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Abstract

1.

2.

3.

5.

The distribution of marine predators is strongly linked to the distribution of prey,
which is influenced by combinations of fixed physiographic and dynamic
oceanographic conditions. Rorqual whales in particular may use particular conditions
to locate high densities of prey to optimise their foraging efficiency.

The Moray Firth is an important foraging ground for minke whales which feed on
sandeels, herring, and sprat. A marine protected area (MPA) was designated in the
Southern Trench area of the firth to increase protection for the species. However,
these spatiotemporally fixed frameworks fail to account for differential importance
of different areas of the MPA in relation to environmental conditions and how these
may change over time due to dynamic oceanographic conditions. Therefore,
improved understanding of how minke whales use these conditions is required to
inform managers to consider a more dynamic approach to managing the MPA.

This study assesses the preferences of minke whales in the Moray Firth for
physiographic (depth, seabed slope, distance to shore) and dynamic oceanographic
(sea surface temperature (SST), frontal activity) using sightings data collected by the
CRRU in a presence-absence generalized additive model.

Minke whales showed strong preference for waters deeper than 40 metres but no
apparent preference for seabed slope. There was slight preference for low SST,
although marginally non-significant, and low values of SST standard deviation
(frontal proxy). High temporal variation in occurrence probability was observed both
among months and years.

The observed preferences for physiographic and oceanographic conditions of minke
whales are likely due to the distribution of prey. An unexpected negative relationship
with frontal activity was found which indicates that minke whales do not use fronts
to forage and similar results have been found in the Gulf of St Lawrence. These
findings demonstrate that different areas of the survey area and MPA will be of
differential importance depending on the assembly of physiographic and
oceanographic conditions, and these will likely change over time. Therefore,
management of the MPA would be more effective if it spatially adapts on the

monthly scale to more effectively conserve the most important areas.
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Introduction

Marine habitats are heterogenous over different spatial scales leading to non-random
distribution of their inhabitants. Such fluctuations are particularly important for marine
predators (Scales et al. 2014a; Scales et al. 2014b) such as cetaceans, in terms of their
spatio-temporal occurrence (Robinson et al 2009; Anderwald et al. 2012) and foraging
strategies (Hazen et al. 2015). The success of efforts to conserve coastally occurring
cetacean populations therefore depends upon a good understanding of the environmental
factors influencing their respective distribution and habitat use over spatial and temporal

scales.

Marine habitat models can be used to better understand the associations between
particular environmental conditions and species’ distribution (Redfern et al. 2006; Mannocci
et al. 2017). These models may include combinations of fixed physiographic and/or dynamic
oceanographic conditions. Physiographic conditions are heterogeneous over spatial scales
but remain constant over time in the marine environment and include covariates such as
depth, seabed slope, and sediment type (Anderwald et al. 2012), for example. Dynamic
oceanographic conditions vary over spatial scales but also change over time and include
highly variable conditions such as sea-surface temperature (SST; Anderwald et al. 2012), as
well as more persistent oceanographic features such as fronts (Scales et al. 2014a). Many
habitat models have demonstrated that particular physiographic and oceanographic
conditions are important for large marine vertebrates. For example, basking shark
(Cetorhinus maximus) occurrence in UK coastal waters is more probable in areas of
persistent frontal zones (Miller et al. 2015). For large animals such as cetaceans, modelling
species distributions can inform management of the ecological requirements and
preferences of the animals that may make them more susceptible to injury or disturbance

from anthropogenic activities such as fishing activities or vessel traffic (Fiedler et al. 2018).
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The importance of physiographic and oceanographic conditions to cetaceans is typically
linked to the influence of these conditions on the distribution of their prey (Robinson et al.
2007b; Segura et al. 2008; Zerbini et al. 2016; Tardin et al. 2017) so they can be used as
proxies for important foraging areas. These associations can be investigated on different
spatio-temporal scales. Fine-scale studies on spatiotemporal scales of hundreds of metres
and several hours may seek to understand associations between predators and ephemeral
prey patches (Mannocci et al. 2017). More meso/sub-mesoscale studies aim to address
guestions concerning associations between species and larger oceanographic features such
as fronts and eddies over several kilometres and longer periods of time (e.g.,
monthly/seasonal) which are potentially utilised by large mobile marine animals to locate
productive regions yielding optimal foraging opportunities (Redfern et al. 2006; Mannocci et
al. 2017). Mesoscale fronts (several kilometres) in particular are thought to provide
excellent foraging opportunities due to their aggregatory effects upon plankton (Genin et al.
2005; Scales et al. 2014a) and their tendency to persist for substantial periods making them
more predictable. This ultimately encourages increased meso-predator occurrence (i.e.,
fish), making them attractive foraging areas for top predators, especially those exhibiting
high site fidelity (Scales et al. 2014a) such as many baleen whales (e.g., Valenzuela et al.
2009; Acevedo et al. 2014; Palacios et al. 2019; Broker et al. 2020). Monitoring dynamic
oceanographic conditions such as fronts and species’ presence and absence, will facilitate
research into how the timing and position of fronts may change both seasonally and over

the long-term due to climate change, and responses to these changes by species.

Rorqual whales (Balaenoptera spp.) may be especially influenced by mesoscale
oceanographic conditions. These whales feed mainly using a lunge-feeding strategy
involving engulfment of large volumes of seawater containing prey which is then filtered
(Hazen et al. 2015). Lunge feeding is very energetically expensive, however, and high rates
of lunge feeding on low-density prey patches is energetically inefficient (Hazen et al. 2015).
Thus, rorquals should focus their foraging activities within areas where prey densities are
high. The minke whale (Balaenoptera acutorostrata) whale is the smallest and most
abundant of the rorquals (Horwood 1989) and approximately 8900 occur in the North Sea

(Hammond et al. 2021), primarily in inshore waters less than 200 metres deep (Macleod et
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al. 2004). As top predators (Durant et al. 2014) minke whales are an important component
of the coastal marine environment (Robinson et al. 2009) and exert top-down effects on the
abundance of other species through competition and predation (Durant et al. 2014), so
more effective management informed by improved understanding will be relevant to the

entire ecosystem as a result.

Spatiotemporal distribution in relation to physiographic and dynamic oceanographic
conditions has been widely studied in other rorquals including blue (Balaenoptera musculus;
Hazen et al. 2017; Barlow & Torres 2021) and fin (Balaenoptera physalus; Grossi et al. 2021;
Ham et al. 2021) whales to reveal important foraging areas, and humpback whales
(Megaptera novaeangliae; Derville et al. 2019a; Derville et al. 2019b) to identify important
breeding habitat, to facilitate management bodies to make more informed decisions.
Associations between minke whales and environmental conditions have been previously
studied and associations have been found with depth (Macleod et al. 2004; Ingram et al.
2007; Robinson et al. 2009; Anderwald et al. 2012; Zerbini et al. 2016), SST (Tetley et al.
2008; Anderwald et al. 2012), topography (Robinson et al. 2009; Anderwald et al. 2012;
Correia et al. 2021), seabed slope (Ingram et al. 2007; Robinson et al. 2009) and proximity to
sea ice (Kasamatsu et al. 2001). However, these associations are likely to be highly site and
population specific as the comparative importance of particular environmental conditions to
minke whale distribution varies across regions (MaclLeod et al. 2004) and minke whales
exhibit regional-specific dietary preferences (Olsen & Holst 2001). In the Norwegian Sea, for
example, minke whales feed almost exclusively on herring (Clupea harengus; Olsen & Holst
2001) whereas diet in Scottish waters comprises mostly lesser sandeel (Ammodytes
marinus), herring, and sprat (Sprattus sprattus; Pierce et al. 2004) and about eighty-seven
percent lesser sandeel with smaller amounts of mackerel (Scomber scombrus), whiting
(Merlangius merlangus), and herring in the North Sea (Olsen & Holst 2001). The species,
however, does show plasticity in diet, with both seasonal changes and intra-population age-
class differences in prey selection being observed (Robinson et al. in press). Site-specific
research into physiographic and oceanographic drivers of minke whale occurrence,
therefore, is necessary to provide management with regional understanding of occurrence

