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ABSTRACT: The foraging habitats of 7 species of marine apex predators were observed simultaneously in a shallow sea, with continuous measurements taken of the detailed bio-physical water
column characteristics to determine habitat preferences. We found the occurrence of small-scale
‘hotspots’, where 50% of all animals were actively foraging in less than 5% of the 1000 km of transects surveyed. By investigating a contrasting range of foraging strategies across a variety of ﬁsheating seabirds and marine mammals, we determined which habitat characteristics were consistently
important across species. A static habitat variable, tidal stratiﬁcation, log10 (h/U 3) (h = water depth,
U = tidal current amplitude), was found to be the best indicator of the probability of presence and
abundance of individual species. All 7 mobile top-predators preferentially foraged within habitats
with small-scale (2 to 10 km) patches having (1) high concentrations of chlorophyll in the sub-surface
chlorophyll maximum (CHLmax) and (2) high variance in bottom topography, with different species
preferring to forage in different locations within these habitats. Patchiness of CHLmax was not associated with the locations of strong horizontal temperature gradients (fronts) or high surface chlorophyll
values, but instead may be related to areas of high sub-surface primary production due to locally
increased vertical mixing. These small-scale areas represent a newly identiﬁed class of spatially
important location that may play a critical role within the trophic coupling of shallow seas. Such subsurface hotspots may represent the limited locations where the majority of predator-prey interactions
occur, despite making up only a small percentage of the marine environment.
KEY WORDS: Biological hotspots · Foraging habitats · Marine top predators · Predator-prey
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INTRODUCTION
The foraging locations of marine piscivorous predators may be extremely limited spatially and temporally.
Evidence increasingly indicates that marine mammals
and seabirds use not only a small set of locations, but
also a limited range of tidal conditions in which to cap-

ture their ﬁsh prey (Uda 1952, Irons 1998, Simard et al.
2002, Johnston et al. 2005a,b, Bertrand et al. 2008, Stevick et al. 2008). The ecological implications are that
the successful capture of prey by apex predators
requires speciﬁc environmental conditions at a limited
number of suitable locations; predators must be at ‘the
right place at the right time’.

*Email: b.e.scott@abdn.ac.uk

© Inter-Research 2010 · www.int-res.com

208

Mar Ecol Prog Ser 408: 207–226, 2010

Review studies on the upwelling systems of the
Paciﬁc Ocean identiﬁed spatially and temporally predictable ‘biological hotspots’ with distinct surface signatures (Spear et al. 2001, Bakun 2006, Ballance et al.
2006, Sydeman et al. 2006). At this large scale, the
mechanistic evidence behind the creation of hotspots
for marine predator foraging points directly to both
topographical features (Genin 2004, Yen et al. 2004)
and primary productivity (Ware & Thomson 2005, Bost
et al. 2009). The general conclusion of many largescale studies is that seabirds and marine mammals are
found preferentially foraging within different types of
frontal region: areas of intersection between different
water mass types where there are steep surface (horizontal) gradients in water density. Biological reasoning
links foraging to frontal locations via the elevated
levels of primary production and aggregation of planktonic organisms found at fronts (Pingree et al. 1975,
Franks & Chen 1996, Durazo et al. 1998, Russell et al.
1999, Lough and Manning 2001). However, some of
the studies mentioned above stress the point that
not all marine mammals and seabirds forage preferentially at the fronts (Ballance et al. 2006, Spear et al.
2001).
Sea surface temperature (SST) fronts and surface
colour (calibrated for chlorophyll biomass) from satellite imagery are now widely used as proxies for locations of productivity and in the identiﬁcation of potential foraging areas for marine predators over global
scales (Polovina et al. 2001, Worm et al. 2005). However, a study off the west coast of North America has
shown that SST is not always a reliable predictor of foraging habitat across a wide range of seabird species
(Burger 2003). In this paper, we address the possibility
that some important areas of foraging do not have
oceanographic surface signatures, but are instead
associated with (less observationally convenient) subsurface processes.
Understanding the links between a predator and its
prey is challenging. We need to appreciate that predator-prey interactions may occur on a time scale of minutes and on spatial scales of tens of metres or less. The
few studies directed at these smaller scales have been
conducted in areas with very strong tidal currents.
Tidal forcing has been found to be the main cause of
prey aggregation at such locations (Decker & Hunt
1996, Mendes et al. 2002, Cotté & Simard 2005, Johnston et al. 2005a,b) and primary production has also
been implicated as playing an important role in predator distribution (Ladd et al. 2005, Sinclair et al. 2005).
Two recent studies, not within tidally active areas,
have investigated predator-prey interactions across a
range of trophic levels at the appropriate spatial and
temporal scales (Bertrand et al. 2008, Stevick et al.
2008). In both cases, internal wave activity was indi-

cated as a potential mechanism for increased predatorprey interaction; a mechanism that our study also
points towards. However, these studies were based on
locations where there were large changes in topography (>100 m differences), located near shelf edges
and which had obvious surface features (temperature
gradients, large surface slicks) deﬁning the regions of
predictable predator foraging.
In this study, we worked in a shallow sea region
(< 200 m) with limited tidal speeds (<1.0 m s–1) and
minimal differences in topographical features (< 30 m
differences in bottom depth). We deﬁne the foraging
habitats for a range of top predators by collecting continuous and simultaneous information on both (1) the
distribution of foraging animals and (2) detailed horizontal and vertical structure of the water column in
which animals were actively foraging. Our approach
was to collect and compare information from 7 species
with contrasting foraging behaviours (common guillemot, northern gannet, black-legged kittiwake, minke
whale, harbour porpoise, white-beaked dolphin and
grey seal) and to explore not only the expected differences in foraging habitats, but also to search for any
similarities across species. We present evidence for the
extreme patchiness of foraging hotspots, well away
from frontal locations or from regions with high surface
chlorophyll biomass. These ﬁndings have important
consequences for deﬁning top-predator foraging habitat within shallow seas.

