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The influence of topography and tide on
the habitat use of Harbour Porpoise
Abstract
The harbour porpoise is a highly mobile marine mammal, which presents a substantial
challenge in the context of using marine protected areas (MPAs) for conservation. Cardigan
Bay, West Wales, has been identified as an area of year-round importance for the species,
and recognised as a location with the highest 10% predicted persistent high densities of
harbour porpoise. Defining their habitat is problematic; primarily because of their highly
mobile nature and their habitat use being directed by the availability and distribution of their
prey. In the absence of prey data, associations between environment variables are often used
as proxies of prey distribution. This study aimed to identify habitat preferences affecting the
distribution of harbour porpoise and investigate the consistency of these results through
time. Here, data gathered by the Sea Watch Foundation during vessel surveys in west Wales
(May-October) across a 5-year time span (2009-2013) were used to examine temporal
patterns in habitat use. Generalised additive models (GAMs) were used to analyse relative
abundance of harbour porpoises in relation to environmental variables, e.g temperature,
salinity, depth, maximum current speed. Results showed that survey variables influenced the
model so future research should aim to minimize the effects of sea state and visibility in future
research; sightings rates generally decreased with increasing sea state and in poorer visibility.
Results also highlighted that harbour porpoise favoured areas of low current speed <0.1m/s
and sightings were significantly higher in depths of 20m-50m. These oceanographic features
can be used to predict distributions and inform further conservation efforts, such as providing
evidence for the establishment of SACs for the species.
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Introduction
Harbour porpoises are protected within Annex II of the EU Habitats Directive, which demands
the designation of special areas of conservation (SACs) (Embling et al. 2010). Annex II species
require the essential areas of their habitat to be designated as Sites of Community Importance
(SCIs). These areas are then included in a network of protected sites across Europe known as
Natura 2000 (Embling et al. 2010) and managed in accordance with the ecological needs of
the species. For highly mobile marine species, it is not feasible to designate their entire range
as a protected area; therefore, it is important to recognize areas which are most beneficial to
the species’ existence, for example feeding or breeding grounds (Hoyt 2005).
The status of harbour porpoise in the North Sea and adjoining waters has been a concern for
many years. This concern has originated from the variety of threats that they face; risk from
contaminants (Law et al. 1998, 2003; Morris et al. 2003; Barber et al. 2012; Mahfouz et al.
2014; IAMMWG et al. 2015; Torres et al. 2016) and disturbances (Arcangeli & Crosti 2009;
Richardson 2012; IAMMWG et al. 2015; Pérez-Jorge et al. 2017), considerable bycatch during
fishing operations (Clausen & Andersen 1988; Evans 1990a; Berggren 1994; Vinther 1999;
IAMMWG et al. 2015), and decline in incidental sightings within coastal waters (Evans et al.
1986, 2003, 2015; Evans 1990b; Berggren & Arrhenius 1995a, 1995b).
The global population of harbour porpoise is estimated to be in excess of 700,000 individuals
(Hammond et al. 2008). The species is found across the northern hemisphere, and in the
Atlantic this species is distributed along the continental shelves from the Barents Sea down
to the coastal areas of Northern Africa (Evans 2008a). In the UK, harbour porpoises are most
abundant in Scotland, parts of Wales, for example Cardigan Bay, and Southern and Western
Ireland (Evans & Prior 2012). Individuals seen within UK waters are believed to be members
of a single population that ranges northwards from the Bay of Biscay (France) to Norway and
Iceland (IAMMWG et al. 2015).
Prey distribution is one of the key factors that affects the distribution of harbour porpoise
(Johnston et al. 2005; Sveegaard 2011; Mikkelsen et al. 2013; Tougaard et al. 2016). Other
known environmental variables likely to affect cetacean distribution include tidal, seasonal,
and diurnal factors (Johnston et al. 2005). Harbour porpoises are known to have a large
energy requirement (Lockyer 2007) due to their high surface area to body ratio and female
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individuals spend the majority of their lives simultaneously pregnant and lactating (Santos et
al., 2004; Goulton, 2012). It is therefore likely this species is distributed in areas of high food
availability. Harbour porpoise feed on a wide variety of prey, including small schooling fish
such as whiting, sprat and herring, and occasionally are known to eat polychaete worms and
crustaceans (Rae 1965; Santos & Pierce 2003; Santos et al. 2004). Furthermore, the
distribution of bottlenose dolphins may also impact on the distribution of harbour porpoise,
as bottlenose dolphins are known to fatally interact with harbour porpoise, i.e bottlenose
dolphins have been shown to attack and kill harbour porpoise (Ross & Wilson 1996; Evans
2008a; Boys 2017). Within Cardigan Bay specifically, fine scale temporal variations have been
found between harbour porpoise and bottlenose dolphins with seasonal differences; with
porpoise detections peaking in the winter and dolphins in the summer, diel; porpoise
detection highest at night and dolphins after sunrise and tidal variation; porpoise detection
highest at slack water, whereas dolphins were highest during ebb and before low tide
(Nuuttila et al. 2017).
Seasonal movements of the species is likely a response to changes in the distribution and
availability of prey (Hammond et al. 2002; Kindt-Larsen et al. 2016), and to varying
oceanographic conditions such as sea surface temperatures (Lockyer 1995; Bräger et al. 2003;
Goodwin & Speedie 2008). Other physical facts can also contribute such as current velocity,
depth, bathymetric roughness, surface topography and gradient, and salinity. These can all
result in events such as upwelling, water mixing and strong tidal streams, which are
associated with areas of high biological production (Barlow 1988; Shanks 1988, 2007; RaumSuryan & Harvey 1998; Carretta et al. 2001; Hastie et al. 2003; Hui 2006; Cox et al. 2018).
Previous research has found depth is an important factor in explaining the distribution
patterns of harbour porpoise , with preferences being found for deeper depths in association
to prey type; 20-60m, and 50-150m in each respective research (Watts & Gaskin 1985;
Carretta et al. 2001; Booth et al. 2013). Furthermore, research has found maximum tidal
current to influence habitat use by the species. Their preference can vary with location and
depends on a combination of topography and local tidal current speed variations. Research
completed in the Bay of Fundy and Ramsey Sound found that the species occur in high
densities within areas of maximum tidal speeds relative to the local area (Johnston et al. 2005;
Pierpoint 2008), whereas research off the west coast of Scotland found distribution was best
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explained with areas of high density being predicted in areas of low current relative to the
local area (Embling et al. 2010). Embling et al. (2010) also went on to complete habitat models
identifying areas of high use by harbour porpoises for marine protection, to identify areas of
consistent high-density that could be designated as a Special Area of Conservation (SAC).
Harbour porpoise are the only cetacean species listed within the UK Biodiversity Action Plan
(BAP) that are prioritised due to previous decline in UK waters (Bennett et al. 2001). Within
Europe, harbour porpoise are listed in Annex IV of the EU Habitats Directive, and also within
Annex II which requires the development of SACs (Natura 2000 sites), where suitable, due to
their high vulnerability to anthropogenic threats (European Parliament & Council of the
European Union 2008). As part of the Habitats Directive, the UK has an obligation to identify
and evaluate threats to the conservation status of the harbour porpoise within UK waters
(Evans & Anderwald 2016). Assessing the status and distribution of a species is vital to
successfully identify conservation and management strategies (Kiszka et al. 2004). The West
Wales Marine SAC was proposed in 2014 to protect the harbour porpoise and overlaps or
encompasses two other SACs: Cardigan Bay SAC and Pen Llyn a`r Sarnau, that are designated
to protect a number of different features such as bottlenose dolphins (Tursiops truncatus),
bar-built estuaries, and Atlantic salt meadows (Glauco-Puccinellietalia maritimae).
Harbour porpoise are predominantly found in coastal habitats, which increases their
vulnerability to human pressures. They face a wide range of anthropogenic threats, including
bycatch, pollution, marine litter, prey depletion, climate change, and habitat loss (IAMMWG
et al. 2015). Different forms of environmental change can result in temporal redistribution of
animals instead of changes to the population size, such as changes in prey availability,
acoustic noise, and change in shipping activity (Reijnders 1992; Carstensen et al. 2006;
Sveegaard et al. 2012; van Beest et al. 2015). Increased knowledge of the habitat preference
of individual marine species is critical for the successful implementation of spatial planning
and management of human activities in core habitats of vulnerable species such as harbour
porpoise.
One of the major challenges with assessing trends of abundance and distribution in cetaceans
is the spatial scale that the surveys are completed over as surveys rarely cover the entire
geographic range of the study population (Forney 2000; Silva et al. 2009; Cheney et al. 2012;
Kaschner et al. 2012). Snapshot line transect surveys are used over wide areas to address this
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(e.g. SCANS, (Hammond et al. 2013, 2017; Peltier et al. 2013)), but their high cost restricts the
frequency of these surveys. This makes it difficult to define trends, especially with the limited
knowledge of population structure (Evans & Prior 2012), such as the substructuring of
populations (Andersen 1993; Walton 1997; Galatius et al. 2012). Large scale surveys, known
as SCANS I, II, and III (Small Cetacean Abundance in the North Sea), were completed in 1994,
2005, and 2016 respectively (Hammond et al. 2013, 2017) to provide a broad scale estimate
of small cetacean distribution and population estimates for conservation purposes. Due to
the broad scale of these surveys they lacked the fine scale information required to determine
favoured habitats for harbour porpoise (Evans & Prior 2012).
This study will focus on studying the habitat use of harbour porpoise within the proposed
West Wales Marine SAC, which covers 7,376km² (NRW & JNCC 2017). Through previous
habitat modelling the area was identified as an important summer habitat for harbour
porpoise, with a small area in the south identified as a winter habitat for the species (NRW &
JNCC 2017). The candidate SAC (cSAC) boundaries were designated through data modelling
of an 18 year data series, and recognised as an area predicted to have the top 10% persistent
high densities of harbour porpoise during the summer months (IAMMWG 2015; NRW & JNCC
2017). These models found an indication that harbour porpoises had a preference for water
shallower than 40m, and a preference for tidal current speeds of 0.4-0.6m/s (NRW & JNCC
2017).
This study will focus on analysing Sea Watch Foundation data consisting of summer visual
boat surveys from 2009 to 2013 carried out in Cardigan Bay. Boat surveys and habitat
modelling have been applied to the 5-year dataset, 2009-2013, to determine trends in
harbour porpoise habitat preference within Cardigan Bay. The aim of this study is to
investigate a consistent habitat preference of harbour porpoise over time, and to discuss the
results in the context of advising conservation and management requirements, and offers a
frame of reference for the monitoring of habitat use variations for harbour porpoise within
West Wales Marine SAC.