patterns and of which areas are of most importance.
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The Moray Firth is a large inshore body of water off the northeast coast of Scotland. The
area has a designated Special Area of Conservation (SAC) for the resident bottlenose dolphin
(Tursiops truncatus) population (Thompson et al. 2006) but is important for other cetaceans
including harbour porpoises (Phocoena phocoena) and minke whales (Robinson et al.
2007b). Minke whales occur in the Moray Firth at relatively higher densities than
surrounding waters and other areas around Scotland (Paxton et al. 2014) and use the area
to forage throughout the summer (Robinson & Tetley 2007). The distribution of minke
whales in the Moray Firth is thought to be linked to the distribution of sandeels (Robinson et
al. 2007b) and previous habitat studies have tested minke whale association with a range of
fixed and dynamic environmental covariates including SST, sediment type, seabed slope,
inter alia (Tetley et al. 2008; Robinson et al. 2009). AlImost 20 years of research has led to
the recent designation of the Southern Trench along the southern coastline of the outer
Moray Firth as a Marine Protected Area (MPA). However, as highlighted by Robinson et al.
(in press) not all areas within an MPA have equal value. Since the spatiotemporal
distribution of physiographic and oceanographic conditions is heterogeneous, different
locations within the MPA will likely be of differential importance over space, and this
importance will likely shift with time due to dynamic variables such as fronts (Miller &
Christodoulou 2014), and some areas have differential importance to different demographic
groups (Robinson et al. in press). Additionally, changing environmental conditions due to
climate change (Mackenzie & Schiedek 2007; Belkin 2009; Lindegren et al. 2018) have
already resulted in regime shifts in plankton communities (Beaugrand 2004; McQuatters-
Gollop et al. 2007; Defriez et al. 2016) which has important consequences for higher trophic
level predators and fisheries alike (Defriez et al. 2016). Therefore, an updated understanding
of habitat preferences of minke whales to identify important foraging areas is crucial to

delivering effective management.

MPAs which can adapt to dynamic oceanographic conditions have been seldom
implemented but if it is demonstrated that species are utilising particular dynamic
environmental conditions, then adaptive MPAs may prove more effective (Hooker et al.
2011). For example, in Hawaii, loggerhead turtles (Caretta caretta) are known to associate
with a moving temperature front feature that can be indicated by an SST isotherm. This

frontal region is highlighted by managers to bring to fishers’ attention and is updated
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weekly, so that turtle bycatch is avoided, demonstrating a dynamic management approach
(Howell et al. 2008). If minke whales do show particular preferences for different
physiographic and dynamic oceanographic conditions, then a more adaptive management
approach would be recommended (Hamazaki 2002). Adopting an adaptive approach would
likely minimise the impact of anthropogenic activities, such as fishing, renewables
installation, and vessel traffic, on important foraging areas by considering the changing
spatiotemporal distribution of minke whales as a reaction to the availability of their prey

(Tetley et al. 2008).

This study uses minke whale sightings data from boat-based surveys in a presence-absence
model to assess the influence of fixed physiographic (depth, seabed slope, and distance to
shore) and dynamic oceanographic (SST and frontal activity) conditions as well as monthly
and interannual effects, as proxies for prey distribution, on minke whale occurrence in the
southern outer Moray Firth. An increased understanding of how physiographic and dynamic
oceanographic conditions affect minke whale presence will help to identify important
foraging areas in the study area and inform if a more adaptive management approach is

needed.

Methods

2019-2021 Sightings Data

Data comprising 938 minke whale sightings were collected from dedicated boat-based
survey work carried-out by the Cetacean Research and Rescue Unit (CRRU) from May —
October 2001 to 2021, inclusive, within a 2987 km? area along the southern coastline of the
outer Moray Firth, within and adjacent to the designated Southern Trench MPA (Fig. 1).
Survey effort was available from 2009 to 2021 and 543 sightings were recorded during this
period. Surveys were non-systematic in that after an animal was sighted it was typically
followed to facilitate focal studies such as photo-identification, behavioural sampling, and

aerial photogrammetry using an unmanned aerial vehicle (UAV). During surveys, the survey
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vessel was typically operated at speeds of 10 to 14 km h™L. Survey tracks were recorded
using a global positioning system (GPS) from which the distance travelled, and the
respective positions of encounters could be extracted. When a sighting was made, the
number of whales was recorded along with in situ environmental data such as the sea state,
swell height, sea surface temperature (SST), and associated depth. Sea state corrected bias,
as considered in other studies (e.g., Anderwald et al. 2012), was not implemented here as
surveys were only conducted in Beaufort Sea States of <3 and swells of <3 on the Douglas
Scale. Changes in detectivity at these lower sea states (0-2) are likely to be minimal with
larger cetaceans such as minke whales (Hammond et al. 2002). The full methodology for

these surveys is available in Robinson et al. (2009).
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Figure 1. Map of the study area showing the position of the survey area along the southern coastline of the
outer Moray Firth and the recently designated Southern Trench Marine Protected Area (MPA).
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Environmental Data Collation and Spatial analysis

All spatial analyses were undertaken in ArcGIS Desktop v10.8.1 (Environmental Systems
Research Institute 2020). Spatial layers were all projected to the British National Grid
Transverse Mercator coordinate reference system so that spatial distances could be

interpreted in metric units.

A rectangular grid, measuring 553 x 159 cells of 200 m? resolution was created containing
mean depth values using bathymetry data derived from Admiralty charts of the Moray firth
(for full description of raster creation, see Robinson et al. 2009). Another grid of the same
dimensions and resolution was created containing average seabed slope (°) and this was
extrapolated from the bathymetry raster using the ‘Slope’ tool from the Spatial Analyst
extension in ArcGIS. In order for the tool to run properly, depth values had to be converted
to negative values. A further grid of the same dimensions and resolution containing values
of distance to shore from the centre of each grid cell was therefore determined using the

‘Euclidean Distance’ tool from the Spatial Analyst extension.

Presence-absence grids for every surveyed month were created for the following analysis.
Since the study aimed to incorporate monthly variation, this approach required up to six
grids per year (May to October), and given the scope of the present study, producing grids
for the full range of years there were adequate data available for (2009 to 2021) was
unfeasible. Therefore, the dataset was limited to the most recent three survey years (2019
to 2021) which comprised 197 sightings. For these years, no surveys were conducted in May
so up to five grids (June to October) were created per year. Survey waypoints were first
transformed into survey track lines using the ‘Point to Line’ tool, with each track line being
separated by a unique survey ID number. A column was created in the sightings data
indicating minke whale presence, coded for by ‘1’, and a column created in the track line
data indicating absence, coded for by ‘0’. This corresponds to used and available habitat,
respectively, as a binary probability of occurrence response variable (Correia et al. 2021).
Both vector layers were converted to raster grids using the ‘Point to Raster’ tool and the
raster grid cell size was set as 2,000 (2 km?) to capture meso/sub-mesoscale environmental

variability whilst avoiding excessive extrapolation to areas which would not be well
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represented by this method. Derville et al. (2019a) considered waters 10 km either side of
GPS tracks as surveyed to account for the maximum detection range of humpback whales
from the vessel but the detection range of sightings in the CRRU dataset was lower since
vessels were much lower in height, and since minke whales are considerably smaller than
the other rorqual species (Horwood 1989). Accordingly, 2 km? grid cells were considered
adequate. In order to produce the presence-absence grids, the tracks and sightings raster
grid values for each month-year combination were added together using the ‘Raster

Calculator’ tool from the Spatial Analyst extension.

