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A B S T R A C T   

Maritime traffic is increasing globally, with a four-fold increase in commercial vessel movements between 1992 
and 2012. Vessels contribute to noise and air pollution, provide pathways for non-native species, and collide with 
marine wildlife. While knowledge of shipping trends and potential environmental impacts exists at both local and 
global levels, key information on vessel density for regional-scale management is lacking. This study presents the 
first in-depth spatio-temporal analysis of shipping in the north-east Atlantic region, over three years in a five-year 
period. Densities increased by 34%, including in 73% of Marine Protected Areas. Western Scotland and the Bay of 
Biscay experienced the largest increases in vessel density, predominantly from small and slow vessels. Given 
well-documented impacts that shipping can have on the marine environment, it is crucial that this situation 
continues to be monitored – particularly in areas designated to protect vulnerable species and ecosystems which 
may already be under pressure.   

1. Introduction 

Human activities pose a number of threats to wildlife, with the level 
of pressure dependent on many factors including how activities and 
animals overlap in space, and how each changes in time. Effective 
conservation requires accurate information on how anthropogenic 
pressures are located in space and time, but this is often lacking at a 
regional scale. Maritime traffic is known to be changing globally 
(Jägerbrand et al., 2019) with a four-fold increase in commercial ship 
traffic between 1992 and 2012 (Tournadre, 2014), and a 3.5% growth in 
the world shipping fleet in 2016 alone (Fournier et al., 2018). The in
crease in shipping traffic is primarily driven by socio-economic factors 
such as population growth, along with the associated expansion in trade 
and transport of materials; by volume, 90% of global trade is carried by 
sea (Fournier et al., 2018). As human population growth drives further 

development and international trade, it is likely that shipping will 
continue to intensify, with a predicted global increase of between 240% 
and 1209% by 2050 (Sardain et al., 2019). Shipping can have a wide 
variety of impacts on the marine environment, with some of the stron
gest concerns relating to the spread of non-indigenous species, noise, 
chemical, and air pollution, collisions with wildlife, and marine litter 
(Jägerbrand et al., 2019). 

Vessels are the most common vector for the unintentional intro
duction of non-indigenous species in marine habitats (Molnar et al., 
2008). Shipping was found to be a likely vector for over half of non- 
indigenous species in European waters (Katsanevakis et al., 2013), 
both through biofouling and ballast release (de Castro et al., 2017). Once 
introduced, the species can become established and be further classed as 
invasive if they have negative impacts on the ecosystems they invade, 
recreation, and the economy (Molnar et al., 2008). Invasive species are 
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recognised by the Convention on Biological Diversity as one of the 
biggest threats to global biodiversity. 

Shipping activity is the main source of anthropogenic noise in the 
marine environment (de Mora et al., 2020), with relatively high levels of 
energy produced in the north-east Atlantic (Farcas et al., 2020; Duarte 
et al., 2021). Many marine animals rely on sound for navigation, 
communication, and foraging (Duarte et al., 2021). Human activities 
produce noise which can mask communication (Erbe et al., 2019), in
crease stress levels (Rolland et al., 2012), alter behaviour (Szesciorka 
et al., 2019), displace individuals from critical habitats (Erbe et al., 
2019), or even cause physical damage and death (Weilgart, 2007). 

Vessels do collide with animals, not only leading to severe injury and 
mortality, but also damage to vessels and injury to those aboard 
(Schoeman et al., 2020). Marine megafauna which spend a large pro
portion of their time in surface waters are most at-risk of collisions, with 
large whales (e.g., fin whales, Balaenoptera physalus; sperm whales, 
Physeter macrocephalus; or North Atlantic right whales, Eubalaena gla
cialis) widely accepted as most at-risk. Ship strike risk is greatest when 
susceptible species (e.g., those that spend time at the surface and do not 
avoid vessels) occur in high densities and overlap with high intensities of 
vessel traffic. Research on ship strikes is limited in the north-east 
Atlantic but preliminary evidence indicated a major concern for 
baleen whales with 15–20% recorded as dying from this cause (Evans 
et al., 2011); it was also found to be the leading cause of death for large 
whales stranded on French shores at increasing frequency (Peltier et al., 
2019). 

While global patterns in maritime traffic are well established (Wu 
et al., 2017), regional (e.g., in the north-east or north-west Atlantic) 
trends are not necessarily well understood. Automatic Identification 
Systems (AIS) data, which contain details of vessel transits, positions, 
and physical characteristics, are typically expensive to access and may 
be referred to as ‘big data’ as they are computationally challenging to 
process. As a result, studies have researched vessel traffic only at very 
broad scales (e.g., Wu et al., 2017) but coarse resolutions (e.g., Winther 
et al., 2014), or very localized levels (e.g., Mou and Ligteringen (2010) 
who investigated shipping at a single port). However, no study has 
focused on regional patterns in the north-east Atlantic at a high spatial 
resolution. Yet management and policy decisions are often made at the 
regional level (e.g., OSPAR: Matz-Lück and Fuchs, 2014; or EU: Soma 
et al., 2015), and animal distributions vary at fine spatio-temporal scales 
(Johnston et al., 2005; Fernandez et al., 2021). Therefore appropriate 
marine spatial planning and management for conservation at this in
termediate spatial scale is required, particularly in regions experiencing 
increasing anthropogenic pressures. 