Materials and Methods
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Study Area
The survey area encompasses the whole of Cardigan Bay (Figure 1), which is the largest
embayment in the UK, extending over 100km from the western tip of the Llŷn Peninsula (52
˚ 47’N, 004˚ 46’W) to St David’s Head in the south (51˚ 54’N, 005˚ 18’W) (Lohrengel et al.
2017). Cardigan Bay is a relatively shallow bay covering 5,500km², with the deepest points
reaching up to 60m. The Bay experiences seasonal variation in salinity, with water
stratification ranging from 34.2% in the summer to 33% in the winter, and is influenced by
fresh water input from rivers and estuaries in the bay, that cause localized reductions in
salinity (NRW 2000; Ceredigion County Council et al. 2008). The Bay has a mainly semi-diurnal
tide with a mean spring tide of between 4-5m and currents not exceeding 1.8 knots going
northwards during the flood tide (Ceredigion County Council et al. 2008).

Figure 1 Study area in Cardigan Bay, West Wales, with SACs; Pen Llŷn a’r Sarnau SAC (red), Cardigan Bay SAC (blue), and
candidate West Wales Marine (pink) highlighted. The orange circle shows the location of New Quay. A map of the British
Isles with location of study area is also shown.
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The Bay has a varying substrate composition that is driven by tidal currents. Areas that have
strong currents are mainly formed of gravel, boulders and rocks, whereas areas that have a
low current are mostly composed of mud. The coastal areas are predominantly composed of
sand.
Harbour porpoise are the most common species within the Bay, present throughout the year.
The bay is also home to Wales’ only resident population of bottlenose dolphins (Tursiops
truncatus), as well as hosting six other species of cetacean: minke whale (Balaenoptera
acutorostrata), short beaked common dolphin (Delphinus delphis), Risso’s dolphin (Grampus
griseus), and occasionally long-finned pilot whale (Globicephala melas), fin whale
(Balaenoptera physalus) and killer whale (Orcinus orca).
Under the European Union Habitat Directive 1992, member states must protect listed
habitats and species by designating Special Areas of Conservation (SACs). In 2004, two SACs
were established in Cardigan Bay.
In the north of Cardigan Bay there is Pen Llŷn a’r Sarnau SAC (figure 1) which is 1,460km² and
covers sea, coast and estuary habitats. Pen Llŷn a’r Sarnau SAC’s primary features for
designation include: sandbacks, bar-built estuaries, coastal lagoons, large shallow inlets and
bays, and reefs, other qualifying features include: mudflats, sandflats, Salicornia, Atlantic salt
meadows (Glauco-Puccinellietalia maritimae), sea caves, bottlenose dolphins (Tursiops
truncatus), Eurasian otters (Lutra lutra), and Atlantic grey seals (Halichoerus grypus) (NRW,
2000). Cardigan Bay SAC is in the southern end of Cardigan Bay (figure 1) and covers an area
of 959km². Cardigan Bay SAC’s primary designation feature is the bottlenose dolphins
(Tursiops truncatus), with sandbanks, reefs, sea caves, sea lamprey (Petromyzon marinus) and
European river lamprey (Lampetra fluviatilis) and Atlantic grey seals (Halichoerus grypus) all
being other qualifying features (Ceredigion County Council et al. 2008).
West Wales Marine SAC is currently a candidate SAC (cSAC) which covers an area of 7,376km².
It was first submitted for designation in December 2014. The cSAC is located between the Llŷn
peninsula to the north and the Pembrokeshire coast to the south west (Figure 1). West Wales
Marine SAC has been designated for the protection of harbour porpoises, hosting an
estimated 5.4% of the UK Celtic and Irish Sea’s Management Unit population (NRW & JNCC
2017).
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The entire cSAC has been identified as an important area for harbour porpoises during the
summer months, with a small area in the south identified as a winter habitat for the species.
The cSAC boundaries were designated through data modelling of an 18 year data series, and
recognised as an area predicted persistently high densities of harbour porpoise within the top
10% (NRW & JNCC 2017).
New Quay, west Wales, is a small, primarily tourist town approximately in the centre of the
Cardigan Bay SAC, which offers prime locations for surveying marine mammals within the
proposed SAC, being located at the coastal midpoint of the bay (Figure 1).

Data collection
The data were collected over a five-year period (2009-2013) during the summer months
(May-Octber). Data were collected and analysed following methods described in Lohrengel
and Evans (2015). Data was collected during both vessel-based line transect and dedicated
‘ad libitum’ surveys (Altmann 1974; Mann 2000). Line transects were completed following
pre-determined transects throughout Cardigan Bay, using the vessels listed in Table 1, using
a double platform of observers; two teams of two observers located in different positions on
the boat. Primary observers were situated on the roof of the vessel, surveying with bare eyes
from abeam (90°) on their side to 10° on the opposite side, with independent observers
scanning the track line ahead using binoculars, focusing on 45° on their side to 10° on the
other. Ad libitum surveys were run on a single platform (primary observers only) basis and
followed no set routes but conformed to line transect data collection protocols in all other
aspects.
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Table 1 Vessels used for line-transect and ad libitum surveys in Cardigan Bay (Lohrengel & Evans 2015).

Vessel name

Length Eye height (m)

Average speed (kn)

Engine type

Dunbar Castle II

9.7

3.5

5-6

120 hp diesel

MaChipe Seabrine

10

4.5

10

Twin 220 hp diesel

Highlander

10

4

10

Twin 370 hp diesel

Ermol V

11.5

2.5

6

Twin 128 hp diesel

Ermol VI

10.9

2.5

6

350 hp diesel

Bay Explorer

10

2.5

Variable

Twin 200hp petrol

Environmental conditions (sea state, swell, visibility) were recorded on effort forms (Appendix
1a) at 15-minute intervals, or if the conditions changed. Visibility was recorded within the
following categories based on the distances listed within the brackets; 1 (<1km); 2 (1-5km); 3
(6-10km); 4 (>10km). A Garmin GPS 60 device was used to record the position and speed of
the vessel every 15 minutes, and to log an automatically generated track. Other boat traffic
and their activities were also recorded during each line of effort, noting the number and type
of boats present.
On spotting a marine mammal the bearing of the sighting to the boat was logged using an
angle board, with the bow of the vessel as point 0, and species, number of individuals,
behaviours and group compositions recorded on a sighting form (Appendix 1b, Lohrengel &
Evans 2015). Distance and bearing of the sighting were recorded to allow for estimation of
the sighting coordinates during data entry. All volunteers completed a distance training
session, and were tested regularly with a series of known distances (Lohrengel & Evans 2015).
Data were collected and analysed following methods described in Lohrengel and Evans
(2015). Cetaceans are a protected species under the Conservation of Habitats and Species
Regulations 2017 (Habitats Regulations) and as such it is an offence to approach or disturb
wild animals. Only bottlenose dolphin groups were approached while on dedicated surveys,
following guidelines indicated in the photo-identification licence which is granted to Sea
Watch Foundation by Natural Resources Wales (Appendix 2). As harbour porpoise photo ID is

~9~

not beneficial due to the difficulty of identifying individuals, and because of the shy nature of
harbour porpoise, they were not approached during data collection. Time spent approaching
bottlenose dolphins for photo-ID was recorded as off-effort and not included in analysis.