SST data were sourced from NASA Giovanni (Acker & Leptoukh 2007) and were obtained
from the Moderate Resolution Imaging Spectroradiometer instrument from the Aqua
satellite (MODIS-Aqua). Monthly average daytime SST was selected at a 4 km? resolution for
all surveyed months from 2019 to 2021, for an area slightly larger than the survey area. The
standard deviation of SST (SST SD) can be used to quantify frontal areas since fronts typically
exhibit large temperature gradients (Forney et al. 2015; Gilles et al. 2016) and so this
approach was adopted in the present analysis. The ‘Focal Statistics’ tool from the Spatial
Analyst extension was used to calculate SST SD and produce rectangular grids for each
surveyed month, from 2019 to 2021, at the same spatial and temporal resolution as for SST.
All environmental data grid layers were collated using the ‘Sample’ tool from the Spatial

Analyst extension in ArcGIS.

Statistical analysis

All statistical analyses were carried out using R v4.1.2 (R Core Team 2021). Collinearity
between explanatory variables, including all physiographic (depth, slope, distance from
shore), oceanographic (SST, SST SD), and temporal (month, year) variables was examined
using the ‘pairs’ function in R. From the outputs, a strong correlation was found between
distance from shore and depth (0.73), and thus distance from shore was discarded from the
analysis, since depth was expected to be more ecologically interpretable. All other variables

were kept for the subsequent analysis.

10
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The study aimed to evaluate the influence of environmental variables on the probability of
occurrence. Whilst generalized linear models (GLMs) require linear independent variables,
generalized additive models (GAMs) can utilise smooth, non-parametric functions of the
independent variables, enabling GAMs to be a more flexible tool than a GLM (Forney et al.
2012). A GAM was selected as the model type since the relationships between the
probability of occurrence and the physiographic and oceanographic explanatory variables
were not expected to be linear. GAM functions were accessed in R via the ‘mgcv’ package
(v1.8 —40; Wood 2011). To reduce the influence of very high values of slope and SST SD,

each of these variables were transformed using the ‘log10’ function.

Smooth functions of SST, log10(SST SD), logio(slope), and depth were included in the initial
model selection, with the maximum number of parameters (k) set at 4 for the depth smooth
and 3 for the logio (slope) smooth to avoid overfitting. Month and year were treated as
factors and were included as linear predictors in the model to capture seasonal and
interannual variation in the probability of minke whale occurrence. The inclusion of year
prohibits predictions being made for subsequent years (Redfern et al. 2006; Wood 2006) but
the additional interannual variation in occurrence incorporated by including year into the
model (Becker et al. 2019; Becker et al. 2020) was prioritised since the aim was to explain
variation rather than make predictions. The family was set as ‘binomial’ using a logit link
function since the response variable for presence/absence is binary (presence or absence).
Low-rank thin plate splines were the chosen smoother type for all smooth terms. Restriction
maximum likelihood (REML) was used for smoothness selection to prevent overfitting. The
model summary indicated that the SST and logio (SST SD) effects were linear (effective
degrees of freedom (EDF) = 1.0) so they were reincorporated as linear terms. Depth and
logio (slope) were subsequently retained as smooth effects (depth smooth EDF = 2.425, log1o
(slope) smooth EDF = 1.439). The GAM check carried out using the ‘gam.check’ function,
indicated that k was set at an appropriate level for the depth and logio (slope) smooth terms

(P>0.05).

Sightings frequency was calculated for every year with available data (2001 to 2021) and

relative abundance (sightings km™) was estimated for each year with available survey effort

11
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(2009 to 2021) and for each pooled month using data from the same period. This was done

to compare with probability of occurrence results estimated by the GAM.

Model validation and variable selection

To assess whether the model met the assumptions of a GAM, model validation techniques
were employed to examine the residuals. Due to the binary nature of the response variable
(presence vs absence), the standard residual plots in RStudio were difficult to interpret.
Instead, plots of residuals versus explanatory variables were created and examined using
the “binnedplot()” function from the ‘arm’ package (version 1.12 — 2; Gelman et al. 2021).
Binned plots are useful since they display the mean of residuals for discrete levels (bins) of
the explanatory variables. To assess whether the model had met the assumption of
temporal independence, mean residuals of the final model were plotted against temporal
variables (month and year). To check the assumptions of spatial independence, mean
residuals were plotted against spatial variables (longitude and latitude). The final
assumption of residual variance homogeneity was evaluated by plotting the mean residuals

against all model explanatory variables.

Mean residuals increased from June to August where a peak was observed, which then fell
thereafter, indicating some temporal non-independence associated with month. Against
year, mean residuals were positive in 2019, negative in 2020, and positive in 2021. Residuals
against both temporal variables were well within the expected limits, suggesting reasonable
model fit, however. Mean residuals showed no obvious patterns against either latitude or
longitude using a variety of bin numbers, from 10 to 150. When plotted against explanatory
variables, there was some heterogeneity of variance, especially when plotted against depth,
SST, and log1o (SST SD). Therefore, this assumption was probably not adequately met by this
model, likely because there are other factors affecting minke whale presence/absence that
had not been considered in the model and would explain some of this variability.

Subsequently, these model results were interpreted with caution.

Model selection was conducted with comparison of the Akaike information criterion (AIC)

between the full model and alternative models, where non-significant predictor terms were

12
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removed. The full model (including depth, slope, SST, SST SD, month, and year) was selected
as differences in AIC, compared with alternative models, were less than 2, and the full
model explained more deviance. Concurvity was assessed using the ‘concurvity’ function
from the ‘mgcv’ package and looking at the worst case concurvity. Worst case concurvity

was low for both smooth terms (all < 0.4) so there were no concerns with concurvity.

Results

Sightings data

Between May and October 2001 to 2021, 938 sightings were recorded throughout the
survey area between the coastal ports of Burghead and Fraserburgh, with most sightings
recorded in the eastern half of the survey area between Whitehills and Fraserburgh (Fig. 2).
Sightings were recorded across a wide range of depths from 1.95 m to 211.77 m, with a
mean depth of 58.70 m. Whales were further observed over a range of seabed slope
gradients from gently sloping 0.02 ° seabeds to steeper 12.2 ° slopes with a mean
underlying seabed slope of 1.10 °. Mean distance from shore of sightings was approximately
6 km but sightings were recorded from the immediate coast to as far off as 26.82 km (Table
1). 197 sightings were recorded between 2019 and 2021, the period upon which the GAM

was based.

13
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Figure 2. Map showing the survey area and spatial distribution of minke whale sightings recorded along the
southern coastline of the outer Moray Firth from dedicated boat surveys conducted by the CRRU research

team between May and October from 2001 to 2021 (n=938).

Table 1. Mean and ranges of water depth, seabed slope, and distance to shore of minke whale sightings

recorded in the southern outer Moray Firth from 2001 to 2021 (n=938).

Physiographic Mean £ SD Min Max
variable
Depth (m) 58.70 +45.18 1.95 211.77
Seabed slope (°) 1.10+1.52 0.02 12.20
Distance to shore 5.98 £4.82 0 26.82
(km)

Minke whales were recorded for all years between 2001 and 2021 with the exception of

2004. Number of sightings varied considerably between years with notable peaks in 2005,

2006, 2018, and 2021 (Fig. 3). The relative abundance, number of sightings km, from 2009

14
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to 2021 varied widely but showed a slight pattern of increase (Fig. 4A). Lowest relative
abundance was recorded in 2014 (0.005) whereas greatest relative abundance was
observed in 2018 (0.072). From 2019 to 2021, relative abundance followed a pattern of
increase where it was low in 2019 (0.015), increased in 2020 (0.026), but was much higher in
2021 (0.071), comparatively (Fig. 4A). Sightings were recorded for all of the pooled months
surveyed and there was variation in SPUE among months (Fig. 4B). SPUE was 0.034 in May
and increased slightly in June (0.039) and peaked in July (0.058). In August, SPUE was much
lower (0.026) and there was a slight increase in September (0.032) but a drop to the lowest

SPUE in October (0.025). Overall, SPUE was similar from August to October (Fig. 4B).
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Figure 3. Number of sightings by year, using data from all surveyed years (2001 to 2021; n=938), with annual
count labels above bars.
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Figure 4. Pooled relative abundance (no. sightings km™) by year (A) and month, May to October (B), using data
from years with recorded survey effort (2009 to 2021; n=543).
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Model Spatial Variation

