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Email: jwaggitt@bangor.ac.uk 1. Distribution maps of cetaceans and seabirds at basin and monthly scales are
Funding information needed for conservation and marine management. These are usually created from
Marine Ecosystems Research Programme, standardized and systematic aerial and vessel surveys, with recorded animal den-
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sities interpolated across study areas. However, distribution maps at basin and
Handling Editor: Andre Punt monthly scales have previously not been possible because individual surveys have
restricted spatial and temporal coverage.
2. This study develops an alternative approach consisting of: (a) collating diverse

survey data to maximize spatial and temporal coverage, (b) using detection func-

tions to estimate variation in the surface area covered (km?) among these surveys,
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standardizing measurements of effort and animal densities, and (c) developing
species distribution models (SDM) that overcome issues with heterogeneous and

uneven coverage.

. 2.68 million km of survey data in the North-East Atlantic between 1980 and

2018 were collated and standardized. SDM using Generalized Linear Models and
General Estimating Equations in a hurdle approach were developed. Distribution
maps were then created for 12 cetacean and 12 seabird species at 10 km and
monthly resolution. Qualitative and quantitative assessment indicated good model

performance.

4. Synthesis and applications. This study provides the largest ever collation and

standardization of diverse survey data for cetaceans and seabirds, and the most
comprehensive distribution maps of these taxa in the North-East Atlantic. These
distribution maps have numerous applications including the identification of im-
portant areas needing protection, and the quantification of overlap between vul-
nerable species and anthropogenic activities. This study demonstrates how the
analysis of existing and diverse survey data can meet conservation and marine

management needs.

KEYWORDS

1 | INTRODUCTION

Environmental change (Hoegh-Guldberg & Bruno, 2010) and anthro-
pogenic activities (Halpern et al., 2015, 2008) can have profound im-
pacts on marine ecosystems. In many cases, assessing these impacts
requires an understanding of species distributions. For instance,
knowing species distributions identifies the proportion of popula-
tions interacting with anthropogenic activities, explaining declines
(Boivin et al., 2016) and/or helping develop appropriate mitigation
and management solutions (Wood, 2003). Information on species
distributions at monthly and basin scales is needed in marine eco-
systems, where large numbers of species routinely move hundreds
or thousands of kilometres in migratory or dispersive movements
(Hays & Scott, 2013).

As apex predators, cetaceans and seabirds have important
ecological roles including the top-down regulation of lower tro-
phic levels (Hunt & McKinnell, 2006) and the transport of nutri-
ents (Doughty et al., 2016). They are also charismatic species of
socio-economic importance, due to their cultural appeal and focus
for eco-tourism (Higham & Liick, 2007). However, these taxa face
numerous anthropogenic threats including bycatch, habitat-loss,
energy extraction, noise disturbance, prey reductions, pollution
and vessel traffic (Avila, Kaschner, & Dormann, 2018; Croxall et
al., 2012). Since their conservation is of importance for regulatory
bodies, the need for distribution maps at monthly and basin scales
has been recognized by the European Union (Habitats Directive:

Bay of Biscay, Celtic Sea, detection function models, English Channel, Hebrides, Irish Sea,

North Sea, species distribution models

92/43/EEC, Birds Directive: 2009/147/EC, Marine Strategy
Framework Directive: 2008/56/EC).

Distribution maps of cetaceans and seabirds are usually pro-
duced from transects using humans/cameras on moving platforms
to record animals (Buckland et al., 2012; Camphuysen, Fox, Leopold,
& Petersen, 2004; Evans & Hammond, 2004). Animal densities (in-
dividuals per km?) are then estimated along transects (Buckland
etal.,, 2001), before being interpolated across study areas (Hammond
et al., 2013). In most cases, transects are performed using similar
platforms and observation methods, providing comparable mea-
surements of surface area covered and animal densities. Systematic
transect designs are also used, providing homogeneous and even
coverage. However, due to financial and logistical constraints, sur-
veys covering whole basins occur at decadal intervals (Hammond et
al., 2002, 2013) while those covering seasonal cycles focus on rela-
tively small areas (Gilles et al., 2016). Therefore, distribution maps at
monthly and basin scales are lacking, and their provision demands an
alternative approach.

This study develops an alternative approach to provide distribu-
tion maps for 12 cetacean and 12 seabird species (Table 1) at 10 km
and monthly resolution in the North-East Atlantic. This approach
consists of three stages. First, effort in time and space is maximized
by collating survey data from as many different sources and sup-
pliers as possible (Mannocci et al., 2018; Paxton, Scott-Hayward,
Mackenzie, Rexstad, & Thomas, 2016; Roberts et al., 2016). Second,
differences among surveys linked with platform-type (aircraft vs.
vessel, low vs. high), transect-design (line-transect vs. strip-transect),
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TABLE 1 Asummary of the cetacean and seabird species analysed in this study including their identification code, detection group, and

months of nest-occupancy (for seabirds)

Taxa

Cetacean

Seabird

Common name

Atlantic White-Sided Dolphin

Bottlenose Dolphin

Fin Whale

Harbour Porpoise

Killer Whale
Long-Finned Pilot Whale
Minke Whale

Risso’s Dolphin

Short-Beaked Common Dolphin

Sperm Whale

Striped Dolphin
White-Beaked Dolphin
Atlantic Puffin
Black-Legged Kittiwake
Common Guillemot
European Shag
European Storm Petrel
Great Skua