Environmental variables
A range of environmental predictor variables were available relating to harbour porpoise
relative abundance (Table 2). Tidal variables influence is known to be significant for the
distribution of harbour porpoise (Johnston et al. 2005; Pierpoint 2008; Embling et al. 2010),
so the spatially varying tidal variable; maximum tidal current speed, was included in the
model, and calculated from FVCOM (Finite Volume Community Ocean Model).
Depth and bathymetric roughness have also been shown to be significant in predicting the
distribution of harbour porpoise (Watts & Gaskin 1985; Carretta et al. 2001; Booth et al. 2013)
and bathymetric roughness is also known to increase vertical mixing (Gille & Smith 2003). In
this study depth and bathymetric roughness were provided by EMODNet (European Marine
Observation and Data Network). Bathymetric roughness was calculated using the terrain
ruggedness index (TRI) which is a measurement developed by Riley et al. (1999) to convey the
amount of elevation difference between neighbouring cells (Moreno-Ibarra et al. 2009). Sea
surface salinity, sea surface temperature and chlorophyll a were included to represent areas
of tidal mixing fronts (Miller 2009), and primary production (Campbell et al. 2002), and were
provided by EuroGOOS FOAM Shelf Seas – Atlantic Margin Model (AMM7).
Monthly average data for between April and October, 2009 to 2013, was used for the
environmental features, where the mean value for each feature was estimated for each grid
cell. The data sets were then processed to generate a corresponding grid for the
environmental data at a resolution of 1km², half the segment size recommended by Hedley
(2000) so that the environmental variables and survey conditions did not change appreciably
within the cell.
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Table 2 Summary statistics for the environmental variables for the five survey years. Mean and the standard deviation are
given where the variables were normally distributed.
2009

2010

2011

2012

2013

DISTANCE SURVEYED (KM)

1151

1472

738

1720

2049

NUMBER OF HARBOUR PORPOISE SIGHTINGS

54

28

21

70

99

NUMBER OF 1KM CELLS ANALYSED

1274

1397

1027

2289

2162

RANGE

0.3-24.2

0.2-22

0.2-20

0.2-22

1-21

MEAN (SD)

9.57 (8.44)

7.47 (5.35)

6.58 (3.83)

8.76 (4.76)

8.54 (5.04)

RANGE

0-4

0-4

0-4

0-4

0-4

MEDIAN (SD)

1 (1.13)

0 (0.76)

2 (1.1)

1 (1.2)

0 (0.8)

RANGE

2-4

3-4

0-4

1-4

1-4

MEDIAN (SD)

4 (0.15)

4 (0.76)

3 (1.1)

4 (0.7)

3 (0.4)

RANGE

-0.9 - -40.9

-0.9 - -94.4

-0.9 - -48.3

-0.9 - -45.1

-0.3- -105.7

MEAN (SD)

-15.3 (7.2)

-17.6 (11.6)

-18.6 (9.2)

-16.9 (8.7)

-27.8 (20.9)

RANGE

0.08-9.52

0.19 - 15.04

0.23 -9.52

0.22 - 9.52

0.17-20.36

MEAN (SD)

2.59 (1.79)

2.77 (2.29)

2.39 (1.73)

2.04 (1.58)

2.24 (2.14)

RANGE

33.86-34.55

34.01-34.69

34.71-35.03

33.31 - 34.92

33.20-34.67

MEAN (SD)

34.26 (0.16)

34.45 (0.18)

34.90 (0.05)

34.28 (0.39)

34.17 (0.28)

RANGE

0.01-0.6

0.01 - 0.64

0.02 -0.20

0.02 - 0.20

0.01-0.64

MEAN (SD)

0.1 (0.04)

0.12 (0.08)

0.11 (0.04)

0.10 (0.03)

0.14 (0.08)

RANGE

99.4-365

59.2-324.4

64.6-310.2

91.6-309.1

59 - 365.3

MEAN (SD)

209.3 (66.2)

187.7 (79.9)

199.7 (65.4)

218.1 (54.6)

254 (81.3)

RANGE

10.8-17.6

10.8 - 17.9

12.3-17.9

10.9 - 17.6

10.5-18.5

MEAN (SD)

15.5 (1.4)

15 (2.2)

16.7 (1.1)

14.8 (2.3)

14.6 (2.3)

BOAT SPEED (KNOTS)

SEA STATE

VISIBILITY

DEPTH (M)

BATHYMETRY ROUGHNESS (M)

SALINITY (PSU)

CURRENT SPEED ( MS¯¹)

CHLOROPHYLL (MG/M³)

TEMPERATURE (°C)
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Data processing
All data was overlaid and plotted using the software QGIS 2.18.26 (QGIS Team 2015). For each
grid cell corresponding environmental data and sightings were joined and converted into the
EPSG:32630- WGS 84 / UTM zone 30N Projection.
Effort data points were combined to form track lines using the Points2Line plugin. The track
lines were intersected with their corresponding grid cell and the total amount of effort in
metres calculated. Effort data was joined to the sightings and environmental data and isolated
so only grid cells that contained effort data were retained for analysis.
Post joining, grid cells that contained data gathered in sea state above four were removed, as
environmental conditions were deemed too poor to reliably spot harbour porpoise, due to
their low detectability especially in rougher waters (Palka 1996; Teilmann 2003; MacLeod et
al. 2008). Each grid cell effort distance was log transformed to allow for offsetting during
analysis.

Data Analysis
Prior to beginning the modelling, a Spearman’s rank correlations were estimated between all
the variables. If there was a significant correlation (p>0.7) the first of the variables that was
chosen by the forward step-wise selection was conserved and any of the variables it was
significantly correlated to were excluded from the model (Embling et al. 2010).
Generalised Additive Models (GAMs) were run to relate the presence and absence of harbour
porpoise detected per 1km² cell to the survey and environmental variables for the years of
data. GAMs relate predictor variables to data responses that can be non-normally distributed
with non-linear smooth functions (Embling et al. 2010). They take the general form specified
by Hastie & Robert (1990). The GAMs were fitted in R version 3.3.2 (R Team 2018), using the
MGCV library (Wood 2018) where the degrees of freedom of the smooth functions or the
predictor variables is decided within the model fitting process (Wood 2006; Embling et al.
2010). Within the MGCV the default smoothing spline that is used is a thin plate regression
spline (TPRS). The TPRS allows the estimation of a smooth function with multiple predictor
variables, without knowing the location of where the different splines join being needed
(Embling et al. 2010). By using this method it eliminates the bias that are caused by estimating
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the locations where the different splines join, which for smoothing in other methods in
necessary. The smooth functions for each variable were limited to four degrees of freedom,
to prevent excessive flexibility and model overfitting (Embling et al. 2010).
A stepwise addition of survey variables and then environmental variables to the null model
(where no variables are predicting the distribution) was collected (forward step-wise
selection) and the models were developed by selecting explanatory variables that minimizing
the UnBiased Risk Estimator (UBRE) score. The UBRE score is the Poisson GAM equivalent of
the Akaike information criterion (AIC) value, and balances the fit of the model with the
number of parameters used to report the model (Embling et al. 2010; Wood 2017). First
survey variables (sea state, visibility, and boat speed) were included in the model, so changes
in detection probability could be accounted for, before adding environmental variables.

Results
Survey Results
A total of 7131km was surveyed in Cardigan Bay during the study period, during which 301
groups with a total of 557 harbour porpoise were detected (Table 2). There was a higher
density of effort within Cardigan Bay SAC, than outside the SAC (Figure 2). Harbour porpoise
detections were distributed mostly within the coastal region of the survey area, mainly
concentrated within Cardigan Bay SAC. There were fewer detections in offshore locations
(Figure 2).
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Figure 2 Map of effort intensity within Cardigan Bay, West Wales. Dark blue indicates areas of high effort intensity.
Harbour porpoise sightings within Cardigan Bay are indicated by red dots (2009-2013). A map of effort intensity is
included in Appendix 4.