The north-east Atlantic region includes some of the busiest seaways 
in the world, with a large human footprint on marine ecosystems 
(Halpern et al., 2008). However, it is not known how pressure from 
shipping activities is changing over time or space. As shipping patterns 
change, so will these environmental pressures — unless changes to 
policy or vessel design are mandated. Despite the introduction of various 
protective measures (e.g., Marine Protected Areas, MPAs), the effec
tiveness of these is debatable without on-going monitoring and mitiga
tion (Pendleton et al., 2018). Environmental legislation in the north-east 
Atlantic largely comes under the Convention for the Protection of the 
Marine Environment of the North-East Atlantic (OSPAR), the EU Marine 
Strategy Framework Directive and the EU Habitats Directive, under 
which 237 Marine Protected Areas (MPAs) have been designated in the 
study area. Many of the species that rely on these MPAs have been 
documented to be susceptible to collisions with vessels and exposure to 
noise (e.g., marine mammals; Evans, 2020), or competition and 
smothering from invasive species for which vessels may act as a vector to 
introduction (Molnar et al., 2008; Seebens et al., 2016). Little infor
mation currently exists on the current situation of shipping in the north- 
east Atlantic, the impacts on this regional environment, or how shipping 
is changing over time. 

In this study, big data on vessel movements in the north-east Atlantic 

are analysed to determine spatio-temporal changes in shipping traffic 
over the period 2013–2017. This study aims to 1) describe maritime 
traffic characteristics and calculate vessel densities; 2) investigate 
whether patterns are changing across space and time; 3) determine 
whether shipping pressure is changing in marine protected areas. The 
information provided here should be used by conservation scientists and 
policy makers to determine the level of impact that shipping may have 
on the marine environment in the north-east Atlantic, which until now 
has remained largely unknown at a regional scale. 

2. Methods 

2.1. Study area 

The spatial extent of this study covers 1.1 million km2 in the 
contiguous north-east Atlantic, extending between 16◦W - 10◦E, and 
41–65◦N. The waters off Belgium, Denmark, France, Germany, Iceland, 
Ireland, The Netherlands, Norway, Portugal, Spain, and the UK are 
covered. The area includes the English Channel, which separates south- 
eastern England and northern France. It is widely accepted to be one of 
the busiest areas of shipping in the world (Halpern et al., 2008), with 
major shipping lanes serving countries bordering the North Sea, the 
Americas and further afield. The study area was projected into an Albers 
equal-area projection to minimize spatial error across Europe, and 
gridded into 10 km2 cells. This resolution was chosen to account for 
variable timing in vessel updates while still providing an informative 
summary at an intermediate scale relevant to management decision- 
making. 

2.2. Shipping data 

Vessel positions were recorded by Automatic identification Systems 
(AIS), a transponder system installed on ships with shore- and satellite- 
based receivers. AIS records include location data (longitude, latitude), 
information which generally stays the same between voyages (e.g., 
identifiers including vessel name, call sign (a unique identifier), Mari
time Mobile Service Identity number (MMSI), and vessel type), and 
dynamic information that changes between and within voyages (e.g., 
speed, course, time, destination, movement status, and draught). The 
pre-processed AIS data were made available by IHS Markit (www.ihsm 
arkit.com) and consisted of 538,260,959 records received within a total 
of 1095 days which fully covered the years 2013, 2015, and 2017. AIS is 
mandatory on large vessels over 300 gt on international voyages, cargo 
vessels over 500 gt not on international voyages, and all passenger 
vessels. Over the study period, the sizes of fishing vessels required to 
have AIS on-board changed, from over 24 m in 2012, to over 18 m in 
2013, and over 15 m in 2014. To investigate how this may impact re
sults, the number of fishing vessels overall, and newly present in the 
dataset for each year were compared, separated into vessels over 24 m, 
and those under 24 m that may have adopted AIS during the study 
period. 

2.3. Data processing 

Simplified stages of data processing are outlined in Supplementary 
Fig. 1. Records were processed in monthly blocks in R 4.0.3 (R Core 
Team, 2020), first removing aircraft and land-stations. As we were ul
timately interested in moving vessels that create high noise levels or may 
injure marine megafauna, records where vessels were reported as 
moored, anchored, aground, or not under command were removed from 
the dataset. In addition, as this processing was in preparation for further 
work on collision risk to marine mammals, vessels travelling slower than 
5 knots were also removed from the dataset. Unlikely vessel dimensions 
that were assumed to be erroneous were removed, including vessels 
wider than they were long, moving at speeds in excess of 70 knots, zero 
lengths or beams, and vessels in excess of 400 m in length. All vessels 
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were assigned a country of registry based on the first three digits of the 
MMSI number (Ou and Zhu, 2008). 