Herring Gull

Lesser Black-Backed Gull
Manx Shearwater
Northern Fulmar
Northern Gannet

Razorbill

Scientific name Code Group Nest
Lagenorhynchus acutus AWSD A —
Tursiops truncatus BND A —
Balaenoptera physalus FW C -
Phocoena phocoena HP B -
Orcinus orca KW D -
Globicephala melas LFPW D —
Balaenoptera acutorostrata MwW E —
Grampus griseus RD D -
Delphinus delphis SBCD A -
Physeter macrocephalus SPW F -
Stenella coeruleoalba SD A -
Lagenorhynchus albirostris WBD A —
Fratercula arctica PUF J Apr-Aug
Rissa tridactyla KIT M Apr-Aug
Uria aalge GIL J Apr-Jul
Phalacrocorax aristotelis SHG (o] Mar-Aug
Hydrobates pelagicus ESP G May-Sep
Stercorarius skua GRK K Apr-Jul
Larus argentatus HEG L Apr-Jul
Larus fuscus LBB L Apr-Jul
Puffinus puffinus MSH N Apr-Aug
Fulmarus glacialis FUL H Apr-Aug
Morus bassanus GAN | Apr-Sep
Alca torda RAZ J Apr-Jul

observation method (human vs. camera) and weather (sea state) are
accounted for by calculating variations in the surface area covered
(Buckland et al., 2001). Finally, species distribution models (SDM;
Elith & Leathwick, 2009) are used to overcome problems with
heterogeneous and uneven coverage in collations of survey data
(Paxton et al., 2016).

2 | MATERIALS AND METHODS
2.1 | Collation

Aerial and vessel survey data were collated from the North-East
Atlantic between 1980 and 2018. The North-East Atlantic was
considered here to represent areas spanning between Norway
and Iberia on a north-south axis, and Rockall to the Skagerrak
on an east-west axis. Only survey data collected using dedicated
human observers (i.e. not performing other duties) or cameras
to record animals were used. Survey data also needed to include
information for the calculation of variations in the surface area
covered among surveys; namely platform-type, platform-height,
transect-design and recording method. Survey data were screened

for typographical and positional errors. Platforms and sightings re-
corded as being on land (i.e. incorrect coordinates) were removed.
Platforms recorded as travelling at unrealistic speeds were also
removed. To do so, mean (1) speeds were calculated for each plat-
form. For each vessel, speeds greater than u + /2 were then re-
moved. For each aircraft, those less than u - u/4 or greater than
u + p/4 were removed. These differences were because vessels

but not aircraft can move at low speeds.

2.2 | Standardization

The surface area covered is described using a perpendicular distance
from the transect line, and is commonly referred to as the effective
strip width (esw). The esw differs between line and strip-transects. In
the latter, observations focus up to a pre-defined distance. It is as-
sumed that all animals in this area are detected. This distance repre-
sents the esw. In the former, observations focus on all distances. It is
assumed that the detection of animals decreases with increasing dis-
tance. Therefore, distances between animals and transect lines are
recorded, and these distances are used to estimate the esw. An in-
termediate method (European Seabirds At Sea: ESAS) also exists for
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cetaceans and seabirds on the water whereby observations focus up
to a pre-defined distance, but distances to animals are recorded into
a series of distance bands (Camphuysen et al., 2004). Strip-transects
have either human or camera observations, whereas line-transects
and ESAS have only human observations. Surveys commonly use
a combination of transect designs with cetaceans, seabirds on the

water, and seabirds in flight recorded differently.

2.2.1 | Line and ESAS transects

Variations in esw among surveys using line-transects and ESAS were
estimated using detection function models (Buckland et al., 2001).
Different models were developed for each combination of species,
survey method (line-transect vs. ESAS), behaviour (on the water
surface or in flight) and platform (vessel vs. aircraft). This approach
accounted for differences in the factors influencing detectability of
animals among these categories. As with previous studies (Paxton
et al., 2016), species were grouped together based upon their mor-
phological and behavioural traits (Table 1). As morphology and be-
haviour affects detectability, group members were assumed to have
identical detectability. This grouping increased sample sizes for de-
tection function models, and provided a broader range of scenarios
for estimation of variations in esw among surveys. For instance, if
a particular survey method or platform dominated the core-range
of a particular species, then reliable estimations of esw for other
survey methods or platforms would not be possible. The perpen-
dicular distance between the transect line and animals (m) was the
response variable. Distances to animals were recorded for most
relevant sightings (cetaceans = 78%, seabirds on the water = 70%,
seabirds in flight = 99%). The central distance of bands were used
for ESAS while absolute distances were used for line-transects.
Platform height (observer height above sea surface, m) and sea state
(Beaufort scale) were explanatory variables (Table 2), and modelled
as continuous variables. As precise information on platform height
was not always available, heights were assigned to discrete catego-
ries, with the central height used (Table 2). Values of platform height
and sea state were log-transformed, as the influence of increas-
ing values would be greatest among smaller vessels and lower sea
states. Additional factors influencing the detection of animals were
not included because they were recorded in an inconsistent manner
(weather), highly subjective (observer experience) or collinear with
platform height (vessel speed).