MATERIALS AND METHODS
Study area. The study area, covering approximately
100 × 100 km, is in the North Sea off the east coast of
Scotland, UK. Eight transects across the area, approximately 10 km apart, were carried out from 8 to 19 June
2003 (see Fig. 1) on a 66 m Netherlands Institute for
Sea Research vessel, the ‘Pelagia’. The direction of
transects alternated between E–W and W–E and daily
starting locations were driven only by the location of
stoppage the day before, such that time of day and
location were randomly sampled. Trained observers
continuously recorded the abundance and behaviour
of seabirds and marine mammals from a platform
approximately 20 m above sea level. The resulting
indices of animal presence, absence and abundance
are used as response variables: i.e. those variables for
which we wish to explain the variation in distribution
in terms of oceanographic factors. The biophysical
characteristics of the entire water column were continuously sampled via an undulating ScanFish (MKII
1250, EIVA) carrying a Sea-Bird 911 CTD and Chelsea
Instruments Aquatracka MKIII chlorophyll ﬂuorometer.
Oceanographic characteristics are used as the explana-
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tory variables in determining the deﬁning habitat characteristics for individual species, as well as for identifying common habitat variables for a group of 7
representative top-predator species.
Census of seabirds and marine mammals. The striptransect techniques deployed to count seabirds and
marine mammals were those that have been developed as the standard for ship-based seabird surveys in
the North Sea (Tasker et al. 1984, Buckland et al. 2001,
Camphuysen et al. 2004). Seabirds and marine mammals were counted in 5 min intervals within a strip
300 m ahead and 300 m to one side of the vessel (the
side being chosen to select the best light conditions).
A minimum of 2 observers were active at all times, with
a third observer normally accompanying most observations. The use of 5 different distance bands within
and just beyond the strip allowed for corrections for
missed birds and cetaceans; ranges are referred to as A
(0–50 m), B (50–100 m), C (100–200 m), D (200–300 m)
and E (beyond 300 m and outside transect). The ship
travelled at a constant speed of approximately 8 knots
(4.1 m s–1), such that each 5 min interval covered an
average of 1.24 km. In addition to the standard techniques, and to be able to discriminate between feeding
or foraging birds from non-feeding individuals (e.g.
Ashmole 1971), 20 types of feeding behaviour and 16
types of non-feeding behaviour were recorded (details
in Camphuysen & Garthe 2004: see our Table 1). Birds
associated with, or apparently attracted by, the research vessel were not used for calculations.
Seven representative species were chosen from the
observed range of 27 species for use in this study,
based on the most abundant seabird and marine mammal species and representing a range of different
foraging strategies. The 7 species were the common
guillemot Uria aalge, northern gannet Morus bassanus, black-legged kittiwake Rissa tridactyla, minke
whale Balaenoptera acutorostrata, harbour porpoise
Phocoena phocoena, white-beaked dolphin Lagenorhynchus albirostris and the grey seal Halichoerus grypus (see Table 1 for a description of their different foraging methods).
The abundance and presence of animals in each
5 min bin was used to explore explanatory habitat variables for each individual species. In order to investigate possible common foraging habitat preferences,
the 7 species were also grouped together under 2
separate deﬁnitions of total abundance: the ﬁrst index
of abundance was simply the total number of animals
seen foraging per 5 min bin; the second index of abundance included a transformation of animal counts for
more conservative multi-species comparisons. Smaller,
more numerous animals can potentially dominate abundance estimates. However, larger animals, although
much less numerous, require a proportionally greater

prey abundance and therefore represent a greater
foraging presence. To begin to correct for this size/
number bias, the number of individuals per species
and per observation was multiplied by the body mass
of that species. The mean species mass used for this
transformation of animal counts is averaged between
males and females (where available) and between the
lower and higher published values (see Table 1). Due
to the order of magnitude difference in size between
marine mammals and seabirds, the log10 of the mean
– ) × the abundance (A +1) of each species was
weight (w
t
calculated, summed for each 5 min bin and used as an
index of total animal biomass abundance AT :
AT =

t 0 + Δt

∑

t = t0

log10 ⎡⎣w (At + 1)⎤⎦

(1)

where Δt = 5 min. This index of total biomass abundance decreases the inﬂuence of numerous small animals of a single species. The transformation also
increases the importance of multi-species presence in
any one 5 min bin observation.
Physical and biological oceanographic variables
from ScanFish data. The sampling of physical features
of the water column was carried out with the ScanFish,
such that continuous vertical and horizontal information on temperature, salinity, density and ﬂuorescence
(a proxy for the abundance of chlorophyll) was collected to within 2 to 5 m of both the sea bed and the
surface. Data were sampled at 1.0 s intervals, yielding
a vertical resolution of between 0.5 to 1.0 m. With the
maximum depth of the study area being less than 90 m
and the speed of towing being a constant 8 knots
(4.1 m s–1), the horizontal distance between the midpoint of up and down casts of the ScanFish was never
more than 400 m (generally ranging between 200 and
300 m). In order to compare the continuous physical
water column characteristics measured by the ScanFish to the 5 min bin observations of visible top-predators, summaries of physical and biological characteristics of the water column were created for the same
observational 5 min bins. Most 5 min bins represent a
horizontal travel distance of approximately 1.24 km.
There is a small level of variation in the distance travelled every 5 min due to slight variations in ship speed,
but this does not affect the analysis or results because
these variations affect both physical data and seabird
counts in the same way.
Degree of water column stratification: The difference between surface and bottom temperature (or
density) produces an index of how well the water column is mixed or stratiﬁed (see Fig. 1). This assumption
breaks down as we approach the mouth of the Firth of
Forth, where the density stratiﬁcation is mainly caused
by differences in salinity. Stratiﬁcation is a useful physical proxy for a range of biological characteristics, such
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as the likely community of phytoplankton and zooplankton species and the type of food web (i.e. short
versus microbial food webs: Cushing 1975). Away from
the coast and regions of freshwater inﬂuence, the main
factors forcing the strength of stratiﬁcation are seasonal and daily variations in solar heating, wind-driven
surface mixing, and tidally-driven bottom mixing. In
order to ﬁlter out much of the diurnal ﬂuctuations in
stratiﬁcation, we used the mean temperature and density above and below the pycnocline over each 5 min
bin to produce variables for thermal stratiﬁcation (ΔT )
and density stratiﬁcation (Δρ). The location of the top
and bottom of the pycnocline were deﬁned as the
depths at which the vertical density gradient dropped
below 0.01 kg m– 4. We also produced estimates of the
––––––
average temperature and density gradients (ΔT/z p ,
––––––
Δρ/z p ) across the width of the pycnocline (zp) for each
5 min bin.
Chlorophyll concentrations: The voltage output
from the ﬂuorometer on the ScanFish was used for
all statistical analyses and generalised additive model
(GAM) graphical output. The ﬂuorometer output was
calibrated to chlorophyll concentration (mg m– 3) using
chlorophyll samples taken over a representative range
of depths and locations across the study area in the
form of CHL = a × voltageb. This yielded a calibration
equation of: CHL [mg m– 3] = 19.85 × voltage1.91 (SE:
a = ± 4.677, b = ± 0.187; n = 70). Fluorometer chlorophyll concentrations were averaged over all data collected within each 5 min bin to produce mean chloro–––––
phyll levels per bin (CHL; see Fig. 2a). Values for
the sub-surface chlorophyll maximum (CHLmax): see
Fig. 2b) were deﬁned as the highest concentration of
chlorophyll within each 5 min bin of observations,
regardless of where they occurred vertically in the
water column (note that all but 2 values were deeper
than 5 m and the median depth was 15.6 m). All observations were taken during daylight hours (04:00 to
20:00 h GMT).
Seastate and time of day: Rough sea state (Seastate)
will decrease the chances of visual detection of marine
animals, and time of day (Time) can also affect the
presence, absence and abundance of many animals;
both were therefore tested as explanatory variables.
Static oceanographic variables. The oceanographic
variables deﬁned above are those that were collected
simultaneously with the animal data. They have the
potential to vary due to local and seasonal forcing, and
represent the state of the environment which has
resulted from recent meteorological and tidal variability. However, we also need to consider variables unaffected by inter-annual and shorter timescale variability. This will allow the results from this study to be
compared to other years and other bird and mammal
foraging locations, as well as determining whether