Model Results
The optimal GAM model of presence/absence of harbour porpoises for all 5-years explained
7.35% of the deviance, the most important survey variable was sea state followed by visibility,
which explained 2.8% and 0.95% respectively. Overall, within the five-year model the most
important environmental predictor of harbour porpoise sightings was depth (1.28%),
followed by bathymetric roughness (1.09%), current speed (0.63%), and chlorophyll a (0.6%)
(Figure 4). Sightings were higher when the depth was between 50m and 20m, the bathymetric
roughness was greater than 3m, and the current speed was less than 0.1m/s (Figure 4) (Table
3).
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Figure 4 Relationships between visual detections of harbour porpoise groups and a) sea state, b) visibility, c) depth, d) bathymetric roughness, e) current speed and f) Chlorophyll a for all 1km
segments within the five-year model (n=8149) The estimated 95% confidence intervals are shown by the dotted lines around the smooths.
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Table 3 The results of the forward GAM model selection of the presence/absence of harbour porpoises per 1km cell for the
five-year model. Variables have been displayed according to their importance in the model, first compensation for survey
variables (sea state, vessel speed, and visibility). Smooths have been shown with the number of degrees of freedom in
brackets. UBRE is the reduction in the UBRE score produced by the addition of each variable to the model, the first UBRE
score in bold shows the starting UBRE score.

Order

Smooth (d.f.)

% Dev

UBRE

P value

1

Sea State (4)

2.8%

-0.67508

6.26x10-10

2

Visibility (4)

+0.95%

-0.00245

1.06x10-9

3

Depth (4)

+1.28%

-0.00357

1.48x10-10

4

Bathymetric Roughness (4)

+1.09%

-0.00294

9.66x10-10

5

Current Speed (4)

+0.63%

-0.00179

2.29x10-4

6

Chlorophyll a (4)

+0.6%

-0.00213

2.37x10-3

7.35%

-0.68796

Total:

There was some variability in the habitat preferences found between years. During 2010
porpoise occurrence was higher with a sea surface temperature above 16.5°C (p=0.22, 3.45).
Whereas in 2011, the optimal GAM model included sea state (p=0.00171, 9.96%), visibility
(p=0.02, 4.34%) and salinity (p=0.0058, 4.6%) (Table 4) with occurrence being higher with a
salinity around 34.85psu, explaining 6.5% of the deviance (Appendix 3.3).
In 2012 the optimal GAM model included sea state (p=7.22x10-10, 9.88%), visibility (p=0.0345,
0.62%), chlorophyll (p=0.441, 0.8%), and depth (p=3.85x10-5, 4%), presence was significantly
higher when the depth was between 15m and 35m or chlorophyll was less than 225 mg/m³
(Appendix 3.4).
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The 2013-based model included sea state (p=3.25x10¯6, 4.74%), vessel speed (p=0.0041,
3.29%), bathymetry roughness (p=2.08x10-9, 5%) and salinity (p=1.74x10-4, 3.40%), explaining
16.4% of the deviance (Table 4), presence was higher in areas with bathymetric roughness of
between 2.5m-7.5m or a salinity of 34psu.
Of the survey variables, sea state was the most crucial predictor of harbour porpoise
detection rate in the each of the year models, except for 2010 and 2009, explaining between
2.8% and 10% of the deviance. Sightings within the 5-year GAM and 2011 model were higher
within areas surveyed in a sea state <1. In most cases there was higher porpoise sightings at
low sea states and low boat speeds, though there was some variability in the relationship
between years (Appendix 3). Visibility was the final survey variable measured and sightings
were significant within the 2011 and 2012 model when visibility was less than category 2
(Appendix 3).
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Table 4 The results of the forward GAM model selection of the presence/absence of harbour porpoises per 1km cell for 2009-2013. Variables have been displayed according to their importance
in the model, first compensation for survey variables (sea state, vessel speed, and visibility). Smooths have been shown with the number of degrees of freedom in brackets. UBRE is the
reduction in the UBRE score produced by the addition of each variable to the model, the first UBRE score in bold shows the starting UBRE score.

Order

2009

Smooth

2010

% Dev

UBRE

(d.f.)
1

Vessel

Smooth

2011

% Dev

UBRE

(d.f.)
3.85%

speed (4)

-0.647

Smooth

2012

% Dev

UBRE

(d.f.)

Temperat 3.54%
ure (4)

-0.803

Sea state

Visibility

9.96%

-0.685

Salinity
(4)

UBRE

Sea state

+4.34%

-0.0116

Visibility

9.88%

-0.676

-0.0101

Chloroph

% Dev

UBRE

Sea state

4.74%

-0.650

+3.29%

-0.0114

(4)
+0.62%

-0.00149

(4)
+4.6%

Smooth
(d.f.)

(4)

(4)
3

% Dev

(d.f.)

(4)

2

Smooth

2013

Vessel
speed (4)

+0.80%

-0.00194

yll (4)

Bathymetry +5%

-0.0154

Roughness
(4)

4

Depth (4) +4.00%

-0.0120

Salinity (4)

+3.40%

5
Total:

3.85%

3.54%

18.90%
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15.30%

16.40%

-0.00929

Discussion
This study shows that survey variables accounted for the majority of deviance within the
models, varying from 3.85% in 2009 to the highest of 14.3% in 2011. Within the 5-year model
survey variables accounted for 3.97% of the model’s deviance, highlighting the importance of
accounting for survey variables within models and attempting to collect data during sea states
zero or one when harbour porpoise are most detectable and therefore absence data is most
accurate (Palka 1996).
Visibility was a significant factor within the 2011 and 2012 models when the visibility was less
than a category two (1-5km). This is contrary to most other species where higher visibility is
usually related to higher likelihood of sightings (Williams et al. 2002; Evans 2008b; Leeney et
al. 2012; Hammond et al. 2017). Harbour porpoise, however, have a low perpendicular
sighting distance (Barlow et al. 2001) so a visibility of less than 5km is more than the
perpendicular sighting distance of harbour porpoise, and above most calculated effective
strip-widths for them (Buckland et al. 2001). Having a shorter distance to survey in poor
visibility might therefore make it more likely for an observer to sight a porpoise, as they will
be covering a smaller distance and the highly mobile and inconspicuous behaviours typical of
harbour porpoise make them difficult to detect (Cox et al. 2017). Furthermore, harbour
porpoise have a low detectability especially with increasing distance (Shucksmith et al. 2009).
Surprisingly, there was no consistent sea state which was significant within the models,
especially with two one-year based models finding higher sea states significant for presence,
sea state explained 9.88% and 4.74% of the deviance in 2012 and 2013 respectively (Table 4).
This does not support previous research, which has found harbour porpoise to be harder to
detect in rougher seas because of their small size, small group composition, active boat
avoidance, and unobtrusive surface behaviours (MacLeod et al. 2008). Although some
research has shown there to be no significant difference in sighting rates between sea state
2 and 3 (Teilmann 2003).
Vessel speed also affected detection and was significant within the 2009 and 2013 model with
sightings being significant ≤5 knots and at 5 knots respectively. Embling et al. (2010) also
found sighting rates decreased with increased vessel speed, and sightings were significant
below 6 knots. Other research found harbour porpoise reacted negatively to boats, especially