All combinations of explanatory variables were tested, and both
half-normal and hazard-rate responses were trialled. The detection
function was truncated at the pre-defined distance for ESAS and
at 1 km for line-transects. The latter was because sightings beyond
1 km were rare (cetaceans = 3%, seabirds = <1%). Positive relation-
ships between esw and sea state seem unlikely, and presumably arise
when the core-range of a particular species coincides with surveys
experiencing rougher weather (i.e. those beyond the continental
shelf edge). Therefore, combinations producing such relationships
were ignored. Only survey data collected in sea state’s of Beaufort

TABLE 2 The explanatory variables used in detection functions
estimating variations in effective strip width (esw) and probability
of detection on the track-line (g(0))

Variable Type Measure  Description

Platform Continuous  2.5m Vessels with observers at
0-2.5 m above sea level
5m Vessels with observers at
2.5-10 m above sea level
10 m Vessels with observers at
5-10 m above sea level
20 m Vessels with observers at
10-20 m above sea level
30m Vessels with observers at
20-30 m above sea level
75m Aircraft with observers
at 50-100 m above sea
level
150 m Aircraft with observers at
100-200 m above sea
level
Sea state Continuous 0.5to 3 Beaufort scale

scale 3 or less were considered, to ensure that only those collected
in good conditions contributed to analyses. The model producing the
lowest Akaike's Information Criteria was used to estimate variations
in esw among species and surveys. Detection function models were
fitted using the package ‘Mrps’ (Thomas et al., 2010) in r (v.3.2.5,
R Development Core Team, 2016).

2.2.2 | Strip-transects

Variations in esw among surveys using strip-transects (both human
and camera observations) were determined using information pro-
vided from data suppliers.

2.2.3 | Adjustments to esw

The calculation of esw assumes that the probability of detect-
ing animals on the transect line, commonly known as g(0), equals
1. However, in surveys using observers, g(0) varies greatly due to
biases (Buckland et al., 2001). Perception bias describes where ob-
servers miss animals because their visibility is compromised, perhaps
due to high sea state. Availability bias describes when observers miss
animals because they are undetectable, usually because cetaceans
and diving seabirds (Alcidae, European shag, Manx shearwater) are
below the water surface. Finally, response bias describes where ani-
mals react to the presence of the platform. For example, dolphins
often approach vessels, harbour porpoises move away from vessels,
and scavenging seabirds (Laridae, northern gannet, northern fulmar)
follow vessels. These biases could differ among platforms and sea
state. However, ignoring them can produce misleading estimations
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of densities by under or overestimating the esw for a particular sce-
nario or species (Hammond, 2010).

For vessel surveys, it was assumed that all biases were relevant.
These biases are collectively accounted for using a double-platform
survey with primary and secondary observers. The secondary ob-
servers focus on the track line further ahead of the vessel. They
aim to detect animals before responsive movement. Estimation of
g(0) is possible by comparing the sightings of the primary and sec-
ondary observers, (Burt, Borchers, Jenkins, & Marques, 2014).
Unfortunately double-platform surveys were absent for seabirds,
meaning that variations in g(0) among vessel surveys could not be es-
timated. However, 77,570 km of double-platform surveys were avail-
able for cetaceans, enabling these variations to be estimated using a
full-independence mark-recapture model (Burt et al., 2014). As with
previous studies (Paxton et al., 2016), estimations of variation in g(0)
across platform height and sea state allow predictions on occasions
where double-platform surveys were not used, increasing the com-
patibility of these surveys. The presence/absence of a resighting by
the primary observer was the response variable. Log-transformed
values of platform height and sea state were explanatory variables.
Selection and predictions from optimal models followed procedures
for esw. Models were fitted using the package ‘Mrps’ in Rr.

For aerial surveys, it was assumed that only availability bias was
relevant. Availability bias was considered trivial for diving seabirds,
as animals are usually visible (Thaxter et al., 2010; Wanless, Corfield,
Harris, Buckland, & Morris, 1993). However, availability biases were
considered non-trivial for cetaceans, as animals are mainly under-
water. g(0) for cetaceans was represented by the proportion of time
that animals spend at the sea surface. These approaches are admit-
tedly simplistic; availability bias could depend on observation tech-
nique (fixed or scanning) in combination with aircraft speed, whilst
perception bias is considered likely (Borchers, Zucchini, Heide-
Jorgensen, Cafadas, & Langrock, 2013). However, robust estima-
tion of g(0) across scenarios (survey method, platform height and
sea state) were neither available nor achievable from relevant sight-
ings. Information on the proportion of time that animals spend at the
sea surface were sourced from previous studies (Alves et al., 2013;
Hansen et al., 2018; Rasmussen, Akamatsu, Teilmann, Vikingsson,
& Miller, 2013; Watwood, Miller, Johnson, Madsen, & Tyack, 2006).

Final calculations

The surface area covered (km?) per transect was calculated using
Equation 1: L is the transect length (km) and s is the number of plat-
form sides covered by observers (1 or 2).

Area Searched =eswg(0) s L. (1)
2.3 | Species distribution models

Spatial and temporal variations in species presence (0 = absent,
1 = present), animal density (individuals per km?), the surface area
covered (km?), and environmental conditions were quantified in
a 10 km resolution orthogonal grid. These measurements were

provided for each combination of platform, day, and cell. For sea-
birds, two measurements of the surface area covered and animal
densities were provided—one for those on the sea surface, and one
for those in flight. The final measurement of animal densities rep-
resented the sum of these components. Transects were split at cell
boundaries when they spanned several cells. Processing was per-

formed using the ‘RasTer’ package (Hijmans, 2013) in r.