predators are using a long-term geographical decision
rather than responding to short-term events. We therefore produce static explanatory habitat variables that
are described below.
Potential for seasonal thermal stratification (h/U 3):
In shallow seas (< 200 m) the tendency of a water column to thermally stratify can be quantiﬁed by the ratio
between the total depth (h) and the cube of a measure
of the tidal current amplitude (U ), h/U 3 (Simpson &
Hunter 1974, Pingree & Grifﬁths 1978). Low values of
h/U 3 indicate areas where the water column is likely to
remain vertically mixed all year, while high values
occur in areas that will thermally stratify during
summer. Within stratifying regions, higher h /U 3 indicates stronger summer stratiﬁcation. Values of what
we have coined ‘Tidal stratiﬁcation’, log10 (h/U 3), were
calculated over the whole study area using depth
data from the British Geological Society (BGS: www.
bgs.ac.uk/products/digbath250/sample.html) and tidal
velocities from the POLPRED tidal prediction model
(Proudman Oceanographic Laboratory, NERC, UK).
The tidal velocities used are the mean monthly depthmean tidal speeds for June 2003 and so represent average tidal speeds over 2 spring-neap cycles.
Depth and topographical data: The following potential habitat variables were derived from BGS data and
extracted via GIS ArcView (ESRI) software derived at
the 750 m radius scale for the location of each 5 min bin
observation: maximum depth of the seabed Hmax; mean
–
depth of the seabed iH ; standard deviation of depth
SD(H ); maximum slope, (dH/ds)max (Slope). The BGS
data were used rather than the shipboard depth data,
as the variables could be derived from information in
all directions rather than just the E–W directions of the
transects.
Analysis. One-way ANOVA and Tukey: Simultaneous multiple comparisons of the means of habitat
variables, from the presence/absence and abundance
data for the 7 species, were carried out using 1-way
ANOVA and Tukey honestly signiﬁcant difference
(HSD) methods using S-Plus, version 7.0 (TIBCO).
Generalised additive models (GAMs): All potential
explanatory variables were screened using histograms,
dot plots (univariate), scatter plots (bivariate) and calculation of variance inﬂation factors (VIF) to determine
distributions, detect outliers and identify co-linearity
between variables. Where 2 variables were strongly
collinear (r ≥ 0.8), one was excluded from further
analysis. This occurred with the stratiﬁcation indices
for temperature and density as well as for 2 indices for
thermal and density gradients, conﬁrming that stratiﬁcation in the study area was dominated by sea surface
heat ﬂuxes. Therefore only one variable was selected
for each characteristic. Surface to bottom temperature
difference (ΔT) was used to represent stratiﬁcation.
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The density difference across the pycnocline was cho––––––
sen to represent the indices for gradient (Δρ/z p ). The
–
maximum depth (Hmax) and mean depth (H ) were
highly correlated, as were slope and the variation in
depth. Maximum depth (Hmax) and depth variation
SD(H ) were kept as the explanatory variables. SD(H )
was log-transformed (log10 [SD(H) + 1]). Seastate was
treated as a continuous variable.
All response variables included a high proportion
of zero values (absences) and so a 2-stage modelling
strategy was used (Zuur et al. 2007). Presence was
modelled using binomial GAM. Within a total of 800
observations, numbers of positive records (presence)
for marine mammals ranged from 25 (white-beaked
dolphins) to 35 (grey seal), with ﬁgures for seabirds
ranging from 54 (gannet) to 363 (guillemot). For all
marine mammals, the proportion of presence records is
less than 5% which limited our ability to ﬁt satisfactory
models. For subsets of non-zero values of response
variables, abundance (given presence) was also modelled with a GAM, ﬁtted using appropriate distributions, normally a so-called quasi-Poisson (i.e. a Poisson
distribution in which dispersion is not constrained,
since the over-dispersion parameter for most models
was >1). It should be noted that, for all the marine
mammal species and for the gannet,
observation sample sizes ranged from
25 to 54; since 9 explanatory variables
were available, model results were
treated with caution.
Explanatory variables were selected
by repeated backward and forward
selection; starting with full models,
dropping out the least signiﬁcant
terms sequentially and building up
from models with single explanatory variables. Cross-validation was
used to estimate degrees of freedom
for smoothers (the partial residual),
although in all cases the maximum
value was set to 3 (k = 4) to avoid
over-ﬁtting. The ﬁnal model selected
in each case was that in which all
terms were signiﬁcant (p < 0.05) and
which had the lowest value for
Akaike’s information criterion (AIC).
Usually all criteria (AIC, deviance
explained, signiﬁcance of individual
terms) were in agreement. Occasionally an explanatory variable would
have a weak but signiﬁcant effect (p <
0.05) but its inclusion would increase
the AIC score and reduce deviance
explained; it was therefore dropped
from the ﬁnal model. In some cases

no satisfactory ﬁt could be achieved. All GAM analysis
was carried out using Brodgar 2.5.6 (Highland Statistics) linked to R 2.6.0 (R Development Core Team).

RESULTS
Physical and biological oceanographic data
The location of the study area within the North Sea
and the strength of stratiﬁcation are presented in
Fig. 1. There are obvious regions of higher stratiﬁcation farther off the coast; however, the pattern is much
more complex than a simple onshore/offshore divide.
The northwestern corner of the study area, with the
weakest stratiﬁcation and highest tidal mixing, dominated as the location with the highest biomass of depthaveraged chlorophyll (Fig. 2a). However, the spatial
patterns of locations of CHLmax (Fig. 2b) only occur in
very limited areas within the more stratiﬁed region.
They range in size from approximately ~2 to 10 km
linear distance along the transects. The vast majority
(91%) of locations with CHLmax > 2.0 mg m– 3 were
found well below the surface at depths >10 m (median
depth of 15.6 m), indicating that their vertical locations
Δρ
(kg m–3)

Fig. 1. Location of the study area in the North Sea
and density stratiﬁcation (Δρ) of the water column,
shown here as the difference in density between
5 m of the surface and the bottom. The diagram
was created using the continuous vertical temperature data collected by an undulating ScanFish
(MKII) along 8 E–W transect lines (dashed lines)
and is the equivalent of approximately 4000 single CTD casts. The data are continuous along the
transect lines, but have been linearly interpolated
to ﬁll in the areas between the transect lines
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biweekly tidal currents; values between
2.75 and 3.5 m–2 s3 are regions likely to see
spring-neap impacts on sub-surface primary production within the thermocline
and that always remain stratiﬁed in
summer (Sharples 2008). This implies that
only a small fraction of the study site has
areas (the far northwestern corner and a
section at the centre of the southern section) that could be deﬁned as frontal. The
vast majority of the study area was stratiﬁed (>1.0°C) and will always stratify in the
summer as a result of surface heating
overcoming mixing by tides. The 10 high–––––
est CHL values were found within a
narrow range of 3.51 < log10 ( h/U 3) <
3.59 whereas locations with CHLmax >
3.0 mg m– 3 occurred only in areas
with log10 ( h/U 3) > 3.55 m–2 s3. This suggests that these isolated locations of high
CHLmax will occur in areas that can
strongly stratify and that their existence
has no link to fronts that are produced by
tidal properties.

