presents the higher risk index spread for wider areas,

Risk index

LONGITUDE

LONGITUDE

Fig. 6. Risk index for the Portuguese coast for each season: winter (a), spring (b), summer (c) and fall (d).
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followed by fall, spring and winter. These results are interesting since,
even if the highest noise levels occur during the winter season (see
Fig. 4), because the HS index is low during that period (see Fig. 5), the
risk index is reduced. The opposite occurs in the summer season, with
shipping noise levels being lower than in the rest of the year but, in this
case, the HS is very high in coastal areas, resulting in a higher risk index.
The fact is that the target area shows an almost homogeneous noise
distribution (apart from a few localized spots), which results from the
shallow bathymetry near the coast and the shipping routes being
offshore. This makes risk maps mostly modulated by HS variability,
which is itself biased towards the shallow areas with high productivity
along the continental shelf, thus the preferred areas for the common
dolphin. So, in general, higher risk levels are concentrated in shallow
water, extending till the continental platform limits (~ the bathymetric
line of 200 m).

Contrary to what could be expected, risk maps do not suggest a major
influence of the TSS. Analyzing Fig. 4, one can see high noise levels in
the region of the TSS, which occur in deep water. Knowing that the
common dolphin habitat is mainly situated in water depths lower than
200 m, there is a lack of spatial coincidence and, consequently, the area
of the TSS presents a low-risk index. The exception is the region off
Lisboa, where the TSS is crossing a shallow water area, with higher noise
levels closer to the regions where common dolphin may be present,
resulting in higher risk.

In summary, the results suggest that risk maps are strongly influ-
enced by the coastal character of the selected species and by the traffic/
noise levels near the main ports. It may be speculated that for species
prevailing in the deeper ocean, say beyond the 200 m water depth, the
influence of shipping noise and the TSS would have been accentuated.
Considering the risk along the Portuguese coast, the central and south-
ern regions of Portugal show the highest risk levels, which may be due to
the quality of the habitat of the common dolphin in those areas.

In order to have a quantified picture of the risk level along the sea-
sons and the area covered by a specific risk level, Fig. 7 shows the
percentage of the area assigned to a specific risk index for each season.
This figure reveals, as expected, that summer has a higher risk index for
a higher percentage of the area, followed by fall, spring, and winter with
the lowest risk index. For example, it is observed that a risk index of 0.5
is exceeded for 7 % of the area in summer, 3.5 % in fall and less than 1 %
in spring and winter.

Besides the risk index estimates for the year 2019, which were based
on the HS means and shipping noise, it is important to define risk as a
range and not just as a single value for a specific location in space. The
risk index maps shown in Fig. 6 are drawn from one year of shipping
noise and 15 years of HS data, through the usage of their respective
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means. In order to take advantage of the richness of the HS data set it
was decided to produce risk maps for 2019 as if HS was one standard
deviation off the mean, in order to define data-based upper and lower
risk index bounds.

Fig. 8, shows the lower-bound risk index map at HS—ops for the
target area along the four seasons of 2019. In this case, summer remains
the season with higher risk levels, followed by fall, spring and winter.
This lower-bound analysis still places the higher risk levels in the south
and in the southwest coast.

On the other hand, Fig. 9 shows the upper-bound risk index limit at
HS+oys for the considered seasons. Also in this case, summer presents
the higher risk levels followed by fall, spring and winter. It should be
noted that, beyond the risk areas observed in previous maps, a slightly
higher risk area is observed in the north of Portugal, between the ports of
Aveiro and Porto, especially in summer and fall. Fig. 10 shows the
percentage of area that exceeds a specific risk level, taking into account
the lower and upper-risk index bounds presented above. Comparing the
results for the four seasons, summer shows a smaller interval between
limits, followed by fall, winter and spring. This risk interval may help in
the definition of risk ranges for specific seasons of the year or even for
specific areas.

An additional remark relates to the slope of the curves that, for a
small percentage of the area, the inclination is much higher for winter
and spring than for summer and fall. This clearly indicates that high risk
in winter and spring is concentrated in small areas, whereas it is more
spread in summer and fall.

In the summer (Fig. 10(c)) it is possible to see that the average risk
index curve is above the maximum of the season (HS+o6ys), which is due
to the fact that the oys in this season is higher.