The selected model (Equation 1), with n denoting the probability of occurrence and s a
smooth function of covariates, explained 26.8% of the deviance. Occurrence probability was
low at shallow depths and quickly increased following a logistic curve where the increase
slowed at approximately 30 metres (Fig. 5A). Beyond 40 to 50 metres, the occurrence
probability starts to level off and at around 60 metres, it remains almost constant out to the
maximum depths recorded for the 2019 to 2021 period. Data were well distributed across
the range of depth values, but confidence intervals with the integrated standard error (SE)
of the intercept are much wider at shallower depths and gradually become narrower with
increasing depths. The depth smooth term was a significant predictor of the probability of
minke whale occurrence (Chi-square = 51.41, P < 0.001; Fig. 5A). Occurrence probability
was higher at lower slope gradients and fell slightly with increasing logio (slope) until
approximately —0.8 where there was a slight increase in occurrence probability with
increasing logio (slope) (Fig. 5B). There were fewer data at low values of logio(slope) below
approximately —1.25 and at very high values above 0.25 than at more intermediate values.
Confidence intervals were approximately constant although marginally wider at the very
extreme logio (slope) values. The smooth function of logio (slope) was estimated as a non-

sighificant predictor of occurrence probability (Chi-square = 0.59, P>0.05; Fig. 5B).

Equation 1.
n ~ s(depth) + s(log10(slope)) + SST + log 10(SST SD) month + year

The probability of occurrence declined as SST increased. This relationship was only weakly
negative and marginally non-significant (Z = —1.95, P = 0.051). There were notably fewer
data for SST values lower than 12.5 °C and uncertainty increased with SST (Fig. 5C),
additionally. Occurrence probability also declined with logio (SST SD), used here as an
indicator of frontal activity, and the relationship was significant (Z = —2.40, P < 0.05; Fig 5D).
However, there were very few data at values above —0.2 and below —1.0. Confidence
intervals were wide at low values of logio (SST SD) and decreased down to high values of

logio (SST SD) where the intervals were very narrow (Fig. 5D).
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Model Temporal Variation

The probability of minke whale occurrence differed significantly between months (Fig. 5E).
Occurrence probability increased from June to July (Z = 2.254, P < 0.05) where it peaked. In
August, occurrence probability fell to a similar value to that observed in June but showed a
significant increase again in September (Z = 2.17, P < 0.05). Probability of occurrence was
lowest in October but was significantly different to that observed in June (Z=-1.76, P >
0.05). There was notable interannual variation in the model intercept among years, with a
pattern of increasing occurrence with year (Fig. 5F). Occurrence probability was significantly
greater in 2020 than in 2019 (Z = 2.79, P > 0.05) and significantly greater in 2021 than in
2019 (2 =4.70, P < 0.001). It is worth noting, however, that the confidence intervals also

increase with each progressive year (Fig. 5F).
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Figure 5. Partial effect plots showing the component effect of smooth terms including depth (A) and logio
seabed slope (B), and parametric terms including SST (C), log1o(SST ST) (D), month (E), and year (F), on the
probability of occurrence of minke whales from June to October 2019 to 2021 (n=197). Confidence intervals

take account for error in the intercept estimation, additionally.
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Discussion

Minke whales exhibit habitat preferences in their feeding grounds related to the distribution
of their prey (Robinson et al. 2009; Anderwald et al. 2012; Zerbini et al. 2016; Robinson et
al. in press). The results of the present study demonstrate that the minke whales in the
study area show specific preferences for a variety of fixed, physiographic and dynamic,
oceanographic conditions that vary across space and time, and can be used to provide a
better understanding of the spatial and temporal habitat use of the species to inform

management for their protection.

Physiographic Preferences

Minke whale occurrence in the Moray Firth study area increased with depth and showed a
preference for deeper waters beyond 40 m in the model (Fig. 3A) as intimated by Robinson
et al. (2009). Such preferences for deeper coastal waters have been previously observed for
the species in the Bering Sea (Zerbini et al. 2016), the Bay of Fundy (Ingram et al. 2007), and
along the west coast of Scotland (MacLeod et al. 2004; Anderwald et al. 2012) and has been
indirectly linked to the distribution of targeted prey (MaclLeod et al. 2004; Ingram et al.
2007; Robinson et al. 2009; Anderwald et al. 2012; Zerbini et al. 2016). Sandeels are
evidently an important prey species for these coastally-occurring whales (Robinson & Tetley
2007; Pierce et al. 2004) and are thought to occur at highest densities in water depths of 30
to 70 m (Wright et al. 2000). However, minke whales show seasonal and demographic
dietary plasticity, and ongoing studies in the Moray Firth by Robinson et al. (in press) have
shown that adult minke whales primarily target juvenile herring and sprat in deeper

offshore waters, whilst juveniles preferentially target sandeels in shallower inshore waters.

In contrast to previous studies (e.g., Robinson et al. 2009; Anderwald et al. 2012; Ingram et
al. 2007), no significant relationship with slope was observed in the GAM. Steep slopes
correspond to large depth gradients, which may result in fine-scale upwellings and fronts
which aggregate plankton (Ingram et al. 2007). However, the importance of slope may
change throughout the year (Anderwald et al. 2012) and this may have resulted in the lack

of relationship observed when only considered using spatial sightings alone. Additionally,
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adults and juveniles may use slopes differently in view of the dietary differences highlighted
above. Indeed, Robinson et al. (in press) found no preference for slope in juvenile minke
whales. Since over 60% of the sightings data used in the present study were juveniles, this

might conceivably explain why no such correlation was observed herein.

Preferences for fixed physiographic features, such as depth and slope, will correspond to
preferences for particular areas with the adequate underlying conditions remaining stable
over time (Anderwald et al. 2012). Understanding the preferences of minke whales for these
conditions subsequently allows the identification of particular areas that may be important
for management. Thus, waters beyond 40 m within the designated Southern Trench MPA
may constitute important foraging areas for minke whales which might be subjected to
considerable anthropogenic disturbance. The differences in preferences for certain
physiographic conditions between age classes within the MPA as highlighted by Robinson et
al. (in press), suggest that the adaptive management process may be optimised by
considering these differences. For example, alternative management regulations in inshore
waters may also be important for the protection of juvenile foraging habitat from fisheries
and other activities, especially since inshore waters may bear greater anthropogenic activity

(Robinson et al. in press).

Dynamic Oceanographic Preferences

In the present study, the weak negative relationship observed between the probability of
minke whale occurrence and sea surface temperature (SST) detected in the GAM, suggests a
preference by the species for lower water temperatures, although this relationship was
marginally non-significant. This is a similar trend to that observed in other rorqual species.
For example, fin and blue whales around the Azores are associated with lower sea
temperatures which correspond to higher primary production (Prieto et al. 2017). Thus,
lower water temperatures may be associated with better foraging opportunities for minke
whales. North Sea herring occurrence, for example, is greater at lower temperatures of 11
to 12 °C (Maravelias 1997), which may attract greater numbers of foraging minke whales
targeting these prey items. Other filter-feeding large marine vertebrates such as basking

sharks are also known to associate with areas of lower temperature, which are thought to
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be linked to local upwellings of nutrient-rich waters and mixing providing good
opportunities for feeding (Miller et al. 2015). It is likely that such relationships may vary
seasonally and interannually, as well. Around the Inner Hebrides on the west coast of
Scotland, for example, minke whales show temperature preferences that change
throughout the summer months, with whales preferring higher seasonal temperatures of
11.5to 12 °C in June and more average seasonal temperatures of 13 to 14 °C in August and

September (Anderwald et al. 2012).