Spatially limited foraging
In total, 4847 animals of the 7 species
in this study were observed foraging over
993 km of transect line coverage (Table 1
shows total numbers of each species observed). In 43% of all the 5 min bins surveyed, no animals were observed (Table 2).
The majority of all animals (88%) were
found foraging in 25% of the 5 min bins
along our transect lines. These ﬁgures are
inﬂuenced by the presence of smaller, but
Fig. 2. Chlorophyll biomass values from continuous collection by a
ScanFish (MKII) along the 8 transects used. As with Fig. 1, the values
much more numerous, birds. However,
between the transects have been linearly interpolated. (a) Average
even when the abundance of all animals
–––––
chlorophyll biomass, CHL (mg m–2). (b) Maximum level of chlorophyll
was viewed as a percentage of the total
–3
biomass, CHLmax (mg m ) found within the vertical water column
weighted biomass abundance (Eq. 1),
within any one surface to bottom undulation of the ScanFish
59% of foraging effort was still found
within 25% of all the 5 min bins surveyed.
may be limited to within the thermocline. These locaThe numbers of foraging animals observed were
tions would not be detected by sea-surface satellite
highly clumped: 50% of them were found in very limcolour imaging.
ited locations, representing only 4.4% of the survey
Values of log10 (h/U 3) for a larger region of the eastbins and containing at least 25 animals within any one
ern North Sea are shown in Fig. 3, with the study area
5 min bin (Table 1). However, these same areas of very
marked by the solid rectangle. A value of 2.75 m–2 s3
high abundance (accounting for 50% of foraging anirepresents the locations of tidal fronts, separating
mals by number) only make up 13.9% of the total
permanently-mixed water from seasonally-stratiﬁed
weighted biomass abundance, suggesting the locaregions (Sharples 2008). Values between 2.3 and
tions of highest abundances contain mostly single spe2.75 m–2 s3 indicate regions that can switch between
cies and/or have extremely high numbers of smaller
animals.
being mixed and stratiﬁed, depending on the phase of
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there appears to be a preferred range of thermal
stratiﬁcation, with a dramatic drop of both presence and abundance for almost all species (except
gannets and white-beaked dolphins: Figs. 4a &
5a, respectively), in the highly stratiﬁed waters
farther offshore. This distribution might also be
related to the distance from colonies in the case of
seabirds and seals. The vast majority of foraging
kittiwakes and minke whales were centred on
longitude 1.5° W, where the levels of CHLmax were
high (Figs. 4b & 5b, respectively). Guillemots
were the most numerous species, with some obvious clusters found throughout most of the study
area except in regions with higher values of
log10 (h/U 3 ) (Fig. 4c).
In Fig. 6, we provide an example of the vertical
CHLmax characteristics of the water column and
compare the location values of the total weighted
biomass abundances of all species with CHLmax
–––––
and CHL along the representative middle transect
(latitude: 56.25° N). Fig. 6 clearly shows that, in
combination, species seemed to be targeting
areas with high CHLmax where there was little or
–––––
no difference in CHL.
We tested which species foraged in signiﬁcantly
different habitats from each other for the 3 variables which showed highly signiﬁcant differences
Fig. 3. Values of the tidal stratiﬁcation variable, log10 (h/U 3), cre–––––
3
between species [log10 (h/U 3), ΔT, CHL] using
ated from bottom depth (h) and tidal speeds (U ). Data for a much
Tukey’s HSD (Fig. 7). Three pairs of species were
larger region is presented to put the study area (within the box)
into context
found to forage in areas with signiﬁcantly different values for all 3 variables (at the 95% conﬁForaging habitat
dence level): white-beaked dolphins versus grey seals,
gannet versus guillemot and gannet versus porpoise.
Single variables: differences and similarities between
An additional 5 pairs of species were found to forage in
areas of signiﬁcantly different values for 2 of the varispecies
ables: white-beaked dolphins versus guillemot, whiteIn this section we will ﬁrst present the foraging habitat
beaked dolphins versus harbour porpoise, gannet verfor each of the 7 species separately, then the foraging
sus kittiwake, gannet versus grey seal and kittiwake
habitat commonalities across species. Because the
versus grey seal. The species pair which was found in
different species of top-predators capture their prey
nearly exactly the same habitat across all 3 variables
using different foraging behaviours, one would expect
was kittiwake and minke whale. Additionally, 2 spethat they may select different habitat types in which to
cies pairs were found to have 2 variables with the same
forage. The mean values of the biological and physical
habitat value: white-beaked dolphins and gannet; porexplanatory variables at the locations in which each spepoise and grey seal.
cies was found (Table 3) indicate whether or not different
Comparing the mammals, harbour porpoises and
species were targeting different habitats. Six out of 9
grey seals were using very similar habitats with signifexplanatory variables showed signiﬁcant differences
icantly lower values of log10 (h/U 3) and ΔT but higher
–––––
between the mean values for different species. The 3
CHL than for the minke whales and white-beaked dolvariables which showed highly signiﬁcant differences
phins. Comparing birds, kittiwakes and guillemots
mainly shared the same habitat, with kittiwakes con(p < 0.0001) between species were ΔT, log10 (h/U 3 ) and
–––––
CHL. The 3 variables which did not show differences
stantly in areas of higher log10 (h/U 3) and ΔT but lower
–––––
between the species were CHLmax, SD(H ) and Time.
CHL than guillemots. However, habitats used by both
kittiwakes and guillemots were signiﬁcantly different
The location and abundance of each species is
from those used by gannets, suggesting they do not
mapped on top of ΔT, CHLmax and log10 (h/U 3) for seaforage in the more stratiﬁed water that only gannets
bird (Fig. 4) and mammal species (Fig. 5). In general,
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Table 1. Average weight (and data source), foraging method and number of animals observed during the survey for each of the 7 species
Species

Avg. wt Foraging method
(kg)

List of foraging
behaviours

Number of
animals seen

Data source for Avg. wt

Guillemot
Uria aalge

0.95

Deep diving bird

Holding ﬁsh
Pursuit diving
Actively searching

3356

http://blx1.bto.org/birdfacts/indexa_short.htm

Gannet
Morus bassanus

3.0

Plunge diving bird

Scooping prey from
surface
Deep plunging
Shallow plunging
Pursuit diving

568

http://blx1.bto.org/birdfacts/indexa_short.htm

Kittiwake
Rissa tridactyla

0.35

Surface feeding bird

Dipping
Surface seizing
Surface pecking
Deep plunging
Shallow plunging

448

http://blx1.bto.org/birdfacts/indexa_short.htm

Minke whale
Balaenoptera
acutorostrata

6500

Individual shallow
diving whale

Lunge-feeding (only
surface activities
could be logged)