2.3.1 | Sightings

There are profound ecological differences between coastal and off-
shore bottlenose dolphin Tursiops truncatus (Hoelzel, Potter, & Best,
1998; Louis et al., 2014). This study focussed on the offshore ecotype
to avoid confounding influences hindering the development of SDM
for either ecotype, and because the distribution of the coastal ecotype
is relatively well known (Reid, Evans, & Northridge, 2003). Bottlenose
dolphins encountered more than 30 km from the coastline were
considered to represent the offshore ecotype (Breen, Brown, Reid,
& Rogan, 2016). Discrimination between Alcidae (common guillemot
Uria aalge, razorbill Alca torda) species is often difficult, particularly in
aerial and digital surveys where observations are made at consider-
able altitude (Buckland et al., 2012). Discrimination between species
was not possible in 37% of sightings, leading to underestimates of
densities. Therefore, these sightings were assigned to species, based
upon the relative proportion of each species in vessels surveys per-
formed within 100 km in the same month. This distance was based
upon the scale of their movements whilst resident in a region (Thaxter
etal., 2012). No other modifications were made to the sightings data.
While there is often uncertainty in the estimation of group-sizes for
species forming large pods or flocks, lower and upper estimates were
not provided by the vast majority of data suppliers. Therefore, it was
not possible to account for any systematic variation in the misestima-
tion of group sizes across survey method, platform height or sea state.

2.3.2 | Environmental conditions

Because this study aimed to produce distribution maps at basin and
monthly scales, environmental conditions needed to discriminate
among consistently different habitats (e.g. shallow vs. deep, warm
vs. cool) and seasons (e.g. coolest vs. warmest months). Therefore,
survey data were combined with average conditions for that month
across years rather than concurrent conditions. Values of tempera-
ture (°C) were sourced from a FOAM AMM7 model available from
the Marine Environmental Monitoring Systems (http://marine.
copernicus.eu), providing values at 7 km and 1-month resolution at
30 depthintervals between 1985 and 2018. Values of seabed depth
(m) were sourced from the EMODnet archive, and were provided at
approximately 1 km resolution (http://www.emodnet-bathymetry.
eu). Values of depth and temperature were then resampled at
10 km resolution using block-averaging and bilinear interpolation,
respectively. In total, six environmental conditions were derived
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from values of depth and temperature. Details on their calculation
are summarized in Table 3. Spatial and temporal conditions rather
than a single spatiotemporal condition were calculated from values
of temperature. This choice was based on the concept that biogeo-
graphical ranges are determined by spatial variations in annual tem-
perature, while seasonal movement around this range is a response
to temporal variations in basin temperature.

Seabirds breed on land during the summer months. During this
time they function as central place foragers, with distributions of spe-
cies centred on large colonies (Gaston, 2004). To quantify the influ-
ence of colony location and size, a colony index was calculated for each
species. To isolate the influence of colonies, these indices aimed to
reproduce a scenario where animals dispersed evenly around a partic-
ular colony, and where the numbers of animals encountered decreased
exponentially with increasing distance from this colony (Grecian et
al., 2012). National censuses including locations and counts of breed-
ing birds were obtained from nine countries (see Table S1). While the
census was performed in different years, relatively large colonies (e.g.
those in northern UK) should persist across the study period. Each cell
containing breeding birds was considered as a colony. A colony-spe-
cific index (COLs) was first calculated for each cell in the study area.
For each cell, the distance to the focal colony (km), the number of cells
upto that distance to the focal colony (n), and the number of animals
breeding in the focal colony (Pop) were calculated. The calculation of n
excluded cells occurring on landmasses. In colonies where numbers of
breeding birds were available for multiple years, Pop represented the

mean number. In combination, these components were used in formula

2 to estimate how many animals would be expected in each cell given
the scenario above (COLs).

COLs= POTp 2)

This process was repeated for each colony in the study area, be-
fore a cumulative colony index (COL) was then calculated for each

cell using formula 3.

COL= 2 COLs. (3)

COL was then standardized between values of O and 1. This conver-
sion means that COL merely describes the proximity of a cell to breed-
ing aggregations, rather than animal densities on the assumption of even
dispersal. This is particularly important for Laridae where many animals
exploit terrestrial rather than marine environments (Kubetzki & Garthe,
2003). COL was weighted by whether survey data was during (1), within
1 month (0.5) or outside (0) the breeding season (Table 1). This final ad-
justment meant that high values of COL identified survey data that were
collected near large breeding aggregations during the breeding season. All
processing was performed using the ‘RasTer’ package (Hijmans, 2013) in r.

2.3.3 | Environmental associations

A hurdle approach was used to quantify associations between each

species and environmental conditions. This approach comprises two

TABLE 3 The explanatory variables used in statistical models predicting spatial and temporal variations in animal densities

Variable Type Measure Description Source
Annual temperature Spatial °C Mean temperature between 0 and 150 m depth® FOAM AMM7 model
Annual temperature Spatial °C Variance in temperature between 0 and 150 m depth® FOAM AMM7 model
variance
Breeding colony index  Spatial and Arbitrary Proximity and size of nearest breeding colonies® Various
temporal
Breeding cycle Temporal Arbitrary Breeding season (1), 1-month side of either breeding season Expert opinion
(0.5) or non-breeding season (0)®
Depth Spatial m Depth EMODNet bathymetry
Fronts Spatial °C Gradients in the prevalence of thermal stratification, calcu- FOAM AMM7 model
lated using the mean difference between the focal cell and
its neighbouring cells. Thermal stratification is the absolute
range in annual temperature (see above) between 0 and
150 m depth. Strong gradients indicate areas of intense
fronts®
Land Spatial Km Distance to the nearest land mass EMODNet bathymetry
Regional temperature Temporal °C Mean temperature between 0 and 150 m depth during the FOAM AMM7 model
month of the survey®
Seabed roughness Spatial m Gradients in depth, calculated using the mean difference be- EMODNet bathymetry

aSee main text for calculations of breeding indices.

tween the focal cell and its neighbouring cells. Strong gradi-
ents indicate areas of uneven seabed including bank-systems,
shelf-edges, slopes and trenches

bSee Table 1 for information on the breeding seasons of seabirds.