Call signs, which are provided to a vessel by a national radio au
thority (Falco et al., 2019), are generally accepted to be more reliable 
identifiers than MMSI numbers, which are unique to transmitters which 
may move between ships. As a result, data were grouped by call sign and 
sorted by date and time fields. Vessel tracks were created by joining 
sequential positions, and distance (geosphere package; Hijmans, 2019) 
and time spent traversing the line were calculated. If successive points 
were separated by more than 100 km or 6 h, it was assumed that the 
vessel had left the study area, stopped transmitting, or entered a state 
that was removed (e.g., moored, or travelling slower than 5 knots). 
Therefore, lines of travel that were over 100 km long, or over 6 h in 
elapsed time, were removed from the dataset. 

A large proportion of vessel types reported in the dataset were un
informative, and either reported as a generic label (e.g., ‘Vessel’; 25.2% 
of records) or missing altogether (15.3% of records). Additionally, some 
vessel types (e.g., fishing) were not specified at all. To rectify this, vessel 
types were assigned from one of three sources: 1) the original dataset; 2) 
a list of fishing vessels from the Global Fishing Watch project (Kroodsma 
et al., 2018); or 3) an online repository of historic shipping data 
(https://www.vesseltracker.com/). A summary of vessel type assign
ment is available in Supplementary Fig. 2, with further detail in Sup
plementary Tables 1 and 2. If a vessel was present on the list of fishing 
vessels, it was assigned a vessel type of ‘fishing’, otherwise it was 
assigned a simplified form of the type from the original dataset (Sup
plementary Table 1). If a match was not found in the fishing dataset, or 
the type was ‘vessel’ in the original dataset, then a similarly simplified 
type was assigned from vesseltracker (Supplementary Table 2). Vessels 
were linked to the Global Fishing Watch dataset (73,009 available ves
sels) by MMSI (as call signs were not available in that dataset), and 
matched to vesseltracker data (43,995 available vessels) by call sign. If 
no vessel type could be matched, the vessel was recorded as ‘Other’ and 
used in overall summaries, but not vessel-specific analyses. 

In addition to vessel types, a metric was calculated to capture the 
general size and speed of vessels (hereafter referred to as displacement 
rate), regardless of vessel type or function. Vessel size and speed are 
important in studies of collision risk with animals (Laist et al., 2001; 
Vanderlaan and Taggart, 2007) and noise production (Frisk, 2012; 
McKenna et al., 2012). The median speed for each vessel was calculated 
across the three years and assigned to each record of the vessel, by call 
sign where available, otherwise by MMSI. If no median speed was 
available, the speed (as reported in AIS) for that record was used. 
Displacement rates were calculated using the following equation:  

Draught (the height of the vessel below the water line) was not 
included as it strongly correlates with Length × Beam (the vessel width; 
0.8 Pearson correlation coefficient) and varies between transits. Knots 
were converted to m/s by multiplying by 0.514. 

A four-level factor indicating the displacement rate of vessels was 
calculated, with factor cutpoints derived from quartiles from every re
cord in 2017. The four-level factor ranged from small, slow vessels 
(Category A, less than 1158.6 m3 per second; Category B, up to 3734.9 
m3 per second), to large, fast vessels (Category C, up to 6750.5 m3 per 
second; Category D, above 6750.5 m3 per second). 

As AIS positions were not uniformly received through time, with 
variation in transmission rates both within and between vessels, the 
number of records within a grid cell could not be counted to calculate 

density. Instead, we adapted the approach used by Falco et al. (2019) to 
calculate the length of time that each ship spends in a given cell. Steps 
taken are visualized in Fig. 1. Vessel tracks were segmented by inter
secting with the sampling grid, and the length of each segment was 
measured. Vessel density (ships per hour per 10km2) was calculated 
using the equation: 

Dit =

∑

j

Sitj
lj

Tj

24dt
(2)  

where Sitj is the length (in km) of the segment of line j that falls inside 
cell i in year-month t, lj is the total length of line j (in km, potentially 

spanning multiple cells), Tj is the time spent traversing it (in hours), and 
dt is the number of days in year-month t. This calculation was carried out 
for each vessel type, comprising the five outlined in Table 1, a combined 
category including all vessels, and four categories of displacement rate. 

To determine whether any detected changes in vessel density be
tween years were likely a reflection of the number of vessels being built, 
the level of adoption of AIS technology, or a true change in the density of 
vessels using the area, build dates of vessels were web-scraped using 
RSelenium (Harrison, 2020) from http://www.marinetraffic.com. Due 
to the large number of vessels in the dataset, and each query taking ~12 
s, 10% of vessels present in 2017 (n = 3336) were randomly sampled 
and matched by call sign and plotted by year built. 

Fig. 1. Processing steps used to derive vessel density from AIS presence re
cords, illustrated using vessel positions for four vessels. A) raw vessel positions, 
as given in the original in the dataset, B) successive points for each vessel are 
joined together into lines (j), of known length (l), and time taken to traverse (T) 
for each vessel, C) lines are intersected with a 10km2 grid, resulting in segments 
of known length (s), D) vessel density (vessels per hour per 10km2) is calculated 
according to Eq. (2) with grey cells depicting areas through which vessels did 
not travel (i.e., density of zero). Blue cells indicate low densities, with yellow to 
red indicating higher densities. In A-C, each vessel is visualized with a separate 
colour. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Displacement rate
(
m3 per s

)
= Length (m)×Beam (m)× (median Speed (knots)× 0.514 ) (1)   
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2.4. Analysis 

To assess how different countries use the north-east Atlantic, we 
summarised processed AIS data by country of registry, with the under
standing that flags of convenience will add additional noise to these data 
(Ford and Wilcox, 2019). For each country, month, and year, the 
following were calculated: number of unique vessels (based on MMSI as 
more records contained this identifier than call sign), mean speed, mean 
tonnage, mean displacement rate, total distance travelled (in km), and 
total time spent travelling (in hours). 