34

www.whalecenter.org/species.htm

Harbour porpoise
Phocoena phocoena

60

Group, fast speed
and pursuit

None speciﬁcally

87

http://marinebio.org/species.asp?id=364

White-beaked dolphin
Lagenorhynchus
albirostris

230

Group, fast speed and
pursuit, but much larger
than harbor porpoise

Herding (only
surface activities
could be logged)

104

http://marinebio.org/species.asp?id=347

Grey seal
Halichoerus grypus

190

Diving, pursuit with the
ability to use ﬂippers to
manipulate ﬁsh/sand

None speciﬁcally

201

http://marinebio.org/species.asp?id=300

appear to utilise. Comparing birds and mammals, kittiwakes shared the same habitat as minke whales, but
did not overlap with harbour porpoises and overlapped
only slightly with grey seals. Guillemots overlapped
with all other species except gannets, suggesting that
they are generalist in their habitat preference but
prefer water that is less strongly stratiﬁed. Compared
to most other species except white-beaked dolphins,
gannets foraged in water columns with a signiﬁcantly
–––––
higher log10 (h/U 3) and ΔT, but a lower CHL.
Table 2. Percentages of the surveyed area and corresponding percentages of the total number of foraging animals and
total weighted biomass abundance of foraging animals in
each category
Number of Percentage of
animals per
5 min bins
5 min bin
surveyed
observation
(%)
0
1–5
>5
>10
> 25
> 50

43.3
31.8
24.7
13.6
4.4
1.7

Percentage of
Total
foraging
weighted
animals
biomass
(%)
abundance (%)
0
11.8
88.2
74.2
49.5
34.9

0
41.1
58.9
36.6
13.9
6.5

–––––
The Tukey test results for ΔT and CHL (Fig. 7b,c)
show very similar patterns of differences and similarities between all species, suggesting that all 3 of these
habitat variables are similarly related to the habitat
preferences of each individual species. This is expected, as the variables are related but occur over dif–––––
ferent time scales, with large changes in CHL (weekly)
3
and ΔT (seasonally), whilst log10 (h/U ) is a static variable. This suggests that log10 (h/U 3) and ΔT are ‘long
term’ variables (annual and seasonal) that underpin
the broad changes in distributional abundance, whilst
–––––
levels of CHL are predictably linked to these physical
parameters.
The biological and physical variables that were not
signiﬁcantly different across all species were CHLmax,
SD(H ) and Time (Table 3). To investigate whether the
lack of variation between the means for each species
was due to a lack of variance in the variable across the
study area, or if species were indeed targeting locations where that variable was of a similar value, we
tested the means for each variable in the locations
where the species were present versus the locations
where they were absent. We found that for both
CHLmax and SD(H ), the mean values were highly signiﬁcantly different (t = –6.14 and t = –4.05, respec-

ns
p < 0.001
ns
p < 0.001
ns
ns
ns

ns

p < 0.001
ns
ns
p < 0.001
ns
p < 0.0001
p < 0.0001
p < 0.0001

p < 0.01

2.83 ± 0.29
0.49 ± 0.04
0.39 ± 0.11
66 ± 2.06
1.28 ± 0.33
0.10 ± 0.04
3.67 ± 0.03
3.75 ± 0.22

0.060 ± 0.003

2.77 ± 0.18
0.49 ± 0.03
0.52 ± 0.07
67 ± 1.62
1.43 ± 0.22
0.11 ± 0.02
3.72 ± 0.02
3.75 ± 0.12

0.057 ± 0.002

1.89 ± 0.22
0.46 ± 0.04
0.55 ± 0.09
65 ± 2.26
1.53 ± 0.15
0.26 ± 0.03
3.66 ± 0.03
3.29 ± 0.20

0.052 ± 0.003

2.64 ± 0.13
0.49 ± 0.02
0.61 ± 0.07
62 ± 1.03
1.51 ± 0.16
0.27 ± 0.02
3.64 ± 0.01
3.21 ± 0.07

0.059 ± 0.002

2.23 ± 0.28
0.46 ± 0.03
0.79 ± 0.25
57 ± 1.86
1.71 ± 0.17
0.50 ± 0.07
3.55 ± 0.01
3.00 ± 0.18

0.053 ± 0.004

2.88 ± 0.08
0.49 ± 0.01
0.68 ± 0.05
61 ± 0.55
1.60 ± 0.10
0.38 ± 0.02
3.61 ± 0.01
2.97 ± 0.04

0.055 ± 0.001

2.00 ± 0.21
0.50 ± 0.03
1.03 ± 0.30
63 ± 1.95
1.53 ± 0.14
0.45 ± 0.04
3.56 ± 0.03
2.55 ± 0.15

Harbour porpoise
(n = 30)
Guillemot
(n = 363)
Grey seal
(n = 35)
Kittiwake
(n = 89)
Minke whale
(n = 27)
Gannet
(n = 54)
White beaked
dolphin (n = 25)
ANOVA
(between species)
ANOVA (between
areas of presence
vs. absence)

0.048 ± 0.004

Seastate
(1–6)
Time
of day
(% of 24 h)
Variation
of depth
SD(H) (m)
Maximum
depth
Hmax (m)
Maximum
chlorophyll
CHLmax (mg m– 3)
Depth averaged
chlorophyll
–––––
CHL (mg m–2)
Density
gradient
Δρ (kg m– 4)
Thermal
Tidal stratiﬁcation
stratiﬁcation
log10 (h/U 3)
ΔT (°C)
(m–2 s3)

Using GAMs, we explored how non-linear
relations for combinations of multiple physical
and biological variables might explain the presence/absence patterns that were observed for
each species and for the combined species variable. All 7 species had viable presence/absence
models. The most parsimonious models with the
lowest AIC scores and only those variables with
p < 0.05 are shown in Table 4. In general, the
models did not explain much of the variation in
the presence or absence of species. The guillemot model has the highest percentage of deviance explained (40.1%),with grey seals (25.7%)
and harbour porpoise (22.1%) the next highest.
The model for the weighted biomass abundance
of all animals explained 32.6% of deviance, with
7 out of 9 explanatory variables being signiﬁcant.
The 4 signiﬁcant variables that were most
common across the species were log10 (h/U 3),
Time, Seastate and SD(H ). Different species
showed quite different non-linear relationships
with log10 (h/U 3) as well as Time (Fig. 8). Guillemots and kittiwakes showed a minimum probability of presence at the same value of log10
(h/U 3) (3.75 m–2 s3), but probability of presence