Although the frequencies used by the common dolphin (which can
range from 1 to 50 kHz (Griffiths, 2009)) are higher than those produced
by shipping noise (in this case from 30 Hz to 1 kHz), several studies show
impacts from high shipping noise levels on odontocetes (Pirotta et al.,
2015; Halliday et al., 2019; Jensen et al., 2009), including species with
historically high frequencies, like the harbour porpoise (Phocoena pho-
coena) (Wisniewska et al., 2018) and the beluga whale (Delphinapterus
leucas) (Martin et al., 2023). Vessel noise was affecting the foraging
behaviour in harbour porpoises and the swim speed in belugas. This can
be explained by recent studies that have demonstrated that a vast range
of vessels actually produce noise at higher frequencies than the typical
values, used in this study, frequencies which are closer to those of the
odontocetes (Wisniewska et al., 2018; Hermannsen et al.,, 2014;
McKenna et al., 2013). Moreover, research studies such as (Fouda et al.,
2018) observed impacts on the dolphins despite the range of frequencies
being below the dolphin's call bandwidth. This has been explained as a
consequence of a general increase in ambient noise which has shown
impacts not only on dolphins but also on primates, birds, bats and other
species (Barber et al., 2010). Furthermore, most of the studies about
effects of shipping noise on cetaceans, have been focused on baleen
whales because of their low-frequency bandwidth which overlaps with
the frequencies emitted by vessels. On the contrary, little is known about
the effects of shipping noise on odontocetes, including the common
dolphin, which tend to use and produce sound at higher frequencies.
Therefore, investigating specific effects of shipping noise on the com-
mon dolphin is a subject that, as mentioned above, requires further
consideration and was not the main scope of this study, which was more
focused on describing a proposed methodology from a to z to calculate
risk maps. Before developing any regulation and mitigation it is essential
to deepen the actual knowledge on the potential impacts of shipping
noise on the common dolphin, taking into account its perspective
(Popper et al., 2020) and understanding potential long-term effects of a
chronic exposure.

4. Conclusions

Understanding the exposure of marine species to an increasing noise
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Fig. 8. Lower risk level index calculated using the HS-oys for the Portuguese coast by season: winter (a), spring (b), summer (c) and fall (d).
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Fig. 9. High risk level index calculated using the HS+ops for the Portuguese coast by season: winter (a), spring (b), summer (c) and fall (d).

due to human activities is progressively becoming a subject of interest
and a global challenge.

The main objective of this study is to propose a risk assessment
methodology and use that methodology to assess the level of risk to
which the common dolphin is exposed, considering the noise produced
by shipping along the Portuguese coast. The year 2019 was used due to
the availability of the AIS distribution for that year.

Portugal has one of the busiest coasts on a global scale, potentially
leading to significant noise levels that may impact species and even
entire ecosystems. The common dolphin is one of those species, taken in

this study as a target species because of the availability of observation
data along the Portuguese coast. Additionally, cetaceans need sound for
vital activities, which makes them particularly sensitive to noise. Risk
level evaluation is typically based on risk maps that take into account
the stressors' level distribution on one hand and the target species
density distribution on the other. The produced risk maps in this
particular case revealed three important aspects: first, the differences
between seasons, in which summer is that with higher risk levels; sec-
ond, regional differences between the north, the center, and the south of
Portugal, with the south and southwest coast those with higher risk
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Fig. 10. Range of risk index, considering HS+ops, per percentage of area for all seasons: winter (a), spring (b), summer (c) and fall (d).

levels and third, a relatively constant risk index in the approaches to
large ports for all seasons. These three aspects are of major importance
in a context of risk level assessment and risk management. Using the full
span of data available for determining species distribution and projec-
ting onto 2019 shipping noise distribution, risk index indicators as a
function of area percentage were proposed. Calculating these values is a
piece of valuable information for deriving potential protection and
mitigation strategies. Nonetheless, we would like to highlight that the
results from this study should be interpreted with caution before any
management decision is undertaken, as we haven't gone as far as esti-
mating the actual impacts of shipping noise on the common dolphin, the
subject of potential future studies. The risk level mapping methodology
and the associated indicators proposed in this work provides a first
assessment of the area, highlighting potentially “acoustic hotspots” and
high-risk periods where shipping noise overlaps with important habitats
for the common dolphin. As an example, it was shown that the conti-
nental shelf area crossed by the TSS at the level of Lisboa is a potential
generator of risk. However, for other reasons, the same applies to the
south and southwest coasts during the summer period.

As a final conclusion, it can be asserted that in general, the TSS is not
the main contributor to the estimated risk level maps for the studied
species along the coast of Portugal. The only exception is perhaps the
already mentioned continental shelf region off Lisboa. Instead, the main
contributors to ship noise risk are shown to be the approaches to the
main ports, fishing and coastal recreational traffic.
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