Calculations used values between 1985 and 2018.
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components: a presence-absence model relating to the probability
of encountering animals, and a count model relating to the densities
of animals when encountered (Zuur, leno, Walker, Saveliev, & Smith,
2009). These approaches helped combat statistical problems with
zero-inflation and over-dispersion in the original data (Martin et al.,
2005; Richards, 2008). The inclusion of a probability of encounters
alongside animal densities provides two informative descriptors of
species habitat use, discriminating between persistent presence of
small groups and occasional presence of large groups. The hurdle
approach also allowed scale-dependent processes to inform and in-
fluence SDM. For instance, biogeographical ranges are defined by
presence-absence, and these usually coincide with environmental
conditions influencing prey abundance (e.g. depth and temperature).
By contrast, aggregations of animals within this range are defined by
densities, and likely coincide with environmental conditions influenc-
ing prey availability (e.g. fronts and seabed roughness; Cox, Embling,
Hosegood, Votier, & Ingram, 2018). Therefore, the presence-absence
model should identify a biogeographical range, while the count model
should identify aggregations of animals within this range.

Generalized Linear Models (GLM) and General Estimating
Equations (GEE) (Koper & Manseau, 2009) using linear and qua-
dratic terms were preferred over Generalized Additive Models
(GAM; Wood, 2006). By misrepresenting the ecological niche of
species, overfitting and underfitting model parameters represent
serious issues in SDM (Elith & Leathwick, 2009). The complex re-
lationships in GAM are susceptible to overfitting, whilst the sim-
pler ones in GLM are vulnerable to underfitting (Derville, Torres,
lovan, & Garrigue, 2018). It was believed that heterogeneous and
uneven coverage of survey data could cause overfitting in GAM. In
particular, model parameters could be overly influenced by artifi-
cially enhanced counts in areas of intense coverage, a particularly
large count in areas of low coverage, or anomalous counts during
unusual environmental conditions. By contrast, it was considered
the large amounts of survey data would reduce the likelihood
of underfitting in GLM. More specifically, there should be suffi-
cient information to identify the ecological niche of each species
(Stockwell & Peterson, 2002). GEE were used to account for any
spatial and temporal autocorrelation in the residuals of GLM. GEE-
adjusted model parameters were based on correlations among
surveys from the same supplier and month.

A binomial family with a logit link function was used for the
presence-absence model, with the presence/absence of a species
as the response variable. The surface area searched per cell (km?)
was included as a statistical offset to account for variations in effort
among samples. For seabirds, where there were two measurements
per cell, the surface area searched per cell represented the mean
of that for animals on the sea surface and those in flight. Due to in-
tense coverage in certain cells, the offset was log-transformed. This
was on the assumption that the probability of encounters reaches
a threshold when large surface areas have been covered, i.e. spe-
cies have already been found if present. A Poisson family was used
for the count model, with the square-root transformed density of
animals as the response variable. Usually numbers of animals are

used as a response variable, with a statistical offset used to account
for variations in effort (Zuur et al., 2009). However, there was ex-
treme overdispersion in the numbers of animals. A transformation
was needed to combat extreme overdispersion, as negative binomial
models cannot currently be applied to GEE-GLM. Unfortunately,
transformations cannot be accommodated alongside a statistical
offset. Using densities of animals and omitting the statistical offset
accounted for variations in effort, while also allowing a transforma-
tion to be performed. For seabirds, using densities also eliminated
the need to combine measurements of the surface area searched for
animals on the sea surface and those in flight within the statistical
offset. A square-root rather than log-transformation was chosen be-
cause densities of animals could be <1 (Zar, 2010). Aforementioned
environmental conditions were the explanatory variables in binomial
and Poisson models (Table 4). GEE-GLM were performed using the
‘ceepack’ package (Hgjsgaard, Halekoh, & Yan, 2006) in r.

In the presence-absence model, the optimal model was selected
using forwards-model selection (Zuur et al., 2009) based on qua-
si-likelihood under the model independence criterion (QIC). This
approach allowed variables to be included at an appropriate scale,
starting with those believed to have the largest influence on dis-
tributions. Those describing different biomes (1,000+ km) (depth,
annual temperature variance) and breeding aggregations (colony
index) were introduced first; those describing different areas (100-
1,000 km) within these biomes (annual temperature, regional tem-
perature) were introduced second. In the count model, the optimal
model was selected using multi-model selection using QIC (Burnham
& Anderson, 2002). This was because seabed roughness and fronts
operate at a similar scale, describing features in an area (10-100 km).
Only plausible relationships showing proven associations between
animals and environmental conditions were allowed (Table 4).