Species

Multiple explanatory variables for species
presence and absence

Table 3. Mean (± SE) of physical and biological summary variables from the locations of each 5 min bin for each species. A conservative mean is calculated using the number
of observations (n) and not weighted by the number of individual animals within each observation. The last 2 rows present the results of means tests for differences
between each species as presented in the table and between the survey bins with presence versus absence for all observations of species combined

tively: df = 968 and p < 0.001 for both relationships). Both variables showed higher values
in the locations with animals present rather
than absent: 1.56 compared to 1.33 mg m– 3 for
CHLmax and 0.66 compared to 0.34 m2 for SD(H ).
The indication is that all animals were preferentially targeting areas with higher levels of CHLmax
and more abrupt changes in bottom topography.
There was no signiﬁcant difference in Time
(of day), between locations where animals were
present and where they were absent; this implies that the lack of differences between means
indicates similar variance across species, and
that we did not have a bias in our sampling of
Time (Table 3). In fact, all of the other 6 variables
also showed no signiﬁcant difference between
locations with animal presence and locations
with animal absence; what appears to be perfectly good habitat locations in terms of the
–––––
important values of ΔT, log10 (h/U 3) and CHL are
not used for foraging when the preferred values
for CHLmax and SDH are not present. This also
implies that those preferred parameter values
are good indicators of ﬁsh prey being present.

ns

215

Scott et al.: Sub-surface hotspots in shallow seas

216

Mar Ecol Prog Ser 408: 207–226, 2010

Fig. 4. Numbers of observed foraging seabirds on a background of 3
habitat characteristics of the water
column. The values of the habitat
variables are displayed using a linear interpolation of summary statistics of the 5 min bin observations.
(a) Thermal stratiﬁcation (ΔT ) (b)
sub-surface chlorophyll maximum
CHLmax, (c) tidal mixing log10 (h/U 3 ).
For clarity, the legend symbols are
2 × the magnitude of the symbols
within the Figs

for gannets showed a positive linear increase with
log10 (h/U 3) and grey seals showed an optimal level
between 3.5 and 3.6 m–2 s3. Kittiwakes and gannets
were similar for Time, with probability of presence
maxima centred on 0.35 (08:40 h GMT) and minimums
at 0.6 (14:40 h), indicating a 6-hourly rise and
fall of abundance; guillemot presence increased to an
asymptote at 0.4 (09:30 h) and harbour porpoise
showed a clear optimum at 0.5 (midday: 12:00 h).
Seastate and SD(H ) are not shown, as the shape of the
relationship with Seastate was consistent and essentially negative linear, whilst SD(H ) was positive linear.
The less commonly represented variables were ΔT,
–––––
CHL and Hmax; however, all of these variables had similar relationships across species with viable models
(Fig. 8).

Multiple explanatory variables for species abundance
given presence
Using the second step in the GAM approach, we
explored how the combination of multiple physical
and biological variables might explain the abundance of species within those areas where they are
present. Six of the 7 species had viable models.
Again, only the most parsimonious models with the
lowest AIC scores and those variables with p < 0.05
are shown (Table 5). The grey seal model has the
highest percentage of deviance explained (96.8%).
The next best model was for gannets (83.8%) and
then kittiwakes (54.2%). The model with all species
combined was a poor model overall, explaining only
17.1% of deviance, suggesting that high abundances
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Fig. 5. Numbers of observed foraging mammals on a background of 3
habitat characteristics of the water
column. Other details as in Fig. 4

of individual species are independent of the other
species.
The variables that were most common across the
species (present in 4 models) were again log10 (h/U 3)
and, this time, CHLmax. The same species have signiﬁcant relationships with the explanatory variable,
log10 (h/U 3), however the shape of the relationships
are quite different from the presence/absence results
(Fig. 9). Guillemots show a distinct drop off in abundance at a value of 3.75 m–2 s3, with rather stable levels
at lower values suggesting a strong habitat preference
for areas that are more mixed. Kittiwakes show a more
distinct optimum between 3.5 and 3.6 m–2 s3. Gannets
show a distinct increase in abundance from values of
3.8 m–2 s3 and upwards. Grey seals show a gradual
increase in abundance with increasing values up to

3.7 m–2 s3, but were not found at all above that value.
Kittiwakes and white-beaked dolphins show the highest abundances at lower levels of CHLmax, whereas
gannets show a clear increase up to an asymptotic
value of 0.25 (1.4 mg m– 3) and grey seals have a clear
optimum at just over 0.3 (2.0 mg m– 3).
–––––
CHL, ΔT, Hmax and SD(H ) are all signiﬁcant in 2 species models each (Fig. 9). Both guillemots and kitti–––––
wakes show optimum values for CHL of 0.20 (0.92 mg
m– 3) and 0.16 (0.60 mg m– 3), respectively. Gannets
show a clear optimum for ΔT at 4.0°C and kittiwakes
show higher abundance at ΔT values lower than 4.0°C.
Grey seals obviously prefer shallower habitat, showing
high increases in abundance in water less than 60 m
deep; kittiwakes show optima between 50 and 60 m.
The kittiwake SD(H ) model shows increased abun-
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Fig. 6. All foraging animal species, represented as the total weighted biomass abundance as compared to both the sub-surface
–––––
chlorophyll maximum, CHLmax, and the depth averaged chlorophyll biomass, CHL, in the upper panel. This is compared to the
output of the continuous chlorophyll biomass recorded continuously by the undulating ScanFish for a representative transect
of the survey

dance at values of 0.2, which translates to ± 3.2 m
(± 2 SD log transformed data), whereas the gannet
model shows a linear increase in abundance with increasing variation in bottom depth.

DISCUSSION
Spatially limited foraging locations
In this study, we simultaneously analysed a combined range of actively foraging marine top-predators,
with contrasting foraging behaviours, in relation to
simultaneous and continuous oceanographic data in a
shallow sea region (< 200 m). The implications of this
study are that the foraging locations for a range of
species are extremely limited in space. We found 50%
of all animals foraging in very patchy distributions
(< 2 km), but with high foraging abundances (> 25 individuals, whereas the mean was only 6 individuals per
5 min survey bin) concentrated in only 4.4% of the