Rasters of vessel densities were created and cropped to the contig
uous Atlantic, removing the Mediterranean, Baltic, and Kattegat Seas, 
which were poorly represented in the dataset. Cells that overlapped with 
land were removed to discard river traffic. Density values were aggre
gated to a 100km2 grain size for greater computational efficiency, and 
collated into a spatial dataset for analysis. Densities were summarised 
by: (1) maritime regions, defined according to International Hydro
graphic Organisation delineations (Flanders Marine Institute, 2018), 
and (2) in protected areas of various designations, as delineated by 
UNEP-WCMC and IUCN (2022). For each area, mean densities for each 
year and changes in density between 2013 and 2017 were calculated. 
For all designation types, a summary was produced which highlights the 
percentage of areas of each designation which experienced an increase 
in shipping density. A more detailed summary is also provided for Ma
rine Protected Areas (MPAs). In addition, we tested for differences in 
vessel densities between seasons using a Kruskal Wallis test, with winter 
being categorised as December–February; spring as March– May; sum
mer as June–August; and autumn as September–November. 

As this study sought to assess spatio-temporal trends in vessel den
sities, simpler traditional tests were not appropriate. However, Gener
alized Additive Models (GAMs; e.g., Wood, 2017) are widely used to 
model complex processes and interactions, including in spatial contexts. 
GAMs are extensions of the classic linear modelling framework, where 
flexible functions of explanatory variables are used to model the re
lationships between response and predictors. These flexible functions 
include smooth functions of the variables as well as random effects. 
Here, GAMs were used to quantify the spatial and temporal patterns of 
change in vessel density, similar to applications with AIS data by Ford 
et al., 2018 and Queiroz et al., 2019. GAMs were fitted using the mgcv 
package (Wood, 2020) in the R statistical language (R Core Team, 2020). 
Exploratory models and visualization suggested that vessel densities 
were poorly explained (as judged by diagnostic plots of residuals, and 
deviance explained values) by one-dimensional smooths of latitude, 
longitude or temporal variables alone. This indicated there was a spatial- 
temporal change in vessel density. Therefore, interactions were 
modelled with hierarchical GAMs (Pedersen et al., 2019), following the 
structure of form ‘GI’ described in Pedersen et al., 2019. These allow 
global smoothers (here a global bivariate smooth of longitude and lati
tude), and group-level smoothers (here a common bivariate smooth of 

longitude and latitude for each unique year-month, with differing wig
glyness) which captured variance between years and months combined. 

Preliminary models were assessed for goodness of fit with diagnostic 
residual plots and models with suitable diagnostic results were 
compared by Akaike Information Criterion (AIC). As a result of the large 
size and spatial complexity of the dataset across a wide area, smoothers 
were allowed a relatively high degree of flexibility (basis sizes of 300 
and 175 for global and group-level smoothers respectively, with more 
basis functions allowing more potential for greater wigglyness). To 
maximize computational efficiency, we used the ‘bam’ (“big additive 
model”; Wood et al., 2017) function with discretization enabled, and 
fast REML was used to estimate model parameters. A separate model was 
fitted to each vessel type, with structures which can be written as: 

E(Dit) = exp(β0 + s(xi, yi)+ st(xi, yi)+ βt ) (3)  

where Dit is the vessel density in cell i at time t and Dit ~ Tweedie(ϕ;q), 
where ϕ is the scale and q is the power parameter. β0 is the intercept. βt is 
a random effect intercept for year-month combinations t where βt ~ N 
(0,σT

2). xi,yi are the spatial coordinates of cell i (longitude x, latitude y). s 
is a “global” spatial smooth, and st is a separate spatial smooth for each 
year-month. 

Our model used interactions between space and time, so rather than 
being able to directly interpret a coefficient or smooth, we used sum
mary statistics from posterior samples from the model to give appro
priate summaries over space and time at the aggregated 100km2 

resolution. 

3. Results 

Following processing, 235,799,764 vessel positions were retained 
(43.8% of total records) for further analysis, including those moving at 5 
knots or greater. In total there were 45,539 or 51,432 unique vessels, 
based on MMSI or call signs respectively, represented across the three 
years. Mean speed across the north-east Atlantic was 10.2 knots in 2017 
(Table 1), with 34,785 vessels travelling a total of 267,948,311 km. The 
majority of these vessels were cargo vessels (20,245 vessels travelling 
209,025,283 km). Full details of mean vessel characteristics are avail
able in Table 1. 