2.3.4 | Predictions

The production of distribution maps focused upon the exclusive
economic zones (EEZs) of (north to south) Norway, UK, Ireland,
Sweden, Denmark and Germany, The Netherlands, Belgium, Atlantic
France and northwest Spain (2,148,000 km?) covered by the FOAM
AMM7 model domain (discussed above). Densities (animals per km?)
were predicted at monthly and 10 km resolution for each species,
using the appropriate GEE-GLM. The probabilities of encountering
animals were estimated using the binomial model; the densities of
animals if encountered were estimated using the Poisson model.
The final density estimations were a product of these two compo-
nents (Barry & Welsh, 2002). Values of environmental conditions
were constrained between 5% and 95% quantiles of the minimum
and maximum values to avoid unrealistic estimations of densities in
areas with extreme conditions, e.g. estuaries and fjords. More spe-
cifically, values at 0%-5% and 95%-100% quantiles were replaced
by those at exactly 5%-95% quantiles, respectively. GEE-GLM un-
certainty per month and cell was quantified using 5%-95% quan-
tiles of predicted densities from 1,000 simulations of parameter
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TABLE 4 Summary of the forward-selection process in the binomial and Poisson model

Model Stage
Binomial 1

2

3
Poisson 1

Candidate variable

Breeding colo-
nyb + Breeding cycleb

Depth*

Depth* + Annual tem-
perature variance

Land®

Annual temperature®

Annual tempera-
ture® + Regional
temperature

Annual tempera-
ture® + Regional
temperature*Depth

Annual tempera-
ture® + Regional
temperature*Annual
temperature

Annual tempera-
ture® + Regional
temperature*Annual
temperature variance

Seabed roughness

Fronts

Ecological reasoning

Seabirds aggregate around large breeding colo-
nies in summer months

Prey communities are associated with particular
depths

Prey communities are associated with particular
depths, but avoid habitats characterised with
unstable water conditions

European Shags regularly roost on land to dry-out
their wettable plumage

Prey communities are associated with long-term
temperature

Prey communities are associated with long-term
temperature, but have seasonal variations in
abundance

Prey communities are associated with long-term
temperature, but have seasonal variations in
abundance and/or movements between shallow
and deep water

Prey communities are associated with long-term
temperature, but have seasonal variations in
abundance and/or movements between cool and
warm areas

Prey communities are associated with long-term
temperature, but have seasonal variations in
abundances and/or movements between stable
and instable areas

Areas of rough seabed create hydrodynamic
processes that increase the availability of pelagic
prey. Those of smooth seabeds accumulate sedi-
ment and increase the availability of demersal
and benthic prey

The presence of fronts creates hydrodynamic
processes that increase the availability of pelagic
prey

Relationships not accepted

Negative relationships, as the prob-
ability of encounters should not
increase further from large breed-
ing colonies in summer months

U-shaped relationships with depth,
as associations with both extreme
deep and shallow water are
unlikely

Negative relationships, as the prob-
ability of encounters should not
increase further offshore

U-shaped relationships with annual
temperature, as associations with
both extreme cold and warm
water are unlikely

None

Negative relationships, as it is
unclear how the absence of fronts
could enhance prey availability

Note: Quasilikelihood under the model independence criterion (QIC) was used to select the best option at each stage.

@Quadratic relationships.

bRelationships exclusive to seabirds.

“Relationships exclusive to European Shag.

*interaction term.

estimates. Simulated parameter estimates followed a normal dis-
tribution, with variance around the mean determined by the covari-
ance matrix. Estimations of uncertainty were performed using the
‘MVTNORM' package (Genz et al., 2017) in r.

Model performance was evaluated qualitatively using knowl-
edge of species distributions in the study area, and quantitatively
using area under the curve (AUC) and normalized root-mean-
squared-error (NRMSE). AUC describes the ability of the binomial
model to predict presences and absences in the original observa-
tions. NRMSE represents the mean difference between predicted
and observed values in the Poisson model, standardized using the

range in the latter. Both produce indices with values between O
and 1. AUC values approaching 1 and NRMSE approaching O rep-

resent better performance.

3 | RESULTS
3.1 | Collation

Detailed summaries of the survey data including coverage, data sup-
pliers, platforms/transect methods, and numbers of sightings are
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provided in the supporting information (Figures S1-S2, Tables S2-
S4). 2,682,363 and 1,649,297 km of survey data were collated for ce-
taceans and seabirds, respectively. There was a notable contribution
of non-government organizations (NGOs) within survey data (35%).

3.2 | Standardization

Tables 5 and 6 provides a summary of esw and g(0) estimations,
respectively. The probability of detection up to the maximum esw
(300 m for ESAS, 1 km for line-transects) generally increased with
body size, being greatest in fin whales/sperm whales for cetaceans
and northern gannets for seabirds. The probability of detection
was generally larger in ESAS than line-transects. By contrast, the
probability of detection showed no consistent differences be-
tween aircraft and vessels. However, substantial differences be-
tween aerial and vessel line-transects were present for fin whales
and sperm whales. An influence of sea state and platform height
was commonplace for cetaceans from line-transect surveys. Such
an influence was less frequent for ESAS and seabirds. Estimates
of g(0) from vessels were broadly similar among cetaceans, with
the lowest values occurring in sperm whales and the highest in
small dolphins (Atlantic white-sided, bottlenose, short-beaked
common, striped and white-beaked dolphin). 1,790,375 and
1,143,587 km of survey data were available for cetacean and sea-
bird SDM, respectively, following the removal of line-transects

and ESAS in sea states greater than Beaufort scale 3.

3.3 | Species distribution models
3.3.1 | Environmental associations

Summaries of recorded densities used to quantify associations be-
tween each species and environmental conditions are provided in
the supporting information (Figures S3-54). Figures 1-3 show asso-
ciations between species and environmental conditions.