area surveyed (Table 2, Figs. 4 & 5). These high-abundance locations were found to be species-speciﬁc, as
the weighted biomass abundance value for these areas
was only 14% of the total; although there were high
numbers of animals present within any one 1.24 km
observational 5 min bin unit, they were composed
mainly of a single species.
We have also been able to identify both the important differences and similarities between species
over a range of foraging location habitat values, as the
~10 000 km2 study area contained a wide range of the
stratiﬁcation characteristics typical of shallow seas.
Due to the time of year of the survey, the entire area
was stratiﬁed (Fig. 1). The locations of high integrated
chlorophyll biomass and locations of CHLmax were
quite dissimilar, with locations of high CHLmax being
extremely patchy at scales of approximately 2 to 10 km
(Fig. 2). Interestingly, areas of high CHLmax were only
found in locations with values of log10 (h/U 3) > 3.55 m–2
s3, suggesting that these types of patches will only be
found in more strongly stratiﬁed water columns,
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–––––
whereas areas of highest CHL are only within
3
regions where log10 (h/U ) is < 3.55 m–2 s3, suggesting that the value of 3.55 m–2 s3 has some biological
signiﬁcance. Also, there is a deﬁnite lack of both
CHLmax patches and top predators between values
of 3.70 and 3.80 m–2 s3 even though there are high
levels of both with values between 3.55 and
3.70 m–2 s3 and also > 3.80 m–2 s3, suggesting that
this level of stratiﬁcation is not conducive to the
creation of foraging areas. Alternatively, it could
just be coincidence within this study region.
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(
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A main conclusion of this study is that that the top
predators studied here are more likely to forage in
different locations, deﬁned to some extent by the
level of stratiﬁcation. log10 (h/U 3) is an inverse measure of tidal mixing normalised by the water depth,
and was shown to be signiﬁcantly different between species (Table 3, Figs. 4, 5 & 6) as well as
being the most consistent variable in most presence/absence and abundance models (Tables 4 &
5, Figs. 8 & 9). The results suggest that gannets and
white-beaked dolphins prefer to forage in signiﬁcantly more stratiﬁed regions than other species.
Kittiwakes and minke whales seem to prefer moderately stratiﬁed areas but the whales generally
used different habitat from other mammals. Guillemots, grey seals and harbour porpoises preferred
areas that were much less stratiﬁed than the other
species.
Tidal stratiﬁcation, log10 (h/U 3), is a very useful
static variable as not only does it combine depth
and tidal current values into one variable, but also
both types of data are readily available for most
shallow sea regions. Testing the foraging location
preference, deﬁned by log10 (h/U 3), for different
species can readily be accomplished through the
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Fig. 7. Simultaneous pair-wise mean difference and 95%
conﬁdence limits (Tukey method) between (a) log10 (h/U 3),
–––––
(b) ΔT and (c) CHL values for tidal mixing for each combination of foraging species. The dot represents the difference between the means of each 2 pairs of species, with
positive differences indicating that the species on the right
(on the y-axis) forages in water masses with higher variable values than the species on the left (vice versa for negative values). Dotted lines and brackets represent the 95%
conﬁdence limits; for those species which are in signiﬁcantly different water mass types, the 95% conﬁdence
limits do not intercept the zero axes
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199.38
22.1
S = –0.43
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df = 2.25
p = 0.01
S = 2.02
p = 0.04

df = 1.99
p = 0.01

df = 2.45
p < 0.001
Guillemot

Gannet

Minke
whale

df = 2.31
p = 0.01

White
beaked dolphin

S = 3.89
p < 0.001

df = 2.66
p = 0.04
dﬁttiwake

df = 2.31
p < 0.0001

df = 2.25
p = 0.01
Grey seal

df = 2.52
p < 0.0001
df = 2.10
p < 0.0001

df = 2.52
p < 0.001

df = 2.81
p = 0.02

df = 2.19
p < 0.001

All animals

AIC
Deviance
explained (%)
Seastate
(1–6)
Time
(% of 24 h)
SD(H)
Hmax
CHLmax
–––––
CHL

Harbour
porpoise

The other habitat variables that played signiﬁcant roles in explaining the variation in the presence/absence of animals were Seastate and Time.
However, neither variable had much of a role in
accounting for abundance. Both of these are variables that change on an hourly scale, with Seastate consistently showing a negative linear relation
with presence, as expected (Table 4 & 5). Although Time showed no signiﬁcant linear differences between species (Table 3), there are differences in the non-linear shape of relationships
(additive models, Fig. 8) for the presence of 4 species. The probability of presence for all the seabird
species builds from the early morning to a maximum at 08:40 h (GMT). This suggests that the
increase in birds over time is most likely due to
breeders that have ﬂown out from a nest site in the

Δρ

Daily variables: Seastate and Time

log10 (h/U 3)

Different species also used foraging habitats
with signiﬁcant differences in the seasonal vari–––––
ables ΔT and CHL. The absolute values for ΔT and
–––––
CHL will be affected by annual differences in the
strength and timing of winds, heat input and
nutrient concentrations, making it more difﬁcult
to obtain the spatial values for these variables
without ﬁeld sampling. However, both variables
showed approximately the same pattern between
species as found for log10 (h/U 3) in the Tukey
analysis (Fig. 6). This is logical as log10 (h/U 3)
deﬁnes the area’s tendency to stratify or vertically
–––––
mix, which inﬂuences CHL values. Importantly
though, in the additive models where these variables were signiﬁcant, whether in the presence/
absence or the abundance models, the relationships were generally one with an optimum value
(Figs. 8 & 9). Together these results suggest that,
overall, log10 (h/U 3) underpins the broad differences in species foraging distributions, but that
–––––
seasonal differences in ΔT and CHL drive the
smaller scale factors in foraging locations.

ΔT

Seasonal variables: thermal stratiﬁcation and
mean chlorophyll biomass

Species

use of long-term survey data held at many
national agencies. The level of stratiﬁcation a species prefers may also help to enlighten studies on
mechanistic links between any observed changes
in foraging behaviours, distributions, climate (seasonal stratiﬁcation and wind mixing effects) and
annual survival.

N
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Table 4. Presence/Absence GAM: The optimal models were selected based on individual signiﬁcance of explanatory variables. Values shown indicate the degrees of freedom (df) for smoothers and linear slopes (S) for linear terms, plus the signiﬁcance values (p) for all explanatory variables remaining in the ﬁnal models. For each ﬁnal model,
% deviance explained, AIC and number of 5 min bins (N) are also given. SD(H) was log-transformed
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Fig. 8. GAM relationships (smoothing spline of the partial residual and 95% conﬁdence intervals) for the presence/absence of 5 signiﬁcant
–––––
explanatory variables, log10 (h/U3), Time, ΔT, CHL, Hmax. In each row, the same partial residual for an explanatory variable is presented as
the y-axis. The values on the y-axis indicated either an increased probability of presence (> 0) or absence (< 0). For each row, the x-axis has
the same explanatory variable. Each column contains the same marine top-predator species where possible. Note that Seastate and SD(H)
are also signiﬁcant explanatory variables, but they are not shown as they are linear relationships
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Although the 7 species studied forage using
different methods and in different locations,
they appear to target 2 common physical and

Harbour
porpoise

Similarities across species: CHLmax and SD(H)

ΔT

Foraging habitats: similarities

Species

early morning. However, for kittiwakes and
gannets, there is also a deﬁnite 6 h pattern to
the probability of presence, suggesting that
their foraging behaviour is linked to changes in
tidal currents. Kittiwake foraging was indeed
found to be more frequent at certain tidal speeds
in this study area (C. E. Embling et al. unpubl.).
These results imply that even though we occasionally witnessed spectacular feeding frenzies
with multiple foraging species, the usual foraging behaviour for most species is to specialise in
separate locations from other species. Some of
this degree of separation between species may
be directly linked to negative interaction, such
as aggressive behaviour between dolphins and
harbour porpoises (Ross & Wilson 1996). Indeed,
our motivation for creating a response variable
that was a weighted index of total biomass abundance of all predators was to explore whether
combining species increased the predictability
of locations of presence or high abundance. The
fact that combining species as if they were a ‘super predator’ did not do well at explaining much
of the variation in these factors lends more
weight to the suggestion that predators forage
separately most of the time. This strongly suggests that the range of top predators studied are
either more efﬁcient at catching the same prey
in slightly different habitats, which can be deﬁned by log10 (h/U 3), or that they are targeting
different prey ﬁsh species which occur in these
different habitats. Indeed, studies of minke
whales and harbour porpoise foraging at ﬁne
spatial scales have also found that different species may use the same oceanographic feature
(e.g. an island wake), but with different species
using different aspects of that feature (Johnston
et al. 2005a,b). The times of overlap between
multiple species foraging events are spectacular
to view, and indeed many a dramatic nature
documentary has been produced that focuses
just on these events. However, our data strongly
suggest that these events are rare in this geographic region and that most species will have
separate foraging habitats most of the time, if
only a few km away from each other.