The majority of vessels were registered to the Netherlands (22%), 
followed by the United Kingdom (7%) and Germany (7%) (Supple
mentary Fig. 3). The number of vessels for each country appeared 
relatively stable between 2013 and 2017. The global fleet was well 
represented within the dataset, with vessels registered in every conti
nent excluding Antarctica (Supplementary Fig. 4). The largest vessels 
(based on tonnage) appeared to be registered to northern African and 
south-east Asian nations (Supplementary Fig. 5). Vessels registered to 
countries within the north-east Atlantic travelled further in the study 
area than those registered elsewhere (Supplementary Fig. 6). The top 18 

Table 1 
Summary of characteristics for each vessel type. Values are means, unless otherwise stated. Values provided here were calculated using all data in 2017 only, to 
minimize computational load. Vessels included in Categories A-D (A representing smallest and slowest vessels, to D representing largest and fastest) are also repre
sented in other vessel types described by function, and vessels of type ‘all’ are represented in all other vessel types.  

Vessel type Speed (knots) 
[sd] 

Length (m) 
[sd] 

Beam (m) 
[sd] 

Draught (m) 
[sd] 

Displacement rate (m3 per second) 
[sd] 

Number of vessels Distance (km) 
[sd] 

Total distance (km) 

All 10.2 [3.6] 109 [81.7] 17.1 [12.4] 4.99 [3.9] 17,894 [27,385]  33,366 1101 [1403]  267,948,311 
Cargo 10.7 [3.1] 149 [74.8] 22.1 [12.5] 6.33 [4.1] 268,671 [30,715]  20,245 1500 [1445]  209,025,283 
Fishing 8.7 [1.4] 33.8 [23.8] 7.9 [3.7] 4.04 [2.3] 1759 [3520]  2472 520 [543]  11,539,954 
High-speed 16.9 [5.3] 28 [26.2] 8.1 [5.6] 1.78 [1.7] 3044 [7670]  460 748 [1225]  3,193,021 
Operations 10.1 [4.1] 45.2 [34.1] 11.3 [8.6] 3.68 [2.2] 3763 [7824]  3114 445 [691]  10,458,242 
Passenger 9.76 [4.4] 76.9 [71.5] 12.4 [10.5] 2.47 [2.5] 10,995 [23,671]  2447 881 [2618]  19,000,396 
Other 8.83 [3.7] 53.4 [43.1] 8.85 [6.4] 2.19 [2.5] 3266 [8332]  7294 311 [568]  14,731,415 
Category A 8.34 [3.5] 23.4 [10.9] 5.67 [1.7] 1.91 [1.9] 546 [291]  8209 215 [574]  15,563,667 
Category B 9.11 [3.5] 60.2 [26.3] 9.13 [2.1] 2.47 [2.2] 2295 [743]  7317 493 [626]  33,191,372 
Category C 9.05 [2.5] 95.3 [22.7] 12.2 [2.2] 3.15 [2.3] 5110 [809]  5115 1082 [1205]  53,420,011 
Category D 12.1 [3.0] 183 [66.7] 28.6 [11] 8.31 [3.2] 38,220 [31316]  14,696 1810 [1655]  165,773,262  
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places of registry with vessels of the highest displacement rate were from 
outside of the north-east Atlantic, predominantly from Asia, the Middle 
East, and the north-west Atlantic (Supplementary Fig. 7). 

Across the entire dataset, 83% (42,849 of 51,432 vessels based on 
call sign) of vessels had a maximum speed in excess of 10 knots, and 47% 
(24,363 out of 51,432) in excess of 15 knots. Vessels registered in China 
travelled at highest mean speeds in excess of 20 knots (Supplementary 
Fig. 8). Faster speeds are linked to greater sound output, and higher risk 
of mortality when collisions occur with megafauna (Conn and Silber, 
2013). 

3.1. Spatial patterns 

Overall, high-density traffic occurred largely within constrained 
areas such as known shipping lanes, for example in the English Channel 
where traffic separation schemes are in place (Squire, 2003). Shipping 
lanes are similarly visible in cargo vessel traffic maps (Fig. 2A and B 
respectively). Trends in passenger vessels were less clear, but appeared 
to frequent coastal areas and shipping lanes (Fig. 2C). Fishing vessels 
were broadly distributed across the study area, with highest densities 
concentrated close to the northern Spanish coast, the south and south- 
west of the UK and Ireland, and the entrance to the Skagerrak Sea 
(Fig. 2D). Operations vessels were concentrated in the southern North 
Sea, and the northern North Sea between Scotland, Orkney, and Norway 
(Fig. 2E). High-speed vessels were largely restricted to the English 
Channel and the eastern North Sea (Fig. 2F). 

When vessels were classified by the level of displacement rate 
created, rather than their characterised functions, the smallest and 
slowest vessels were restricted to coastal areas (Category A; Fig. 2G), 
with Category B similarly being concentrated in coastal areas, albeit 
with more offshore coverage (Fig. 2H). Category C also had large den
sities in coastal areas, although they had more presence in offshore 
shipping lanes, such as the area between the English Channel and 
northern Spain (Fig. 2I). The largest and fastest vessels occurred at 
highest densities in similar areas as overall shipping (Category D; 
Fig. 2J), with concentrations from the north of Spain up through the 

English Channel and southern North Sea, yet slightly lower densities in 
the Celtic Sea and northern North Sea. 