Optimal temperatures and depths tended to be higher in ceta-
ceans than seabirds. Relationships with annual temperature vari-
ance differed among species, although cetaceans generally showed
stronger relationships than seabirds. All cetaceans and seabirds
showed relationships with regional temperature. The ever-pres-
ence of interactions involving regional temperature indicated that
seasonal movements across environmental gradients are common-
place. Movements across latitudes were the most prevalent seasonal
movement, although movements across gradients in depth and hab-
itat stability were frequent. Relationships with fronts and/or rough
seabed's were frequent.

Seabird relationships with colony indices differed in strength,
indicating variations in associations with large breeding colonies.
Relationships with breeding season also differed in whether spe-
cies were detected more in breeding or non-breeding seasons. The
former presumably identifies migratory species moving into the

region. The latter probably identifies those abundant year-round,
with overall numbers of animals decreasing in breeding seasons
when populations are divided between marine and terrestrial areas.

3.3.2 | Predictions

Predicted distributions, uncertainty in predicted distributions, and
differences in predicted distributions between months are provided
in the supporting information (Appendix S1-S3). Predicted distribu-
tions for January and July are shown in Figures 4 and 5 to demon-
strate variation between coolest and warmest months, respectively.

Qualitative assessment using prior knowledge indicated good
model performance. Long-distance migrants (Procellariiformes and
Mysticetes) moved into the region en-masse during summer (Evans,
2008; Snow & Perrins, 2004). Odontocetes believed to be abundant
year-round (bottlenose dolphin, harbour porpoise, long-finned pilot
whale, short-beaked common dolphin, sperm whale) persisted in the
region, whereas transient odontocetes moved into the region during
summer (Atlantic white-sided dolphin, killer whale, Risso's dolphin,
striped dolphin, white-beaked dolphin; Reid et al., 2003). Seabirds con-
sidered to be abundant year-round (black-legged kittiwake, common
guillemot, European shag, herring gull, razorbill) aggregated around
colonies in summer, and dispersed across the region in winter (Kober et
al,, 2010; Stone et al., 1995). Those considered to as transient (Atlantic
puffin, great skua, lesser black-backed gulls, northern fulmar, northern
gannet) aggregated around colonies in summer, before moving outside
the region in winter (Kober et al., 2010; Stone et al., 1995). Quantitative
assessment also showed consistently good model performance. AUC
values for binomial models were always greater than 0.75—exceeding
0.80 on 18/24 occasions and 0.90 on 10/24 occasions (Table 7). While
NRMSE values for Poisson models varied more amongst species, dif-
ferences between predicted and observed densities never exceeded
21% of the observed density range—being less than 10% on 20/24 oc-
casions and 5% on 9/24 occasions (Table 7).

4 | DISCUSSION

This study developed approaches to produce distributional maps for
12 cetacean and 12 seabird species at 10 km and monthly resolution
in the North-East Atlantic. This process was divided into three stages:
collation of survey data, standardization of survey data, and SDM.

4.1 | Collation

This study provides the largest collation of its kind for cetaceans,
exceeding previous ones from the Mediterranean (Mannocci et al.,
2018), western Atlantic (Roberts et al., 2016) and the British EEZ
(Paxton et al., 2016). As it includes and supplements the largest ex-
isting collation from the North-East Atlantic (Kober et al., 2010), it is
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TABLE 6 Summary of g(0) calculations for cetaceans from vessel surveys: sample size (n), slope estimate of platform height (PL),
slope estimate of sea state (SS), estimations of g(0), standard error in g(0) (Se) and coefficient of variation in g(0) (CV). g(0) estimations
for cetaceans from aerial surveys were sourced from existing studies using biologging techniques. g(0) for vessel surveys accounts for
availability, perception and response bias; those for aerial surveys accounts for availability bias only

Vessel Aerial

Species n PL SS 5(0) Se cVv g(0) Source
AWSD, BND, 2024 0.00 0.00 0.58 0.09 0.16 0.82 Rasmussen et al. (2013)

SBCD, SD, WSD
HP 5,122 0.00 0.00 0.31 0.04 0.11 0.19 Hansen et al. (2018)
FW 66 0.00 0.00 0.53 0.25 0.47 0.19 Hansen et al. (2018)
KW, LFPW, RD 164 0.00 0.00 0.49 0.15 0.30 0.76 Alves et al. (2013)
Mw 610 -0.33 0.00 0.40 0.13 0.33 0.16 Hansen et al. (2018)
SPW 32 0.00 0.00 0.25 0.20 0.80 0.17 Watwood et al. (2006)

Note: Species codes are outlined in Table 1. Explanatory variables are described in Table 2.

also the largest of its kind for seabirds. A particular characteristic of
this collation is the sizeable contribution from NGOs. These organi-
zations are independently funded, drawing heavily from the volun-
tary sector. As a consequence, they are usually conducted on vessels
of opportunity (e.g. continental and regional ferries) and/or on those
chartered from local commercial operators (Evans & Hammond,
2004). This study demonstrates the invaluable resource provided by
NGOs. This importance is most evident in the detection of seasonal
movements, made possible through intensive coverage of particular
areas across different months.

4.2 | Standardization

While the approaches used to standardize surveys are not novel,
this study is one of few applications of these approaches (Paxton
et al., 2016). The considerable variations in esw and g(0) indicate
that differences in surface area searched occur among surveys,
and supports the use of this metric to standardize diverse sur-
vey data. However, the absence of g(0) for seabirds could have
limited the comparability of vessel and aerial surveys. In particu-
lar, scavenging species (Laridae, northern gannets and northern
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fulmars) will readily approach vessels but not aircraft, resulting
in response bias in the former but not the latter. The calculation
of g(0) requires the performance of double-platform transects.
Unfortunately, these transects are rarely implemented for sea-
birds from vessels. This absence is possibly because attraction bias
is rarely considered and/or availability bias is assumed to be negli-
gible as animals are mainly in flight or on the sea surface (Ronconi
& Burger, 2009). Therefore, the standardization of seabird surveys
could be improved.