Contrary to expectations, however, the probability of whale occurrence declined with SST
SD (frontal activity), in the GAM suggesting no preference in the study area for frontal
regions or a preference for fronts with a lower temperature gradient. A similar relationship
was observed for sei whales (Balaenoptera borealis) in the Azores, where occurrence
declined with night-time SST SD, which suggested sei whales did not associate with local SST
gradients (Prieto et al. 2017). This is likely due to the fact that sei whales use the Azores as a
migratory path, rather than a foraging location per se (Prieto et al. 2017; Pérez-Jorge et al.
2020). However, this is evidently not the case in the Moray Firth, since the highly productive
waters provide rich feeding grounds for minke whales (Robinson et al. 2007b). It may be
that minke whales are not as reliant on fronts to concentrate their prey as other baleen
whales, and in the Gulf of St Lawrence minke whales have been found to occur further from
frontal locations than blue, humpback, and fin whales, with distances to fronts not being a
significant predictor of occurrence (Doniol-Valcroze et al. 2007). Differences in diet between
adults and juveniles may also result in differential use of frontal areas according to prey
preference. For example, adults feeding on herring in late summer (Robinson et al. in press)
may associate with fronts as herring distribution is strongly influenced by these areas
(Maravelias 1997) whereas juveniles feeding on sandeels may not rely on fronts since
sandeels may be more limited by other variables (van der Kooij et al. 2008). The weak
relationship observed in the present study may have been skewed by the large proportion
of juveniles in the study area (Robinson et al. 2009). Additionally, seasonal prey switching in
adults (Robinson et al. in press) may result in the reliance on fronts changing over the

course of the year in adults.

22



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608

Dynamic oceanographic conditions are heterogeneous over space and time (Anderwald et
al. 2012). Therefore, management considering preferences of a species for particular
dynamic conditions must adapt to these temporal changes to optimise the effectiveness of
measures (Hooker et al. 2011). The results from the present study indicate that areas
forecasted to have cooler SST may be important to inform the management process. Since
the importance of and preferences for SST may change over the course of a year
(Anderwald et al. 2012) and may differ by age classes, however, these seasonal changes and
demographic differences need to be addressed in future research and management

decisions.

North Sea annual water temperatures have been rising for several decades (Mackenzie &
Schiedek 2007; Belkin 2009) and such climatic changes will likely affect the distribution of
prey species and predators alike. Many fish species inhabit surface waters as eggs, juveniles
or adults (Mackenzie & Schiedek 2007), and so climate change will not only directly affect
the surface temperatures experienced by minke whales but may further result in changes to
targeted prey through physiological or ecological (e.g., competition and predation) impacts

(Mackenzie & Schiedek 2007; Lindegren et al. 2018).

One impact affecting minke whales could be upon the availability of passive feeding
opportunities. Passive or bird-associated feeding opportunities are generally schools of
small fish that have been already concentrated by feeding seabirds from above and
predatory fish such as mackerel from below (Hoelzel et al. 1989), which juvenile minke
whales in particular are thought to associate with (Robinson et al. in press). Individuals
exploiting these opportunities are thought to use less energy compared with those using
more energetically costly active lunge-feeding techniques (Hoelzel et al. 1989; Kuker et al.
2005). However, temperature changes have been observed to influence mackerel school
structure resulting in changes to migratory speed and behaviour, and even, in extreme
changes, causing migration termination and dispersal (Reid et al. 1997). Due to the
importance of mackerel in creating these passive foraging opportunities by corralling the
targeted baitfish prey to the surface (Robinson & Tetley 2007), the inferred climatic changes

may have adverse effects upon juvenile foraging opportunities in the study area.
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Temporal Variation

There was significant interannual variation in occurrence probability over the three-year
period, with a general pattern of increase indicated by the model (Fig. 5F), and relative
abundance varied widely between years but showed an overall pattern of increase from
2009 to 2021 (Fig. 4A). Year can be incorporated into habitat models to account for
population trends (Becker et al. 2019; Becker et al. 2020) but analysis of minke whale
population trends for the wider North Sea have found no evidence for significant population
changes over the past few decades (Hammond et al. 2021). The increasing trend over years
may correspond to increasing usage of the Moray Firth by North Sea minke whales in years
with higher occurrence or relative abundance, due to increases in prey availability. This
would be in line with previous observations where patterns of minke whale numbers in the
Moray Firth appear inverse to patterns observed on the west coast of Scotland (e.g., period
from 2001 to 2005). It is thought these inverse patterns are due to foraging habitat
switching by minke whales (Robinson et al. 2007a), reaffirming that minke whales
throughout Scottish waters come from a wider single population and that foraging

opportunities are the principal driver of minke whale distribution in the study area.

Minke whales occurred across all surveyed months but there was notable variation between
months in occurrence probability (Fig. 5E) detected in the model. Pooled monthly data show
fairly high relative abundance for the entire study period (Fig. 2B), supporting that presence
is sustained in the region, as also confirmed from consistent recaptures of the same animals
during the same year and between years (Baumgartner 2008), indicating not only that
whales remain in the immediate study area but also reaffirming that some individuals return
in consecutive years. In June, sandeels are especially important and other studies have
found minke whale distribution in June to be linked to sandeel distribution (MaclLeod et al.
2004; Anderwald et al. 2012). Both occurrence probability and relative abundance was
greatest in July, indicating that this is when the optimum foraging conditions are available.
This may also indicate the minke whales are less preferential in their habitat selection due
to higher availability of prey and wider prey options. Indeed, reduced habitat selectivity in
July has been observed on the west coast of Scotland, for example, thought to be due to

increases in abundance of several prey species (Macleod et al. 2004). The reduction in
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occurrence probability and relative abundance in August may be due to minke whales
becoming more selective of their foraging habitat as pre-spawning herring becomes more
abundant during this month. Thus, the overall spatial distribution may become more
localised compared with July, perhaps causing the reductions in relative abundance and
occurrence probability. The following increase in relative abundance and occurrence in
September is probably linked to increasing abundance of herring which may result in
increases in feeding aggregation numbers, as observed by MaclLeod et al. (2004), on the
west coast of Scotland. Indeed, the changing availability of different prey species over the
season may be the underlying reason for the different preferences for different
environmental covariates for different months observed in other studies (MaclLeod et al.

2004; Anderwald et al. 2012).

With such seasonal and interannual temporal variation, combined with the preferences for
fixed physiographic and dynamic oceanographic covariates observed, a more adaptive
approach to management of the Southern Trench MPA would optimise the effectiveness of
management measures (Tetley et al. 2008). Since minke whale occurrence probability is
variable at least on the monthly scale, adaptive approaches should consider updating
restrictions and mitigation measures by month. Previous adaptive management approaches
have updated restrictions on weekly scales (Howell et al. 2008), so monthly updates are

likely feasible.

Future Recommendations

To better inform the adaptive management process, predictions for future months would be
a logical extension to the study. This would require discarding the year variable, as including
year only permits predictions within the study period and not for subsequent years (Redfern
et al. 2006; Wood 2006). The model from the present study explained 26.8 % of the
deviance which is in line with other cetacean habitat models (e.g., Becker et al. 2014;
Tepsich et al. 2014, Gilles et al. 2016). However, the model residuals suffer from temporal
and spatial non-independence and variance heterogeneity so addressing these issues in

future models would make model interpretation more reliable.
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A large proportion of variation remains unaccounted for by the model. Incorporating
sediment type would likely improve the model’s explanatory power, since sandeels occur
where there are coarse, sandy sediments (Wright et al. 2000) and minke whale occurrence
has previously been found to be influenced by seabed type in the study area (Robinson et al.
2009; Robinson et al. in press). Differences between adult and juvenile preferences have
been observed in the study area for sediment type, depth, and slope (Robinson et al. in
press) suggesting that inclusion of an age-class variable and interaction would reaffirm
existing demographic differences in these preferences and improve explanatory power.
Inclusion of an interaction between month and the selected environmental variables may
further aid in the identification of monthly changes in the preferences of whales as
previously observed in other studies (e.g., MacLeod et al. 2004; Doniol-Valcroze et al. 2007;
Anderwald et al. 2012). Additionally, individuals are often sighted travelling to foraging
locations through potentially poorer habitat, and therefore incorporating a behavioural
model term (e.g., foraging/travelling) could enable better identification of foraging habitat
preferences (Hooker et al. 2011).To facilitate effective long-term management of the
designated MPA, consideration of climate change effects would be a current research
priority, requiring analysis of a longer-term dataset (Redfern et al. 2006). The scope of the
present study meant that only a three-year dataset could be analysed but future research
utilising the full 20-year CRRU dataset would enable the long-term effects of climate change

to be considered to inform the adaptive MPA management process.