When considered by sea region, there were considerable differences 
in the vessel density. The English Channel had the highest mean density 
of vessels (5.0 mean ships per hour per 10km2), followed by the Bristol 
Channel (1.9), west of Scotland (1.7), Irish Sea (1.7), North Sea (1.6), 
Celtic Sea (0.7), Bay of Biscay (0.7), Norwegian Sea (0.4), and wider 
North Atlantic (0.2) (Supplementary Fig. 9). 

Shipping activity was not restricted to Exclusive Economic Zones 
(EEZs); however, the Belgian EEZ contained the highest mean shipping 
density (2.59 ships per hour per 10km2), followed by the Netherlands 
(1.55), and Germany (0.80), with lower than 0.50 in other EEZs. 

3.2. Temporal patterns 

When considered over time, overall shipping density increased 
across the north-east Atlantic by 33.6% between 2013 and 2017 (mean 
density of 0.78 vessels per hour per 10km2 in 2013, compared to 0.80 
and 1.05 in 2015 and 2017 respectively). Mean densities of each indi
vidual vessel type also increased over the study period, with a mean 
increase of 12% for cargo, 110% for fishing, 243% for high-speed, 75% 
for passenger, 13% for operations, 87% for Category A, 37% for Cate
gory B, 12% for Category C, and 2% for Category D vessels. 

Vessel densities increased by 302% off the west coast of Scotland, 
147% in the Bay of Biscay, 125% in the Irish Sea, 85% in the Norwegian 
Sea, 41% in the wider Atlantic, 37% in the North Sea, 20% in the English 
Channel,10% in the Celtic Sea, and decreased by 41% in the Bristol 
Channel. A breakdown of mean percentage change of each vessel type in 
each region is available in Supplementary Fig. 10. Notable changes in 
the Bay of Biscay include a decrease in operations and passenger vessel 
densities, as well as an increase in smaller and slower vessels (Categories 
A and B). The greatest increases in the Bay of Biscay, Celtic Sea, Bristol 
Channel, west Scotland, Irish Sea, and North Sea were represented by 
Category A and fishing vessels. The decrease in density in the Bristol 
Channel was driven by a reduction in the number of smallest and slowest 
vessels (Category A). The Norwegian Sea experienced a considerable 

Fig. 2. Vessel density for all vessel types analysed. Values are log mean vessels per 10km2 per hour. Value legends differ between plot panes to highlight areas of 
highest densities within each vessel type. Vessel types are A) all vessels, B) cargo, C) passenger, D) fishing, E) operations, F) high-speed, G) Category A, H) Category B, 
I) Category C, J) Category D. Categories A-D represent vessels categorised by size and speed, with A slowest and smallest and D largest and fastest. 
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increase in high-speed vessels and passenger vessels. The wider Atlantic 
exhibited a 59% decrease in operations vessel densities, and the biggest 
increase from passenger vessels. 

When investigating whether changes in density could be a result of 
increased adoption of AIS, newly built vessels, or a change in operations, 
it was apparent that the majority of vessels sampled in 2017 were built 
after 2000, with a peak between 2007 and 2012 (Supplementary ma
terial 11). A higher percentage of fishing vessels were newly present in 
the dataset in 2017 (11%) than in 2015 (3%). A higher percentage of 
newly present fishing vessels were larger vessels (over 24 m; 4% in 2015 
and 12% in 2017), rather than smaller (under 24 m; 2% in 2015 and 9% 
in 2017) in both 2015 and 2017. 

There was a significant difference (H(3) = 158.08, P < 0.001) in 
overall vessel density between seasons, with the highest density in 
summer (median 8.89 vessels per 100km2), followed by autumn (7.37 
vessels per 100km2), winter (4.53 vessels per 100km2) and spring (4.31 
vessels per 100km2). 

3.3. Protected areas 

Of all the protected areas investigated, regardless of designation 
type, 66% (219 out of 331 areas) experienced an increase in shipping 
density between 2013 and 2017. Density increased in over 75% of areas 
designated as Marine Conservation Zone, Natura 2000, UNESCO-MAB 
Biosphere Reserve, and National Scenic Areas (Table 2). 

Vessel densities increased in 73% of Marine Protected Areas (169 of 
232; Fig. 3), with the greatest increases in areas close to the Spanish 
coast, including Espacio marino de la Costa da Morte (413% increase) 
which is designated to protect seabirds; several areas surrounding the 
Hebrides off the west coast of Scotland, including the Inner Hebrides and 
the Minches (463% increase), which is designated to protect harbour 
porpoises; and Vadehavet med Ribe Å, Tved Å og Varde Å vest for Vard 
off the coast of Denmark (443% increase), designated to protect fish, 
harbour porpoises, and seals. Notable decreases in vessel densities 
include a 79% drop in the West Wales Marine area, a 23% decrease in 
the Dogger Bank, central North Sea, and 61% lower densities around 
Shetland, including Noss. Mean vessel densities for each area are shown 
in Supplementary Fig. 12. 