4.3 | Species distribution models

The study aimed to quantify basin and monthly-scale distri-
butions of species, whilst overcoming problems with hetero-
geneous and uneven coverage. This led to the development of
models that differed from conventional SDM approaches. Firstly,
GEE-GLM rather than GAM approaches were chosen to reduce

overfitting, producing distribution maps that illustrated a species
range rather than areas/times of intense effort. Hurdle-model ap-
proaches were also chosen to combine information on the prob-
abilities of encounters and the animals densities if encountered
(Zuur et al., 2009), preventing occasional encounters with large
groups having a greater influence on models parameters than per-
sistent encounters with small groups. It appears that these aims
were met; outputs did not give strong prominence to particular
areas, did not contain extreme outliers, and showed similarities to
2003; Stone et al., 1995). Secondly,

interactions between annual and monthly averaged temperatures

sightings Atlases (Reid et al.,

rather than concurrent temperatures were used as explanatory
variables, covering a broader range of seasonal movements. In
some cases, it appears that these aims were also met; outputs
showed seasonal movements that would not have been detected
using concurrent temperatures. For instance, that of long-finned
pilot whale and sperm whale into deeper waters during sum-
mer months, and of harbour porpoise into the innermost North
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Sea during winter months. Assessment showed that model per-
formance was not compromised by using non-conventional ap-
proaches. This emphasizes the usefulness of developing bespoke
methods tailored to the data properties and the study aims
(Derville et al., 2018).

4.4 | Limitations

The distribution maps need careful interpretation. Firstly, small
and isolated sub-populations would have little influence on mod-
els. Examples include white-beaked dolphins in south-west England
(Brereton, Lewis, & MacLeod, 2012) and Risso's dolphins in North
Wales/Isle of Man (Baines & Evans, 2012). Second, there have been
substantive changes in populations across the study period. For in-
stance, the core-distribution of harbour porpoise has moved from
the northern to the southern North Sea in recent years (Hammond
et al., 2013), while seabird numbers have declined in the northern
North Sea (SNH, 2012). Thirdly, despite seasonal movements being
detected, seasonal increases and decreases in densities without no-
table changes in distribution were more commonplace. This general

absence could indicate constraints imposed by the SDM setup,
and complicated or inconsistent seasonal movements amongst
years. Finally, uncertainty on the sizes of seabird colonies (Mitchell,
Newton, Ratcliffe, & Dunn, 2004) could lead to SDM-induced bi-
ases where numbers of breeding animals have been misrepresented.
Because of these caveats, outputs should not be used as a repre-
sentation of absolute densities and fine-scale distributions at the
present time. Instead, it is recommended that outputs be used as a
general illustration of relative densities and broad-scale distribution
over several decades.

4.5 | Applications

This study provides the most comprehensive cetacean and sea-
bird distribution maps at basin and seasonal-scales in Europe
(Kober et al., 2010; Paxton et al., 2016). The quantity and extent
of survey data in the collation should provide a good represen-
tation of distributional patterns in the study area. The ecologi-
cally informed SDM setup also enables patterns to be supported
with realistic environmental associations based on empirical
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TABLE 7 Quantitative evaluation of presence-absence and
density GEE-GLM predictions using area under the curve (AUC) and
normalised root mean squared error (NRMSE), respectively

Taxa Species AUC NRMSE
Cetacean  Atlantic White-Sided 0.92 0.07
Dolphin
Bottlenose Dolphin 0.91 0.09
Fin Whale 0.96 0.17
Harbour Porpoise 0.79 0.05
Killer Whale 0.86 0.14
Long-Finned Pilot Whale 0.93 0.04
Minke Whale 0.79 0.09
Risso’s Dolphin 0.85 0.14
Short-Beaked Common 0.87 0.05
Dolphin

Sperm Whale 0.97 0.21
Striped Dolphin 0.98 0.07
White-Beaked Dolphin 0.85 0.07

Seabird Atlantic Puffin 0.91 0.05
Black-Legged Kittiwake 0.78 0.03
Common Guillemot 0.81 0.03
European Shag 0.94 0.08
European Storm Petrel 0.93 0.08
Great Skua 0.83 0.08
Herring Gull 0.79 0.03
Lesser Black-Backed Gull 0.76 0.03
Manx Shearwater 0.91 0.04
Northern Fulmar 0.85 0.03
Northern Gannet 0.77 0.02
Razorbill 0.82 0.03

evidence; for example, the presence of scale-dependent associa-
tions between top-predators and environmental conditions (Cox
et al., 2018). While some caution is needed, these distribution
maps have widespread and immediate applications. For instance,
combining distribution maps of vulnerable species and anthropo-
genic activities could identify when and where interactions are
likely to occur, aiding the environmentally-responsible use of ma-
rine resources (Croxall et al., 2012; Evans & Anderwald, 2016).
Distribution maps could also be used to identify important areas
in need of protection (Evans, 2018; Lascelles, Langham, Ronconi,
& Reid, 2012). This study demonstrates how analysis of existing
and diverse data can meet conservation and marine management

needs.
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