The unexpected relationship observed between occurrence and SST SD was likely influenced
by limited data at the high and low values of SST SD, even after the logio transformation. An
alternative method would be to use threshold values to firstly define what strength of
gradient is considered as a ‘front’, and to then calculate the Euclidean distance for each
sighting. Scales et al. (2014a) considered thresholds of 0.4 and 1.0 °C to compare the effects
on their modelling outcomes, whereas Doniol-Valcroze et al. (2007) used a 2 °C km™
threshold to consider only the strongest temperature gradients. However, the latter method
fails to capture the continuously varying frontal gradient, which is likely to be ecologically
important, since greater temperature gradient fronts will persist for longer periods and thus

be more attractive to marine predators (Miller et al. 2015).
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Monthly-averaged composite images are a common data source in habitat models.
However, the temporal variability in SST or fronts over averaged periods is concealed with
temporally averaged data (Miller 2009; Scales et al. 2014a) which may result in
misalignment between animals and conditions they are associated with, which may be
different to conditions actually experienced (Zerbini et al. 2016). A key advantage of
monthly-average composites is that they allow retention of adequate sample sizes rather
than limiting data to days or weeks where SST is available (Prieto et al. 2017), as SST outputs
are typically limited by cloud cover, for example. Environmental data gaps will likely reduce
model accuracy, and thus, broader temporal resolutions may be more useful (Scales et al.
2017). Additionally, fine-scale temporal data can be problematic in that animals may not
respond to very short-term oceanographic changes (Hamazaki 2002). A lag may also occur
when using fine-scale temporal data between the response and the oceanographic change,
as the oceanographic change must first alter the productivity which may then influence the
availability of prey species, and subsequently the predator presence leading to no
relationship being detected (Hamazaki 2002). Consequently, for investigating the meso/sub-
mesoscale preferences of minke whales in the study area, the temporal resolution used was

considered to be adequate for this study.

Some improvements to future models could be made to minimise the effects of differing
survey effort in each defined grid cell. For instance, Ingram et al. (2007) removed grid cells
from the analysis which had been surveyed on less than three occasions to minimise bias
stemming from these potentially under-sampled areas. Another issue often encountered in
presence-absence approaches is that the high number of absence cells compared to
presence cells, can result in poor model fits (Segura et al. 2008). By increasing the cell size
(e.g., to 4 km?), the relative number of absence cells will also be reduced (Segura et al.
2008). Additionally, methodological absences, caused by biases in the collection and/or
scarcity of presence data, are more likely in areas of suitable habitat situated near recorded
presences (Lobo et al. 2010) such that increasing the cell size will reduce the impact of

methodological absences by expanding the recorded presence into adjacent areas.

Since cetaceans can remain underwater for long durations and make inconspicuous surfaces

(Praca et al. 2009), obtaining true absence data is challenging (Praca et al. 2009; Tepsich et
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al. 2014). ‘False absences’, where animals are not detected but may have been present
(Praca et al. 2009; Tepsich et al. 2014), will often bias models. However, minke whales
typically take 1.5 to 3 breaths per minute (Christiansen et al. 2015) which should increase
the likelihood of detection compared with those species spending longer periods
underwater. Additionally, data collection surveys in this study were conducted exclusively in
‘good’ sea conditions, greatly reducing the likelihood of failed detection (Hammond et al.

2002).

Conclusions

This study builds on research previously conducted in the study area resulting in the present
designation of the Southern Trench MPA and has demonstrated that minke whales in the
study area exhibit preferences for both fixed physiographic and dynamic oceanographic
conditions that vary across space and time. This reinforces the idea that different areas of
the study area and MPA will be of differential importance, and these will likely vary over
time. To fully inform an adaptive management process, predictions for future months and
years may be useful to identify which areas within the MPA will be most important and how
these areas will change over time. Evidently, not all areas within an MPA will have equal
value (Robinson et al. in press) and so determining those areas of high importance will be
highly informative for management and the effective conservation of these coastal

cetaceans within the MPA and adjacent UK waters.

Acknowledgements

This thesis would not have been possible if it were not for the generosity and supervision of
my great friend and mentor, Dr Kevin Robinson, who has accommodated me for months at
the Cetacean Research and Rescue Unit in Gardenstown. He provided the opportunity to
undertake this thesis using data he has been collecting for over 20 years and has been a
constant presence and source of wisdom throughout the project. Likewise, my university
supervisor, Dr Jo Kershaw, has provided me with first class advice, wisdom, and assistance

for all aspects of this project. Her availability and dedication to helping me through this

28



768
769
770
771
772
773
774

775

776

777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810

project has provided me with a unique advantage and one | am incredibly grateful for. |
would finally like to give thanks to Dr Philip Smith who has not only been a huge help to me
in this project but throughout my time at the University of Aberdeen during my BSc and MSc
degrees. He has always been among the first port of calls when | am in need of some help or

general wisdom. | am indebted to him.

References

Acevedo J, Mora C, Aguayo-Lobo A (2014) Sex-related site fidelity of humpback whales
(Megaptera novaeangliae) to the Fueguian Archipelago feeding area, Chile. Mar Mamm Sci
30:433-444.

Acker, J.G. and Leptoukh, G.“Online Analysis Enhances Use of NASA Earth Science
Data”, Eos, Trans. AGU, Vol. 88, No. 2 (9 January 2007), pages 14 and 17, doi:
10.1029/2007E0020003

Anderwald P, Evans P, Dyer R, Dale A, Wright P, Hoelzel A (2012) Spatial scale and
environmental determinants in minke whale habitat use and foraging. Mar Ecol Prog Ser
450:259-274.

Barlow DR, Torres LG (2021) Planning ahead: Dynamic models forecast blue whale
distribution with applications for spatial management. J Appl Ecol 58:2493-2504.

Baumgartner N (2008) Distribution, diving behaviour and identification of the North Atlantic
minke whale in northeast Scotland. MPhil thesis, University of Aberdeen, 101

Beaugrand G (2004) The North Sea regime shift: Evidence, causes, mechanisms and
consequences. Prog Oceanogr 60:245-262.

Becker E, Forney K, Foley D, Smith R, Moore T, Barlow J (2014) Predicting seasonal density
patterns of California cetaceans based on habitat models. Endang Species Res 23:1-22.

Becker EA, Forney KA, Redfern JV, Barlow J, Jacox MG, Roberts JJ, Palacios DM (2019)
Predicting cetacean abundance and distribution in a changing climate. Divers Distrib
25:626—643.

Becker EA, Carretta JV, Forney KA, Barlow J, Brodie S, Hoopes R, Jacox MG, Maxwell SM,
Redfern JV, Sisson NB, Welch H, Hazen EL (2020) Performance evaluation of cetacean
species distribution models developed using generalized additive models and boosted

regression trees. Ecol Evol 10:5759-5784.

Belkin IM (2009) Rapid warming of Large Marine Ecosystems. Prog Oceanogr 81:207-213.

29



811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856

Broker KCA, Gailey G, Tyurneva OY, Yakovlev YM, Sychenko O, Dupont JM, Vertyankin VV,
Shevtsov E, Drozdov KA (2020) Site-fidelity and spatial movements of western North Pacific
gray whales on their summer range off Sakhalin, Russia. PLOS ONE 15:e0236649.

Christiansen F, Lynas NM, Lusseau D, Tscherter U (2015) Structure and Dynamics of Minke
Whale Surfacing Patterns in the Gulf of St. Lawrence, Canada. PLOS ONE 10:e0126396.

Correia AM, Sousa-Guedes D, Gil A, Valente R, Rosso M, Sousa-Pinto I, Sillero N, Pierce GJ
(2021) Predicting Cetacean Distributions in the Eastern North Atlantic to Support Marine
Management. Front Mar Sci 8.