3.4. Modelling 

Changes in the densities of all vessel types were well explained 
(deviance explained ranging between 96.3 and 98.5%) by a spatial 
smooth of longitude and latitude varying by year-month combinations. 
Vessel densities predicted from the model posterior samples and ac
counting for spatial patterning show how densities of all shipping traffic 
across the study area changed over time, between years and months 
(Figs. 4 and 5). Overall, vessel densities increased between years (Fig. 4), 
with some vessel types exhibiting a large increase between 2013 and 
2015, and others only between 2015 and 2017 (Fig. 4). Throughout the 
year, vessel densities peaked in June and November (Fig. 5). Densities 

were lowest in March across all vessel types. Densities of fishing vessels 
were highest in June and November, and operations vessel densities 
were highest in April. Confidence intervals for high-speed vessels were 
wide, with no clear patterns between months. When categorised by 
vessel displacement rate as opposed to function, patterns were less clear; 
although it appeared that larger and faster vessel densities (Category C 
and Category D) increased towards the end of the year (Fig. 5). 

4. Discussion 

We present the first detailed analysis of shipping activity in the 
regional north-east Atlantic. The comprehensive account of spatio- 
temporal variation in vessel densities given here is expected to be of 
interest to marine managers working at national and regional scales. 
Vessel densities increased by 33.6% between 2013 and 2017, and across 
all individual vessel types, mirroring global trends detected over 
different periods (Kaplan and Solomon, 2016; Jägerbrand et al., 2019; 
Morse, 2021). This increase in traffic was evident in 73% of MPAs, 
which may have implications for the species that areas are designated to 
protect. An increase in shipping is likely to increase noise output, 
collision risk to animals, and potentially pollution. 

If vessel types classed by displacement rate (Categories A – D) are 
considered in isolation, it appears that smaller, slower vessels (Category 
A) are responsible for the largest increase in density (87%), with in
creases becoming less pronounced in the faster and larger classes (2% 
increase in Category D). This may suggest that, even though high-speed 
vessels increased by 243%, they were represented by relatively few 
vessels and that Category D was largely driven by cargo vessels which 
only increased by 12%. This increase in smaller, slower vessels could 
suggest that larger vessels are more established and slower to change. 

The English Channel experienced a modest increase in shipping 
densities over the five-year period, when compared with areas such as 
the Bay of Biscay which exhibited relatively low vessel densities overall 
but experienced the second largest increase over the period. This in
crease primarily comprised fishing and small, slow vessels (Category A), 
which may be partially accounted for by increased AIS uptake. Fishing 
vessels and either Category A or B vessels showed the greatest increases 
in seven of the nine regions. This may suggest that there is greater scope 
for the expansion of traffic in quieter areas, whereas already busy areas 
experienced slower growth. As smaller, slower vessels exhibited the 
greatest increases, it is also possible that vessels which are under the size 
category to require AIS installation could also be increasing at similar 
levels. Therefore, it would be prudent to investigate changes in the 
entire fleet, not only those required to transmit AIS records. 

The majority of unique vessels were registered to countries within 
the study area, with a large number being registered in the Netherlands, 
which has a relatively small coastline and EEZ. Some of the fastest and 
largest vessels (likely to produce more underwater noise, and present 
greater risk of collision and mortality to animals they encounter; Laist 
et al., 2001; Vanderlaan and Taggart, 2007), originated from outside of 
the study area, namely south-east Asia and northern Africa. As such, it is 
important that any regulatory action taken to mitigate threats from 
shipping apply to all vessels, and not be mandated by country of origin. 

There are many factors that influence the impact that vessels may 
have on the environment, including speed for lethal collision risk 
(Vanderlaan and Taggart, 2007; Conn and Silber, 2013) and noise pro
duction (Frisk, 2012; McKenna et al. 2012), country of origin (Heersink 
et al., 2016) and ballast procedures (Werschkun et al., 2014) for invasive 
species introduction, and design and fuel for emissions (Molland et al., 
2014). Our results show that there are large amounts of activity in the 
English Channel, along the coasts of the southern North Sea, and ship
ping lanes that cross the outer Bay of Biscay. We expect that these areas 
could be currently at greatest risk from primary introduction of species, 
excessive noise pollution, and potentially contributing considerable 
emissions. Shipping noise maps already exist for a portion of the north- 
east Atlantic between France and Norway (Farcas et al., 2020), with the 

Table 2 
Percentage of areas which experienced an increase in shipping density between 
2013 and 2017, broken down by protected area designations. No type of 
designation had less than 25% of areas experiencing an increase.  

Percentage of areas in which 
shipping increased 

Area designation 

75–100% Marine Conservation Zone, Natura 2000, UNESCO- 
MAB Biosphere Reserve, National Scenic Area 

50–75% Marine Protected Area, Site of Special Scientific 
Interest, Heritage Coast, Site of Community 
Importance, Ramsar Site, Special Protection Area 

25–50% Area of Outstanding Natural Beauty, Emerald 
Network, Nature Conservation Act, Protected 
Landscape, Nature Reserve  
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Fig. 3. Percentage change in vessel densities (vessels per 10km2 per hour) between 2013 and 2017 in Marine Protected Areas. Note: Some areas with extreme growth 
showed very low densities in 2013, followed by a large increase until either 2015 or 2017; however, change is not always at a regular rate between years and 
therefore this change should not be assumed to be constant. 