~ 19 ~

at higher speeds, one study found 40% of negative responses were related to fast speeds
(Oakley et al. 2017) and at faster speeds observers are more likely to overlook harbour
porpoise due to their small size.
The five-year model found current speed to be significant, supporting previous research
completed off the coast of Scotland (Embling et al. 2010), that harbour porpoises prefer areas
of lower current speed. The first study of its kind to find a significance between area of low
current speed and harbour porpoise preference in Cardigan Bay. This finding has not been
supported by other research which has found high densities of harbour porpoises in areas of
high current speed (Johnston et al. 2005; Pierpoint 2008; Marubini et al. 2009). However, like
Embling et al. (2010), this study uses current speed as a spatial variable rather than a temporal
variable like the previous studies. This highlights how species preference can vary with
location and depend on a combination of topographic and local tidal current speed variations.
The five-year model also found depth to be significant between 20m and 50m, and the 2012
model for depths of 15m-35m. Previous research has found harbour porpoises to inhabit the
deeper end of their range, 92m to 183m (Read & Westgate 1997), however, research
completed in Skomer found that harbour porpoise occurrence was more likely at depths of
0m-60m (Isojunno et al. 2012). Within Cardigan Bay harbour porpoise inhabit the bay along
with a resident bottlenose dolphin population, therefore they may use shallower areas of the
bay as a means of avoidance as studies have shown bottlenose dolphins prefer habitats with
greater depths (Ingram & Rogan 2002; Wilson et al. 2006)
Bathymetric roughness was significant within the 5-year model and the 2013 model, which
found ≥3m and 2.5m-7.5m significant respectively. Bathymetric roughness has previously
been found to affect harbour porpoise distribution (Watts & Gaskin 1985; Read & Westgate
1997; Bailey & Thompson 2009; Marubini et al. 2009; Isojunno et al. 2012; Scottish Natural
Heritage 2016). It could be that the roughness and change in slope of the seabed causes
upwelling of cold, nutrient rich waters which enhances marine productivity and increases the
amount of predator-prey aggregations (Yen et al. 2004; Booth et al. 2013). The bathymetric
roughness can also influence currents (Inall et al. 2008) and increase aggregations (Yen et al.
2004), which harbour porpoise can exploit for foraging.
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Salinity was significant at around 34psu in the 2011 and 2013 model, this is generally the
salinity found throughout the Bay during the summer, but salinity does decrease closer to the
shore (CCW 2005), as the amount of fresh water increases (Gillibrand et al. 2003; CCW 2005).
These areas of fresh water, which can create fresh water flume fronts, can lead to increased
mixing and therefore, heightened productivity and increasing aggregations (Schwing et al.
2000; Yen et al. 2004). These areas of higher salinity could also be related to the harbour
porpoise’s bathymetric roughness preferences this study found, and in fact the areas
preferred receive more upwelling of colder nutrient rich waters (Forney 2000).
Harbour porpoise avoidance of fresh water inlets, such as the river Dyfi (Figure 2), could also
be related to avoidance of bottlenose dolphins. The river Dyfi is known for its salmon, which
is a prey of choice for bottlenose dolphins (Pierce et al. 1990; Evans & Hinter 2012; Feingold
& Evans 2014; Embling et al. 2015), future modelling could be completed to investigate if
there is a significant effect of bottlenose dolphin distribution on habitat selection of harbour
porpoises, as habitat partitioning has been previously studied between the marine species
(Findlay et al. 1992; Weir et al. 2001; Gowans & Whitehead 2008).
Due to different funding and weather conditions throughout the dataset years different areas
of Cardigan Bay received different levels of surveying. For example, within the Cardigan Bay
SAC in the south of the bay extensive surveying was taken (Figure 3) compared to the outer
bay where less surveys were completed. This may have produced a biased result as research
effort has been more focused within the SACs because of their monitoring requirements
(Cheney et al. 2012). Due to the lack of complete coverage of the survey area and the
elusiveness of the study species, this has led to high zero inflation within the data set which
could be dealt with using zero inflation models in further studies.
Although this five-year study provides some valuable information, further research is
required. It is difficult to study these elusive marine mammals (Forney 2000), especially with
primarily visual surveys. Completing acoustic line transect surveys alongside the visual line
transect surveys may be better suited for the harbour porpoise. Furthermore, completing
combined visual and acoustic surveys would allow for an assessment of how accurate current
visual surveys are (Rankin et al. 2008), research has found acoustic detection rates to be more
than twice that of visual sighting rates (Booth et al. 2013; Cucknell et al. 2017) and could
therefore significantly improve the current understanding of harbour porpoise habitat use in
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Cardigan Bay. Previous PAM (passive acoustic monitoring) research has been completed
within the proposed SAC (Simon et al. 2010; Nuuttila et al. 2013, 2017, 2018), and could be
used to improve habitat modelling to further support the application for SAC status.
Further modelling could also be completed including other environmental variables, such as
substrate type, and a longer time series of data modelled to include winter distribution and
account for major climate shifts.

Conclusion
Cardigan Bay supports important habitat features, providing ideal foraging and breeding
regions for various species including the harbour porpoise. This study found harbour
porpoises prefer low current areas, the second known study to find such information and the
first within Cardigan Bay. This study has also confirmed the importance of depth and salinity
for the harbour porpoise and opened questions for future study within this area for harbour
porpoise. Whilst there is some variation between years, key factors have been highlighted
and can be used for identifying potential conservation areas.
It is important to continue improving the knowledge of this elusive cetacean and developing
a scientifically sound approach to monitoring cetacean populations is particularly important
at this time, when the UK needs to develop an independent conservation strategy outside the
framework of the EU Habitats Directive to conserve its marine wildlife.
It is vital to further study the harbour porpoise to be able to encourage the implementation
of marine protection for them, especially with their high vulnerability to human activities.
The research undertaken in this project supports the designation of the West Wales SAC, and
further work completed as part of the designation could greatly improve our knowledge of
harbour porpoise.

~ 22 ~

Acknowledgements
I would firstly like to thank my supervisor Clare Embling for her support throughout this
project, and to Peter Evans and Katrin Lohrengel from the Sea Watch Foundation for their
support, motivation and allowing me to use their data. A special thank you to James Waggit
from Bangor University for supplying environmental data and answering my endless
questions. Thank you to Shaun Lewin for helping me with GIS. Finally thank you to my partner,
William Derbyshire and my grandparents, for teaching me that I could become anything I
wanted to and supporting me through all my decisions and pushing me to become the best I
could. Without you, I wouldn’t be where I am today.

References
Altmann J. 1974. Observational Study of Behavior: Sampling Methods. Behaviour 49:227–267.
Available from http://www.uwyo.edu/animalcognition/altmann1974.pdf.
Andersen LW. 1993. The population structure of the harbour porpoise, Phocoena phocoena, in
Danish waters and part of the North Atlantic. Marine Biology: International Journal on Life in
Oceans and Coastal Waters 116:1–7.
Arcangeli A, Crosti R. 2009. The short-term impact of dolphin-watching on the behaviour of
bottlenose dolphins (Tursiops truncatus) in western Australia. Journal of Marine Animals and
Their Ecology 2:3–9.
Bailey H, Thompson PM. 2009. Using marine mammal habitat modelling to identify priority
conservation zones within a marine protected area. Marine Ecology Progress Series 378:279–
287.
Barber JL et al. 2012. Contaminants in cetaceans from UK waters: Status as assessed within the
Cetacean Strandings Investigation Programme from 1990 to 2008. Marine Pollution Bulletin
64:1485–1494. Elsevier Ltd. Available from http://dx.doi.org/10.1016/j.marpolbul.2012.05.024.
Barlow J. 1988. Harbor porpoise, Phocoena phocoena, abundance estimation for California, ….
Fishery Bulletin. Available from
http://fishbull.noaa.gov/863/barlow.pdf%5Cnpapers://c1be27b6-8b70-4aa3-8da50ce8eaba2811/Paper/p21.
Barlow J, Gerrodette T, Forcada J. 2001. Factors affecting perpendicular sighting distances on
shipboard line-transect surveys for cetaceans. Journal of Cetacean Research and Management
3:201–212.
Bennett PM, Jepson PD, Law RJ, Jones BR, Kuiken T, Baker JR, Rogan E, Kirkwood JK. 2001. Exposure
to heavy metals and infectious disease mortality in harbour porpoises from England and Wales.
Environmental Pollution 112:33–40.
Berggren P. 1994. Bycatches of the harbour porpoise (Phocoena phocoena) in the Swedish
Skagerrak, Kattegat and Baltic Seas 1973-1993. Report of the International Whaling
Commission (Special Issue) 15:211–215. Available from
http://www.scopus.com/inward/record.url?eid=2-s2.0-