Defriez EJ, Sheppard LW, Reid PC, Reuman DC (2016) Climate change-related regime shifts
have altered spatial synchrony of plankton dynamics in the North Sea. Glob Change Biol
22:2069-2080.

Derville S, Torres LG, Albertson R, Andrews O, Baker CS, Carzon P, Constantine R, Donoghue
M, Dutheil C, Gannier A, Oremus M, Poole MM, Robbins J, Garrigue C (2019a) Whales in
warming water: Assessing breeding habitat diversity and adaptability in Oceania’s changing
climate. Glob Change Biol 25:1466—-1481.

Derville S, Torres LG, Dodémont R, Perard V, Garrigue C (2019b) From land and sea, long-
term data reveal persistent humpback whale (Megaptera novaeangliae) breeding habitat in
New Caledonia. Aquat Conserv 29:1697-1711.

Doniol-Valcroze T, Berteaux D, Larouche P, Sears R (2007) Influence of thermal fronts on
habitat selection by four rorqual whale species in the Gulf of St. Lawrence. Mar Ecol Prog
Ser 335:207-216.

Durant JM, Skern-Mauritzen M, Krasnov YV, Nikolaeva NG, Lindstrgm U, Dolgov A (2014)
Temporal Dynamics of Top Predators Interactions in the Barents Sea. PLOS ONE 9:e110933.

Fiedler PC, Redfern JV, Forney KA, Palacios DM, Sheredy C, Rasmussen K, Garcia-Godos |,
Santillan L, Tetley MJ, Félix F, Ballance LT (2018) Prediction of Large Whale Distributions: A
Comparison of Presence—Absence and Presence-Only Modeling Techniques. Front Mar Sci 5.

Forney K, Ferguson M, Becker E, Fiedler P, Redfern J, Barlow J, Vilchis I, Ballance L (2012)
Habitat-based spatial models of cetacean density in the eastern Pacific Ocean. Endang

Species Res 16:113-133.

Forney KA, Becker EA, Foley DG, Barlow J, Oleson EM (2015) Habitat-based models of
cetacean density and distribution in the central North Pacific. Endang Species Res 27:1-20.

Gelman A, Su Y-S, Yajima M, Hill J, Pittau MG, Kerman J, Zheng T, Dorie V (2021) Arm: Data
Analysis Using Regression and Multilevel/Hierarchical Models.

30



857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902

Genin A, Jaffe JS, Reef R, Richter C, Franks PJS (2005) Swimming Against the Flow: A
Mechanism of Zooplankton Aggregation. Science 308:860—862.

Gilles A, Viquerat S, Becker EA, Forney KA, Geelhoed SCV, Haelters J, Nabe-Nielsen J,
Scheidat M, Siebert U, Sveegaard S, van Beest FM, van Bemmelen R, Aarts G (2016) Seasonal
habitat-based density models for a marine top predator, the harbor porpoise, in a dynamic
environment. Ecosphere 7:e01367.

Grossi F, Lahaye E, Moulins A, Borroni A, Rosso M, Tepsich P (2021) Locating ship strike risk
hotspots for fin whale (Balaenoptera physalus) and sperm whale (Physeter macrocephalus)
along main shipping lanes in the North-Western Mediterranean Sea. Ocean Coast Manag
212:105820.

Ham GS, Lahaye E, Rosso M, Moulins A, Hines E, Tepsich P (2021) Predicting summer fin
whale distribution in the Pelagos Sanctuary (north-western Mediterranean Sea) to identify
dynamic whale—vessel collision risk areas. Aquat Conserv 31:2257-2277.

Hamazaki T (2002) Spatiotemporal Prediction Models of Cetacean Habitats in the Mid-
Western North Atlantic Ocean (from Cape Hatteras, North Carolina, U.S.A. to Nova Scotia,
Canada). Mar Mamm Sci 18:920-939.

Hammond P s., Berggren P, Benke H, Borchers D I., Collet A, Heide-Jgrgensen M p., Heimlich
S, Hiby A r., Leopold M f., @ien N (2002) Abundance of harbour porpoise and other
cetaceans in the North Sea and adjacent waters. J Appl Ecol 39:361-376.

Hammond P, Lacey C, Gilles A, Viquerat S, Borjesson P, Herr H, Macleod K, Ridoux V, Santos
M, Teilmann J, Vingada J, @ien N (2021) Estimates of cetacean abundance in European
Atlantic waters in summer 2016 from the SCANS-IIl aerial and shipboard surveys.

Hazen EL, Friedlaender AS, Goldbogen JA (2015) Blue whales ( Balaenoptera musculus )
optimize foraging efficiency by balancing oxygen use and energy gain as a function of prey
density. Sci Adv 1:e1500469.

Hazen EL, Palacios DM, Forney KA, Howell EA, Becker E, Hoover AL, Irvine L, DeAngelis M,
Bograd SJ, Mate BR, Bailey H (2017) WhaleWatch: a dynamic management tool for
predicting blue whale density in the California Current. J Appl Ecol 54:1415-1428.

Hoelzel AR, Dorsey EM, Stern SJ (1989) The foraging specializations of individual minke
whales. Anim Behav 38:786—794.

Hooker SK, Cafiadas A, Hyrenbach KD, Corrigan C, Polovina JJ, Reeves RR (2011) Making
protected area networks effective for marine top predators. Endang Species Res 13:203—

218.

Horwood JW (1989) Biology and Exploitation of the Minke Whale. CRC Press, Boca Raton, FL.

31



903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949

Howell E, Kobayashi D, Parker D, Balazs G, Polovina alJ (2008) TurtleWatch: a tool to aid in
the bycatch reduction of loggerhead turtles Caretta caretta in the Hawaii-based pelagic
longline fishery. Endang Species Res 5:267-278.

Ingram SN, Walshe L, Johnston D, Rogan E (2007) Habitat partitioning and the influence of
benthic topography and oceanography on the distribution of fin and minke whales in the
Bay of Fundy, Canada. J Mar Biol Ass 87:149-156.

Kasamatsu F, Ensor P, Joyce GG, Kimura N (2000) Distribution of minke whales in the
Bellingshausen and Amundsen Seas (60°W-120°W), with special reference to
environmental/physiographic variables. Fish Oceanogr 9:214-223.

Kuker KJ, Thomson JA, Tscherter U (2005) Novel Surface Feeding Tactics of Minke Whales,
Balaenoptera acutorostrata, in the Saguenay-St. Lawrence National Marine Park. The Can
Field-Nat 119:214-218.

Lindegren M, Van Deurs M, MacKenzie BR, Worsoe Clausen L, Christensen A, Rindorf A
(2018) Productivity and recovery of forage fish under climate change and fishing: North Sea
sandeel as a case study. Fish Oceanogr 27:212-221.

Lobo JM, Jiménez-Valverde A, Hortal J (2010) The uncertain nature of absences and their
importance in species distribution modelling. Ecography 33:103-114.

Macleod K, Fairbairns R, Gill A, Fairbairns B, Gordon J, Blair-Myers C, Parsons E (2004)
Seasonal distribution of minke whales Balaenoptera acutorostrata in relation to
physiography and prey off the Isle of Mull, Scotland. Mar Ecol Prog Ser 277:263-274.

Mannocci L, Boustany AM, Roberts JJ, Palacios DM, Dunn DC, Halpin PN, Viehman S, Moxley
J, Cleary J, Bailey H, Bograd SJ, Becker EA, Gardner B, Hartog JR, Hazen EL, Ferguson MC,
Forney KA, Kinlan BP, Oliver MJ, Perretti CT, Ridoux V, Teo SLH, Winship Al (2017) Temporal
resolutions in species distribution models of highly mobile marine animals:
Recommendations for ecologists and managers. Divers Distrib 23:1098-1109.

Maravelias CD (1997) Trends in abundance and geographic distribution of North Sea herring
in relation to environmental factors. Mar Ecol Prog Ser 159:151-164.

McQuatters-Gollop A, Raitsos DE, Edwards M, Pradhan Y, Mee LD, Lavender SJ, Attrill MJ
(2007) A long-term chlorophyll dataset reveals regime shift in North Sea phytoplankton
biomass unconnected to nutrient levels. Limnol and Oceanogr 52:635—-648.