Fig. 4. Model predicted vessel densities (at 100km2 resolution) in 2013, 2015 and 2017. Category A-D are categorised by vessel size and speed instead of function, 
with Category A including the slowest and smallest vessels, increasing to largest and fastest in Category D. Error bars represent 95% confidence intervals. 
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loudest areas largely mirroring those areas identified with highest vessel 
densities in this study. 

By contrast, areas with the largest growth in shipping activity, such 
as western Scotland and the Bay of Biscay may be exposed to increasing 
pressures. For example, fin whales occur in the Bay of Biscay and nearby 
areas year-round with densities greatest in summer months and are 
susceptible to collisions with vessels (Peltier et al., 2019). Any increase 
in vessel densities could lead to collision risk becoming a larger problem. 
With shipping increasing in 73% of MPAs, it is very important that 
management remains appropriate for the growing pressures on pro
tected species and habitats. The rate of change presented here is relative 
to an area to identify areas undergoing change; however, it is also worth 
noting the density of vessels in areas, which are presented in Supple
mentary Fig. 12. Further work is needed on a local level to ensure that 
areas are adequately protecting species they are designated for under 
changing environmental and anthropogenic conditions. Areas such as 
western Scotland and the Bay of Biscay which are experiencing 
increased traffic, but at lower overall levels than neighbouring areas, 
may benefit most from such management. It is arguably easier to 
maintain low levels, than it is to reduce activity in already busy areas, as 
discussed in Williams et al., 2015. It is hoped that the data presented 
here and made available online will allow other researchers to further 
investigate the prevalence of these threats through their relationship 
with shipping activity. 

While our findings present the first in-depth look at regional shipping 
activity in the north-east Atlantic, the data presented in this study are 
restricted to vessels that carry AIS transponders and are transmitting. 
Smaller vessels that are not mandated to carry AIS will also contribute 
pressure; however, they are much more difficult to quantify. As a result, 
shipping densities will be higher than reported here, particularly in 
coastal areas where smaller vessels are concentrated. Further work that 
considers recreational vessels that do not carry AIS would be valuable, as 
these vessels will also contribute to potentially more localized input of 
anthropogenic noise, ship strike risk, and secondary spread of non- 
indigenous species (Clarke Murray et al., 2011). Similarly, these find
ings are restricted to vessels travelling faster than 5 knots, so outputs 
should not be interpreted as overall shipping density, but instead as 

relative density for vessels travelling faster than 5 knots. It is also 
important to note that fishing vessel presence does not necessarily relate 
to fishing activity. 

The increase in shipping densities across the study period is coherent 
with similar increases in shipping activity globally. However, we advise 
caution when interpreting trends from three years of data. It is also 
possible that some of the increase in observed traffic may represent 
wider adoption of AIS rather than changes in vessel numbers, which 
could be supported by the majority of vessels present in 2017 being built 
around 2010, rather than during the study period. Conversely, when 
new fishing vessels in the dataset were investigated they consisted of 
more large vessels rather than expected small vessels – this suggests that 
AIS adoption mandated for vessels under 24 m during the study period 
did not drive observed increase in densities. Therefore, the increased 
vessel density reported here is likely a result of some new adoption, 
some newly built vessels, and both vessels operating in the area which 
were not previously, and a change of behaviour of existing vessels. Given 
the scarcity of information on broad-scale changes in the north-east 
Atlantic shipping industry, it is believed that the information pre
sented here provides a first step to gaining a better understanding of the 
current situation and how that is changing. Future studies are recom
mended to build on this work by accessing longer-term datasets to better 
account for inter-annual variation, and to better understand overall 
trends. 

4.1. Future research 

The exposure that ecological communities experience from these 
pressures are likely to be influenced by seasonal changes in animal 
distribution, and the overlap with vessel densities that similarly vary 
throughout the year. For example, highly migratory species such as fin 
whales feed in the north-east Atlantic, with peak densities during sum
mer months, particularly between the Bay of Biscay and southern 
Ireland (Waggitt et al., 2019). Vessel densities were highest in summer 
and autumn months during the study period, with relatively high den
sities on the northern Spanish coast, shipping lanes to the west of the Bay 
of Biscay, and the south-west of the UK, when compared to other areas in 

Fig. 5. Model predicted vessel densities (at 100km2 resolution) across months. Category A-D are categorised by vessel size and speed instead of function, with 
Category A including the slowest and smallest vessels, increasing to largest and fastest in Category D. Dotted lines and areas shaded grey represent 95% confi
dence intervals. 
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the north-east Atlantic. It is possible that this species may be at risk of 
exposure to noise, and collisions with vessels in these areas and times. 
Additional focused work is underway to investigate the overlap between 
this species which is thought to be the most commonly ship-struck 
species globally, and other cetacean species and vessels in the north- 
east Atlantic. 

5. Conclusions 

Vessel densities are increasing across the north-east Atlantic, 
including in 73% of marine protected areas. This change is likely to put 
more pressure on the marine environment, and consequently may have 
implications for the conservation of exposed and at-risk species. 
Renewed monitoring effort is needed to ensure that protective measures 
are adequate to conserve species at-risk in a changing environment 
where the footprint of human activities is expanding. 
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