~ 23 ~

0028683993&partnerID=40&md5=a88ad4d82b6cc1d7f72c1017382db412.
Berggren P, Arrhenius F. 1995a. Sightings of harbour porpoises (Phocoena phocoena) in Swedish
waters. Reports of the International Whaling Commission Special Issue 16:Inpress.
Berggren P, Arrhenius F. 1995b. Densities and seasonal distribution of harbour porpoises (Phocoena
phocoena) in the Swedish Skagerrak, Kattegat and Baltic Seas. Reports Of The International
Whaling Commission Special Issue 16:109–121.
Booth CG, Embling C, Gordon J, Calderan S V., Hammond PS. 2013. Habitat preferences and
distribution of the harbour porpoise Phocoena phocoena west of Scotland. Marine Ecology
Progress Series 478:273–285.
Boys RM. 2017. Fatal Interactions between Bottlenose Dolphins ( Tursiops truncatus ) and Harbour
Porpoises ( Phocoena phocoena ) in Welsh Waters Dissertation submitted in partial fulfilment
of the requirements for BSc in Applied Marine Biology .
Bräger S, Harraway JA, Manly BFJ. 2003. Habitat selection in a coastal dolphin species
(Cephalorhynchus hectori). Marine Biology 143:233–244.
Buckland ST, Anderson DR, Burnham KP, Laake JL, Borchers DL, Thomas L. 2001. Introduction to
distance sampling: estimating abundance of biological populations. Page New York New York
USA. Available from http://www.amazon.co.uk/Introduction-Distance-Sampling-EstimatingPopulations/dp/0198509278.
Campbell J et al. 2002. Comparison of algorithms for estimating ocean primary production from
surface chlorophyll, temperature, and irradiance. Global Biogeochemical Cycles 16:1–15.
Carretta J, Taylor B, Chivers S. 2001. Abundance and depth distribution of harbor porpoise
(Phocoena phocoena) in northern California determined from a 1995 ship survey. Fishery
Bulletin-National Oceanic and Atmospheric …:29–39.
Carstensen J, Henriksen OD, Teilmann J. 2006. Impacts of offshore wind farm construction on
harbour porpoises: Acoustic monitoring of echolocation activity using porpoise detectors (TPODs). Marine Ecology Progress Series 321:295–308.
CCW. 2005. Cardigan Bay European Marine Site. Countryside Council for Wales’ advice given under
Regulation 33(2) of the Conservation (Natural Habitats &c.) Regulations 1994.
Ceredigion County Council, The Countryside Council for Wales, Environment Agency Wales, Western
and North Wales Sea Fisheries Committee Pembrokeshire Coast National Park Authority,
Pembrokeshire County Council, South Wales Sea Fisheries Committee, Welsh Water. 2008.
Cardigan bay special area of conservation (SAC) draft management scheme:179.
Cheney B et al. 2012. Integrating multiple data sources to assess the distribution and abundance of
bottlenose dolphins Tursiops truncatus in Scottish waters. Mammal Review 43:71–88.
Clausen B, Andersen S. 1988. Evaluation of bycatch and health status of the Harbour Porpoise
(Phocoena phocoena) in Danish Waters. Danish Review of Game Biology 13.
Cox SL, Embling CB, Hosegood PJ, Votier SC, Ingram SN. 2018. Oceanographic drivers of marine
mammal and seabird habitat-use across shelf-seas: A guide to key features and
recommendations for future research and conservation management. Estuarine, Coastal and
Shelf Science 212:294–310. Elsevier. Available from
https://doi.org/10.1016/j.ecss.2018.06.022.
Cox SL, Witt MJ, Embling CB, Godley BJ, Hosegood PJ, Miller PI, Votier SC, Ingram SN. 2017. Temporal
patterns in habitat use by small cetaceans at an oceanographically dynamic marine renewable

~ 24 ~

energy test site in the Celtic Sea. Deep-Sea Research Part II: Topical Studies in Oceanography
141:178–190. Elsevier Ltd. Available from http://dx.doi.org/10.1016/j.dsr2.2016.07.001.
Cucknell AC, Boisseau O, Leaper R, McLanaghan R, Moscrop A. 2017. Harbour porpoise (Phocoena
phocoena) presence, abundance and distribution over the Dogger Bank, North Sea, in winter.
Journal of the Marine Biological Association of the United Kingdom 97:1455–1465.
Embling CB, Gillibrand PA, Gordon J, Shrimpton J, Stevick PT, Hammond PS. 2010. Using habitat
models to identify suitable sites for marine protected areas for harbour porpoises (Phocoena
phocoena). Biological Conservation 143:267–279. Elsevier Ltd. Available from
http://dx.doi.org/10.1016/j.biocon.2009.09.005.
Embling CB, Walters AEM, Dolman SJ. 2015. How much effort is enough? The power of citizen
science to monitor trends in coastal cetacean species. Global Ecology and Conservation 3:867–
877. Elsevier B.V. Available from http://dx.doi.org/10.1016/j.gecco.2015.04.003.
European Parliament, Council of the European Union. 2008. Directive 2008/56/EC of the European
Parliament and of the Council of 17 June 2008 establishing a framework for community action
in the field of marine environmental policy (Marine Strategy Framework Directive) (Text with
EEA relevance). Official Journal of the European Union 164:19–40.
Evans PGH. 1990a. Ecological effects of man’s activities on cetaceans. North Sea Marine Report:89–
101.
Evans PGH. 1990b. Harbour porpoises (Phocoena phocoena) in British and Irish waters. The Scientific
Committee of the International Whaling Commission, Cambridge, UK.
Evans PGH. 2008a. Whales, porpoises and dolphins: Order Cetacea. Handbook of British
Mammals:655–779.
Evans PGH. 2008b. Selection criteria for marine protected areas for cetaceans. Pages 1–106
Proceedings of the ECS/ASCOBANS/ACCOBAMS workshop.
Evans PGH, Anderwald P. 2016. Addressing human pressures upon marine mammals: A European
and global perspective. Journal of the Marine Biological Association of the United Kingdom
96:779–781.
Evans PGH, Anderwald P, Baines ME. 2003. UK Cetacean Status Review. Report to English Nature &
Countryside Council for Whales.
Evans PGH, Harding S, Tyler G, Hall S. 1986. Analysis of cetacean sightings in the British Isles, 19581985. Nature Conservancy Council, Peterborough, UK.
Evans PGH, Hinter K. 2012. A Review of the Direct and Indirect Impacts of Fishing Activities on
Marine Mammals in Welsh Waters.
Evans PGH, Pierce GJ, Veneruso G, Weir CR, Gibas D, Anderwald P, Santos B, JNCC. 2015. Analysis of
long-term effort-related land-based observations to identify whether coastal areas of harbour
porpoise and bottlenose dolphin have persistent high occurrence and abundance. JNCC
Report:147. Available from http://jncc.defra.gov.uk/page-6990.
Evans PGH, Prior JS. 2012. Protecting the harbour porpoise in UK seas.
Feingold D, Evans P. 2014. Bottlenose dolphin and harbour porpoise monitoring in Cardigan Bay and
Pen Llyn a’r Sarnau Special Areas of Conservation. CCW Monitoring Report March 2012. Page
Sea Watch Foundation, Interim report.
Findlay KP, Best PB, Ross GJB, Cockcroft VG. 1992. The distribution of small odontocete cetaceans off

~ 25 ~

the coasts of South Africa and Namibia. South African Journal of Marine Science 12:237–270.
Forney KA. 2000. Environmental models of cetaceans abundance: Reducing uncertainty in
population trends. Conservation Biology 14:1271–1286.
Galatius A, Kinze CC, Teilmann J. 2012. Population structure of harbour porpoises in the Baltic
region: Evidence of separation based on geometric morphometric comparisons. Journal of the
Marine Biological Association of the United Kingdom 92:1669–1676.
Gille S, Smith SL. 2003. Bathymetry and Ocean Circulation. Page Charting the Secret World of the
Ocean Floor. Available from
http://www.gebco.net/about_us/presentations_and_publications/documents/cen_conf_abstr
act_gille.pdf.
Gillibrand PA, Sammes PJ, Slesser G, R.D. A. 2003. Seasonal Water Column Characteristics in the
Little and North Minches and the Sea of the Hebrides. I. Physical and Chemical Parameters.
Fisheries Research Services Internal Report No 08/03:40.
Goodwin L, Speedie C. 2008. Relative abundance, density and distribution of the harbour porpoise
(Phocoena phocoena) along the west coast of the UK. Journal of the Marine Biological
Association of the United Kingdom 88:1221–1228. Plymouth University.
Gowans S, Whitehead H. 2008. Distribution and habitat partitioning by small odontocetes in the
Gully, a submarine canyon on the Scotian Shelf. Canadian Journal of Zoology 73:1599–1608.
Hammond P et al. 2017. Estimates of cetacean abundance in European Atlantic waters in summer
2016 from the SCANS-III aerial and shipboard surveys:40.
Hammond PS et al. 2008. Phocoena phocoena. The IUCN Red List of Threatened Species.
Hammond PS et al. 2013. Cetacean abundance and distribution in European Atlantic shelf waters to
inform conservation and management. Biological Conservation 164:107–122. Elsevier Ltd.
Available from http://dx.doi.org/10.1016/j.biocon.2013.04.010.
Hammond PS, Heimlich S, Berggren P, Benke H, Borchers D, Collet A, Hiby A. 2002. Abundance of
harbour porpoise and other cetaceans in the North Sea and adjacent waters. Journal of Applied
Ecology 39:361–376.
Hastie GD, Wilson B, Thompson PM. 2003. Fine-scale habitat selection by coastal bottlenose
dolphins: application of a new land-based video-montage technique. Canadian Journal of
Zoology 81:469–478.
Hastie T, Robert T. 1990. Generalized additive models. Chapman and Hall, London.
Hedley SL. 2000. Modelling heterogeneity in cetacean surveys. PhD Thesis. Univ. St. Andr. School of
Mathematics and Statistics:132. Available from http://www.creem.standrews.ac.uk/sharon/public_html/thesis.pdf.
Hoyt E. 2005. Marine Protected Areas for Whales, Dolphins and Porpoises: A worldwide handbook
for cetacean habitat conservation.
Hui CA. 2006. Undersea Topography and Distribution of Dolphins of the Genus Delphinus in the
Southern California Bight. Journal of Mammalogy 60:521–527.
IAMMWG. 2015. The use of harbour porpoise sightings data to inform the development of Special
Areas of Conservation in UK waters. Page JNCC Report No. 565. JNCC Peterborough.
IAMMWG, Camphuysen CJ, Siemensma ML. 2015. A Conservation Literature Review for the Harbour