Miller P (2009) Composite front maps for improved visibility of dynamic sea-surface features
on cloudy SeaWiFS and AVHRR data. ] Mar Syst 78:327-336.

Miller PI, Christodoulou S (2014) Frequent locations of oceanic fronts as an indicator of

pelagic diversity: Application to marine protected areas and renewables. Mar Policy 45:318—
329.

32



950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994

Miller PI, Scales KL, Ingram SN, Southall EJ, Sims DW (2015) Basking sharks and
oceanographic fronts: quantifying associations in the north-east Atlantic. Funct Ecol
29:1099-1109.

Olsen E, Holst JC (2001) A note on common minke whale (Balaenoptera acutorostrata) diets
in the Norwegian Sea and the North Sea. J Cetacean Res Manag. p 179-183

Paxton, C.G.M., Scott-Hayward, L.A.S. & Rexstad, E. 2014. Statistical approaches to aid the
identification of Marine Protected Areas for minke whale, Risso’s dolphin, white-beaked
dolphin and basking shark. Scottish Natural Heritage Commissioned Report No. 594.

Palacios DM, Bailey H, Becker EA, Bograd SJ, DeAngelis ML, Forney KA, Hazen EL, Irvine LM,
Mate BR (2019) Ecological correlates of blue whale movement behavior and its
predictability in the California Current Ecosystem during the summer-fall feeding season.
Mov Ecol 7:26.

Pérez-Jorge S, Tobefia M, Prieto R, Vandeperre F, Calmettes B, Lehodey P, Silva MA (2020)
Environmental drivers of large-scale movements of baleen whales in the mid-North Atlantic
Ocean. Divers Distrib 26:683-698.

Pierce GJ, Santos MB, Reid RJ, Patterson IAP, Ross HM (2004) Diet of minke
whales Balaenoptera acutorostrata in Scottish (UK) waters with notes on strandings of this
species in Scotland 1992-2002. J Mar Biol Ass 84:1241-1244.

Praca E, Gannier A, Das K, Laran S (2009) Modelling the habitat suitability of cetaceans:
Example of the sperm whale in the northwestern Mediterranean Sea. Deep Sea Res Part |
Oceanogr Res Pap 56:648—657.

Prieto R, Tobefia M, Silva MA (2017) Habitat preferences of baleen whales in a mid-latitude
habitat. Deep Sea Res Part Il Top Stud Oceanogr
141:155-167.

Redfern JV, Ferguson MC, Becker EA, Hyrenbach KD, Good C, Barlow J, Kaschner K,
Baumgartner MF, Forney KA, Ballance LT, Fauchald P, Halpin P, Hamazaki T, Pershing AJ,
Qian SS, Read A, Reilly SB, Torres L, Werner F (2006) Techniques for cetacean—habitat
modeling. Mar Ecol Prog Ser 310:271-295.

Reid DG, Turrell WR, Walsh M, Corten A (1997) Cross-shelf processes north of Scotland in
relation to the southerly migration of Western mackerel. ICES J Mar Sci 54:168-178.

Robinson KP, Baumgartner N, Eisfeld SM, Clark NM, Culloch RM, Haskins GN, Zapponi L,
Whaley AR, Weare JS, Tetley MJ (2007) The summer distribution and occurrence of
cetaceans in the coastal waters of the outer southern Moray Firth in northeast Scotland
(UK). Lutra 50:19-30.

33



995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041

Robinson KP, Tetley MJ (2007) Behavioural observations of foraging minke whales
(Balaenoptera acutorostrata) in the outer Moray Firth, north-east Scotland. J Mar Biolog
Assoc UK 87:85-86.

Robinson KP, Stevick PT, & MacLeod CD (2007) An integrated approach to non-lethal
research on minke whales in European waters. Proceedings of a workshop held at the 21st
Annual Meeting of the European Cetacean Society in Donostia-San Sebastian, Spain, 22 April
2007. European Cetacean Society, Special Publication Series no 47, 49pp

Robinson KP, Tetley MJ, Mitchelson-Jacob EG (2009) The distribution and habitat preference
of coastally occurring minke whales (Balaenoptera acutorostrata) in the outer southern
Moray Firth, northeast Scotland. J Coast Conserv 13:39-48.

Robinson KP, Bamford CCG, Brown WJ, Culloch RM, Dolan CJ, Hall R, Haskins GN, Russell G,
Sidiropoulos T, Sim TMC, Spinou E, Stroud E, Williams G, and MacDougall, D. (in press).
Ecological partitioning and feeding specialisations of coastal minke whales (Balaenoptera
acutorostrata) in a proposed Marine Protected Area. PLoS ONE.
https://doi.org/10.1101/2021.01.25.428066.

Scales KL, Hazen EL, Jacox MG, Edwards CA, Boustany AM, Oliver MJ, Bograd SJ (2017) Scale
of inference: on the sensitivity of habitat models for wide-ranging marine predators to the
resolution of environmental data. Ecography 40:210-220.

Scales KL, Miller PI, Embling CB, Ingram SN, Pirotta E, Votier SC (2014a) Mesoscale fronts as
foraging habitats: composite front mapping reveals oceanographic drivers of habitat use for
a pelagic seabird. J R Soc Interface 11:20140679.

Scales KL, Miller PI, Hawkes LA, Ingram SN, Sims DW, Votier SC (2014b) REVIEW: On the
Front Line: frontal zones as priority at-sea conservation areas for mobile marine vertebrates.
J Appl Ecol 51:1575-1583.

Segura AG de, Hammond PS, Raga JA (2008) Influence of environmental factors on small
cetacean distribution in the Spanish Mediterranean. J Mar Biolog Assoc UK 88:1185-1192.

Tardin RH, Chun Y, Sim&o SM, Alves MAS (2017) Modeling habitat use by Bryde’s whale
Balaenoptera edeni off southeastern Brazil. Mar Ecol Prog Ser 576:89-103.

Tepsich P, Rosso M, Halpin P, Moulins A (2014) Habitat preferences of two deep-diving
cetacean species in the northern Ligurian Sea. Mar Ecol Prog Ser 508:247-260.

Tetley MJ, Mitchelson-Jacob EG, Robinson KP (2008) The summer distribution of coastal
minke whales (Balaenoptera acutorostrata) in the southern outer Moray Firth, NE Scotland,
in relation to co-occurring mesoscale oceanographic features. Remote Sens Environ
112:3449-3454,

Thompson PM, Corkrey R, Lusseau D, Lusseau, SM, Quick N, Durban JW, Parsons KM and
Hammond PS (2006) An assessment of the current condition of the Moray Firth bottlenose

34



1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067

dolphin population. Scottish Natural Heritage Commissioned Report No. 175 (ROAME No.
FO2AC409).

Valenzuela LO, Sironi M, Rowntree VJ, Seger J (2009) Isotopic and genetic evidence for
culturally inherited site fidelity to feeding grounds in southern right whales (Eubalaena
australis). Mol Ecol 18:782-791.

Van der Kooij J, Scott BE, Mackinson S (2008) The effects of environmental factors on
daytime sandeel distribution and abundance on the Dogger Bank. J Sea Res 60:201-209.

Wood SN (2006) Generalized Additive Models: an introduction with R. Chapman & Hall/CRC
Press, Boca Raton, FL.

Wood SN (2011) Fast stable restricted maximum likelihood and marginal likelihood
estimation of semiparametric generalized linear models. J R Stat Soc Series B Stat Methodol
73:3-36.

Wright PJ, Jensen H, Tuck | (2000) The influence of sediment type on the distribution of the
lesser sandeel, Ammodytes marinus. J Sea Res 44:243-256.

Zerbini AN, Friday NA, Palacios DM, Waite JM, Ressler PH, Rone BK, Moore SE, Clapham PJ
(2016) Baleen whale abundance and distribution in relation to environmental variables and
prey density in the Eastern Bering Sea. Deep Sea Res Part Il Top Stud Oceanogr
134:312-330.

35