~ 26 ~

Porpoise ( Phocoena phocoena ). Page JNCC Report No. 566. JNCC Peterborough.
Inall M, Gillibrand P, Griffiths C, MacDougal N, Blackwell K. 2008. On the oceanographic variability of
the North-West European Shelf to the West of Scotland. Journal of Marine Systems 77:210–
226.
Ingram SN, Rogan E. 2002. Identifying critical areas and habitat preferences of bottlenose dolphins
Tursiops truncatus. Marine Ecology Progress Series 244:247–255.
Isojunno S, Matthiopoulos J, Evans PGH. 2012. Harbour porpoise habitat preferences: Robust spatiotemporal inferences from opportunistic data. Marine Ecology Progress Series 448:155–170.
Johnston DW, Westgate a J, Read a J. 2005. Effects of fine scale oceanographic features on the
distribution and movements of harbour porpoises (Phocoena phocoena) in the Bay of Fundy.
Marine Ecology Progress Series 295:279–293.
Kaschner K, Quick NJ, Jewell R, Williams R, Harris CM. 2012. Global Coverage of Cetacean LineTransect Surveys: Status Quo, Data Gaps and Future Challenges. PLoS ONE 7.
Kindt-Larsen L, Berg CW, Tougaard J, Sørensen TK, Geitner K, Northridge S, Sveegaard S, Larsen F.
2016. Identification of high-risk areas for harbour porpoise Phocoena phocoena bycatch using
remote electronic monitoring and satellite telemetry data. Marine Ecology Progress Series
555:261–271.
Kiszka J, Hassani S, Pezeril S. 2004. Distribution and status of small cetaceans along the French
Channel coasts: using opportunistic records for a preliminary assessment. Lutra 47:33–46.
Law RJ, Blake SJ, Jones BR, Rogan E. 1998. Organotin compounds in liver tissue of harbour porpoises
(Phocoena phocoena) and grey seals (Halichoerus grypus) from the coastal waters of England
and Wales. Marine Pollution Bulletin 36:241–247.
Law RJ, Jones BR, Baker JR, Kennedy S, Milne R, Morris RJ. 2003. Trace metals in the livers of marine
mammals from the Welsh coast and the Irish Sea. Marine Pollution Bulletin 24:296–304.
Leeney RH, Witt MJ, Broderick AC, Buchanan J, Jarvis DS, Richardson PB, Godley BJ. 2012. Marine
megavertebrates of Cornwall and the Isles of Scilly: Relative abundance and distribution.
Journal of the Marine Biological Association of the United Kingdom 92:1823–1833.
Lockyer C. 1995. Aspects of the Morphology, Body Fat Condition and Biology of the Harbour
Porpoise, Phocoena phocoena, in British Waters. Rep. int. Whal. Commn Special Is:199–209.
Lockyer C. 2007. All creatures great and smaller: A study in cetacean life history energetics. Journal
of the Marine Biological Association of the United Kingdom 87:1035–1045.
Lohrengel K, Evans PGH. 2015. Bottlenose dolphin and harbour porpoise monitoring in Cardigan Bay
and Pen Llŷn a’r Sarnau Special Areas of Conservation. Sea Watch Foundation:86.
Lohrengel K, Evans PGH, Lindenbaum CP, Morris CW, Stringell TB. 2017. Bottlenose Dolphin
Monitoring in Cardigan Bay , 2014 - 2016.
MacLeod CD, Mandleberg L, Schweder C, Bannon SM, Pierce GJ. 2008. A comparison of approaches
for modelling the occurrence of marine animals. Hydrobiologia 612:21–32.
Mahfouz C, Henry F, Courcot L, Pezeril S, Bouveroux T, Dabin W, Jauniaux T, Khalaf G, Amara R. 2014.
Harbour porpoises (Phocoena phocoena) stranded along the southern North Sea: An
assessment through metallic contamination. Environmental Research 133:266–273. Elsevier.
Available from http://dx.doi.org/10.1016/j.envres.2014.06.006.

~ 27 ~

Mann J. 2000. Cetacean studies: field studies of dolphins and whales. Press., Univ. of Chicago,
Chicago. Available from http://www.amazon.com/Cetacean-Societies-Studies-DolphinsWhales/dp/0226503410#reader_0226503410.
Marubini F, Gimona A, Evans P, Wright P, Pierce G. 2009. Habitat preferences and interannual
variability in occurrence of the harbour porpoise Phocoena phocoena off northwest Scotland.
Marine Ecology Progress Series 381:297–310. Available from http://www.intres.com/abstracts/meps/v381/p297-310/.
Mikkelsen L, Mouritsen KN, Dahl K, Teilmann J, Tougaard J. 2013. Re-established stony reef attracts
harbour porpoises Phocoena phocoena. Marine Ecology Progress Series 481:239–248.
Miller P. 2009. Composite front maps for improved visibility of dynamics sea-surface features on
cloudy SeaWiFS and AVHRR data. Journal of Marine Systems. Available from
http://dx.doi.org/10.1016/j.jmarsys.2008.11.019.
Moreno-Ibarra M, Levachkine S, Torres M, Quintero R, Guzman G. 2009. Semantic similarity applied
to geomorphometric analysis of digital elevation models. Page Lecture Notes in
Geoinformation and Cartography.
Morris R., Law R., Allchin C., Kelly CA, Fileman CF. 2003. Metals and organochlorines in dolphins and
porpoises of Cardigan Bay, West Wales. Marine Pollution Bulletin 20:512–523.
NRW. 2000. Pen Llŷn a ’ R Sarnau Candidate Sac Draft Management Plan Influence the Features , and
Management Response.
NRW, JNCC. 2017. SAC Selection Assessment Document: West Wales Marine / Gorllewin Cymru
Forol.
Nuuttila HK, Bertelli CM, Mendzil A, Dearle N. 2018. Seasonal and diel patterns in cetacean use and
foraging at a potential marine renewable energy site. Marine Pollution Bulletin 129:633–644.
Nuuttila HK, Courtene-Jones W, Baulch S, Simon M, Evans PGH. 2017. Don’t forget the porpoise:
acoustic monitoring reveals fine scale temporal variation between bottlenose dolphin and
harbour porpoise in Cardigan Bay SAC. Marine Biology 164:0. Springer Berlin Heidelberg.
Nuuttila HK, Meier R, Evans PGH, Turner JR, Bennell JD, Hiddink JG. 2013. Identifying foraging
behaviour of wild bottlenose dolphins (tursiops truncatus) and harbour porpoises (phocoena
phocoena) with static acoustic dataloggers. Aquatic Mammals 39:147–161.
Oakley JA, Williams AT, Thomas T. 2017. Reactions of harbour porpoise (Phocoena phocoena) to
vessel traffic in the coastal waters of South West Wales, UK. Ocean and Coastal Management
138:158–169. Elsevier Ltd. Available from http://dx.doi.org/10.1016/j.ocecoaman.2017.01.003.
Palka DL. 1996. Effects of Beaufort sea state on the sightability of harbor porpoises in the Gulf of
Maine. Reports of the International Whaling Commission 46:575–582.
Peltier H et al. 2013. The Stranding Anomaly as Population Indicator: The Case of Harbour Porpoise
Phocoena phocoena in North-Western Europe. PLoS ONE 8.
Pérez-Jorge S, Louzao M, Oro D, Pereira T, Corne C, Wijtten Z, Gomes I, Wambua J, Christiansen F.
2017. Estimating the cumulative effects of the nature-based tourism in a coastal dolphin
population from southern Kenya. Deep-Sea Research Part II: Topical Studies in Oceanography
140:278–289. Elsevier Ltd. Available from http://dx.doi.org/10.1016/j.dsr2.2016.08.011.
Pierce GJ, Diack JSW, Boyle PR. 1990. Application of serological methods to identification of fish prey
in diets of seals and dolphins. Journal of Experimental Marine Biology and Ecology 137:123–
140.

~ 28 ~

Pierpoint C. 2008. Harbour porpoise (Phocoena phocoena) foraging strategy at a high energy, nearshore site in south-west Wales, UK. Journal of the Marine Biological Association of the United
Kingdom 88:1167–1173. Plymouth University.
QGIS Team. 2015. QGIS Geographic Information System. Open Source Geospatial Foundation
Project. Available from http://qgis.osgeo.org.
R Team C. 2018. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. Available from https://www.r-project.org/.
Rae BB. 1965. The food of the Common porpoise (Phocoena Phocoena). Journal of Zoology 146::
114-122.
Rankin S, Barlow J, Oswald JN, Ballance L. 2008. Acoustic Studies of Marine Mammals During Seven
Years of Combined Visual and Acoustic Line-Transect Surveys for Cetaceans in teh Eastern and
Central Pacific Ocean - NOAA Technical Memorandum NMFS. Page Administrator.
Raum-Suryan KL, Harvey JT. 1998. Distribution and abundance of and habitat use by harbor
porpoise, Phocoena phocoena, off the northern San Juan Islands, Washington. Fishery Bulletin
96:808–822.
Read AJ, Westgate AJ. 1997. Monitoring the movements of harbour porpoises (Phocoena phocoena)
with satellite telemetry. Marine Biology 130:315–322.
Reijnders PJH. 1992. Harbour porpoises Phocoena phocoena in the North Sea: Numerical responses
to changes in environmental conditions. Netherlands Journal of Aquatic Ecology 26:75–85.
Richardson H. 2012. The effect of boat disturbance on the bottlenose dolphin (Tursiops truncatus) of
Cardigan Bay in Wales. University College London.
Riley S, DeGloria SD, Elliot R. 1999. A terrain ruggedness index that quantifies topographic
heterogeneity.
Ross HM, Wilson B. 1996. Violent interactions between bottlenose dolphins and harbour porpoises.
Proceedings of the Royal Society of London.:283–286. Available from
https://doi.org/10.1098/rspb.1996.0043.
Santos MB, Pierce GJ. 2003. The diet of harbour porpoise (Phocoena phocoena) in the Northeast
Atlantic. Oceanography and Marine Biology 41:355–390.
Santos MB, Pierce GJ, Learmonth JA, Reid RJ, Ross HM, Patterson IAP, Reid DG, and Beare, D. 2.
2004. Variablity in the diet of harbour porpoises (Phocoena phocoena) in Scottish waters.
Marine Mammal Science 20:1–27.
Schwing FB, Moore CS, Ralston S, Sakuma KM. 2000. Record coastal upwelling in the California
current in 1999. California Cooperative Oceanic Fisheries Investigations Reports 41:148–160.
Scottish Natural Heritage. 2016. The use of harbour porpoise sightings and acoustic data to inform
the development of the Inner Hebrides and the Minches draft Special Area of Conservation of
the west coast of Scotland. Available from http://www.snh.gov.uk/docs/A1918277.pdf.
Shanks A. 2007. Surface slicks associated with tidally forced internal waves may transport pelagic
larvae of benthic invertebrates and fishes shoreward. Marine Ecology Progress Series 13:311–
315.
Shanks AL. 1988. Further support for the hypothesis that internal waves can cause shoreward
transport of larval invertebrates and fish. Fishery Bulletin 86:703–714.

~ 29 ~

Shucksmith R, Jones NH, Stoyle GW, Davies A, Dicks EF. 2009. Abundance and distribution of the
harbour porpoise (Phocoena phocoena) on the north coast of anglesey, wales, UK. Journal of
the Marine Biological Association of the United Kingdom 89:1051–1058. Plymouth University.
Silva MA, Magalhães S, Prieto R, Santos RS, Hammond PS. 2009. Estimating survival and abundance
in a bottlenose dolphin population taking into account transience and temporary emigration.
Marine Ecology Progress Series 392:263–276.
Simon M, Nuuttila H, Reyes-Zamudio MM, Ugarte F, Verfub U, Evans PGH. 2010. Passive acoustic
monitoring of bottlenose dolphin and harbour porpoise, in Cardigan Bay, Wales, with
implications for habitat use and partitioning. Journal of the Marine Biological Association of the
United Kingdom 90:1539–1545.
Sveegaard S. 2011. Spatial and temporal distribution of harbour porpoises in relation to their prey.
Sveegaard S, Nabe-Nielsen J, Stæhr K, Jensen T, Mouritsen K, Teilmann J. 2012. Spatial interactions
between marine predators and their prey: herring abundance as a driver for the distributions
of mackerel and harbour porpoise. Marine Ecology Progress Series 468:245–253.
Teilmann J. 2003. Influence of sea state on density estimates of harbour porpoises (Phocoena
phocoena). Journal of Cetacean Research and Management 5:85–92.
Torres J, Eira C, Oliveira I, Sequeira M, Vingada J, Ferreira M, Monteiro SS, López A. 2016. Biological
variables and health status affecting inorganic element concentrations in harbour porpoises (
Phocoena phocoena ) from Portugal (western Iberian Peninsula). Environmental Pollution
210:293–302.
Tougaard J, Rigét FF, Carlén I, Dietz R, Koblitz JC, Mikkelsen L, Sveegaard S, Kyhn LA, Carlström JAK,
Teilmann J. 2016. Comparing Distribution of Harbour Porpoises (Phocoena phocoena) Derived
from Satellite Telemetry and Passive Acoustic Monitoring. Plos One 11:e0158788.
van Beest FM, Nabe-Nielsen J, Carstensen J, Teilmann J, Tougaard J. 2015. Disturbance effects on the
harbour porpoise population in the north sea (DEPONS): status report on model development.
Vinther M. 1999. Bycatches of harbour porpoises (Phocoena phocoena L.) in Danish set-net fisheries.
Journal of Cetacean Research and Management 1:123–135.
Walton MJ. 1997. Population structure of harbour porpoises Phocoena phocoena in the seas around
the UK and adjacent waters. Proceedings of the Royal Society B: Biological Sciences 264:89–94.
Watts P, Gaskin DE. 1985. Habitat Index Analysis of the Harbour Porpoise (Phocoena phocoena) in
the Southern Coastal Bay of Fundy, Canada. Journal of Mammalogy 66:733–744.
Weir CR, Pollock C, Cronin C, Taylor S. 2001. Cetaceans of the Atlantic Frontier, north and west of
Scotland. Continental Shelf Research 21:1047–1071.
Williams AD, Williams R, Brereton T. 2002. The sighting of pygmy killer whales (Feresa attenuata) in
the southern Bay of Biscay and their association with cetacean calves. Journal of the Marine
Biological Association of the United Kingdom 82:509–511.
Wilson B, Thompson PM, Hammond PS. 2006. Habitat Use by Bottlenose Dolphins: Seasonal
Distribution and Stratified Movement Patterns in the Moray Firth, Scotland. The Journal of
Applied Ecology 34:1365.
Wood S. 2018. The mgcv package.
Wood SN. 2006. Generalised Additive Models – An Introduction with R. Chapman and Hall/CRS, Boca
Raton, Florida.

~ 30 ~

Wood SN. 2017. Generalized additive models: An introduction with R, second edition. Page
Generalized Additive Models: An Introduction with R, Second Edition, 2nd edition. Chapman
and Hall/CRC, New York.
Yen PPW, Sydeman WJ, Hyrenbach KD. 2004. Marine bird and cetacean associations with
bathymetric habitats and shallow-water topographies: Implications for trophic transfer and
conservation. Journal of Marine Systems 50:79–99.

Appendix:
Appendix 1:
Survey forms used to collect data for a) the effort data during boat survey and b) the
sightings during boat surveys.
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a) Data form for vessel effort.
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b) Data form for vessel sightings
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Appendix 2:
Photo-identification license from Natural Resources Wales outlining guidelines to Sea Watch
Foundation.
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Appendix 3:
Best fit GAM model for each year between 2009-2013; 2009 (1), 2010 (2), 2011 (3), 2012 (4),
and 2013 (5).

1) 2009 best fit model, showing a relationship between the visual detection of harbour porpoise groups and vessel speed.

2) 2010 best fit model, showing a relationship between the visual detection of harbour porpoise groups and temperature.
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3) 2011 best fit model, showing a relationship between the visual detection of harbour porpoise groups and a) sea state, b)
visibility, and c) salinity.
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4) 2012 best fit model, showing a relationship between the visual detection of harbour porpoise groups and a) sea state, b) visibility, c) bathymetry, and d) chlorophyll a.
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5) 2013 best fit model, showing a relationship between the visual detection of harbour porpoise groups and a) sea state, b) vessel speed, c) bathymetric roughness, and d) salinity.
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Appendix 4:
Map of survey effort intensity.

Map of effort intensity within Cardigan Bay, West Wales. Dark blue indicates areas of high effort intensity.
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