N
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Table 5. Abundance given presence GAM: The optimal models were selected based on individual signiﬁcance of explanatory variables. The values shown indicate the degrees of freedom (K) for smoothers and *linear slopes (+ or – values) for linear terms, plus the signiﬁcance values (p) for all explanatory variables remaining in the ﬁnal models. For each ﬁnal model, % deviance explained, AIC and number of 5 min bins (N) are also given. SD(H) was log-transformed. Quasi-Poisson ﬁts were applied in all cases
(except for grey seal, in which data were under-dispersed and a Poisson distribution was assumed). For this output only, ‘All animals’ is total number of animals
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Fig. 9. GAM relationships (smoothing spline of the partial residual and 95% conﬁdence intervals) for abundance of all the signif–––––
icant explanatory variables, log10 (h/U 3), CHLmax, CHL, Hmax, SD(H). In each row, the same partial residual for an explanatory
variable is presented as the y-axis (except row 3, where 2 explanatory variables are on the same row). The values on the y-axis indicated either an increased probability of an increase in abundance (> 0) or an increased probability of a decrease in abundance
(< 0). For each row, the x-axis has the same explanatory variable (except row 3, where 2 explanatory variables are on the same
row). Each column contains the same top predator species where possible
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biological oceanographic features: higher levels of
subsurface chlorophyll biomass (CHLmax) and higher
variation in bottom depth (SD(H )). These were the
only single variables that had signiﬁcant differences
between the regions of species presence and absence
and yet showed no difference in mean values between
all the species (Table 3). This suggests that all 7 species
are targeting similar values for these variables and that
these are therefore highly important general factors in
identifying foraging locations across species.

Subsurface chlorophyll maximum (CHLmax)
CHLmax is a signiﬁcant variable in 4 of the abundance models but shows a different shaped relationship for those species (kittiwake, gannet, white-beaked
dolphins and grey seal: Fig. 9). We hypothesise that top
predator species are using these areas of CHLmax for
foraging as they may be predictable in both space and
time. Their patchiness also suggests the possibility that
they are limited point-source locations of primary production in the stratiﬁed sections of shallow seas.
One limitation of this study is that it is a ‘snapshot’ in
time, and we suggest that caution is exercised in interpreting the results. However, information from independent multiple-year studies mapping grey seal foraging locations using satellite tags (Matthiopoulos et al.
2004) reveal that seals are consistently found within the
same areas that show high sub-surface chlorophyll in our
data (Fig. 2b). Also, seasonal effects of chlorophyll production based on site speciﬁc mooring studies within this
study area (Scott et al. 2006, Sharples et al. 2006) have
been used in longer-term analysis. A ﬁsheries study,
focused on a subsection of this study area since 1997, has
shown that incorporating seasonal chlorophyll production does explain sampling variance in ﬁsh abundance
(Greenstreet et al. 2006). We therefore suggest that the
predictability of these locations may allow highly mobile
marine predators to remember and re-visit these areas,
and that the persistent aggregations of phytoplankton
will attract a range of zooplankton and ﬁsh species (similar to frontal regions: Durazo et al. 1998, Sims & Quayle
1998, Russell et al. 1999, Lough & Manning 2001). Prey
species will move in and out of these areas depending on
their species-speciﬁc foraging strategies, predator avoidance behaviours and migration patterns. However, any
changes to primary production (i.e. phenology, abundance, species composition), and hence to trophic energy transfer, will be quickly reﬂected by changes in mobile predator foraging behaviour, distribution, and
annual reproductive success. For instance, the timing of
the spring bloom in this region signiﬁcantly affects the
reproductive success of kittiwakes (Scott et al. 2006,
Sharples et al. 2006).

Variability in depth
In general, the shape of the relationship between
SD(H ) and presence/absence or abundance is one of
positive linear increase, with slopes ranging from 1 to
2.28 (Tables 4 & 5); this conﬁrms that increasing variation in depth, if only by meters in a shallow sea, leads
to the probability of increases in predator presence.
Therefore, the combination of these results suggests
that all 7 species forage within, or very near, locations
with higher levels of sub-surface chlorophyll and that
more animals were found where there was higher variation in depth. However, there was no signiﬁcant relationship between just CHLmax and SD(H ), suggesting
that additional factors such as stratiﬁcation must also
have the necessary values within those locations before they provide an environment for high concentrations of top predators.

What defines critical foraging habitat?
Firstly, the ﬁndings of this study point to a need to
understand the mechanism(s) for the creation of patchy
locations of sub-surface chlorophyll maximum (CHLmax)
before trying to predict the exact locations of these critical areas at the spatial scale at which they occur. We
surveyed some of these hotspots in circuits repeated
every 2 h over whole tidal cycles and showed that tidal
speed both affects the behaviour of the main prey ﬁsh
species, sandeel Ammodytes marinus, via a change
in schooling behaviour, and produces increases in
the foraging activity of surface feeding birds (C. E.
Embling et al. unpubl.).
Secondly, we hypothesise that increased variation in
bottom depth (SD(H )) leads to an increased probability of presence and abundance for most of our study
species. This indicates that slope-generated mixing
may be playing an important role in creating these
critical areas, as this factor may be responsible for the
generation of internal waves. Brieﬂy, the formation of
internal waves, with typical wavelengths in the range
of 1 to 2 km and amplitudes of 10 to 20 m, are created
by ﬂow over non-uniform topography during high and
falling tidal current speeds in areas where the water
column is stratiﬁed (Moum & Nash 2000, Sharples
2008). The increase in vertical mixing due to internal
waves may increase primary production and may also
assist in aggregating smaller prey items, making foraging more likely in these areas. To date there have been
only a few studies which look at trophic interactions at
these ﬁne spatial and temporal scales (Moore & Lien
2007, Bertrand et al. 2008, Stevik et al. 2008) and they
have all found internal waves to be a possible mechanism for enhancing trophic coupling.
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marine environment, such as decisions on the design
and locations of marine protected areas (MPA), spatially explicit ﬁshing management and providing conﬁdence that placement of offshore renewable energy
devices will not overlap or interfere with these areas of
critical marine habitat.

CONCLUSIONS
Most ﬁsh species are both predators and prey, and as
such their behaviour will switch between evasion of
predators and their own feeding. In contrast, apex
predators such as seabirds and marine mammals are
mainly concerned with feeding, such that their foraging times and locations will represent a foraging strategy focused at productive locations and constrained
only by breeding behaviour. Encouragingly, we found
that the ﬁne scales characteristic of this study (~2 to
10 km) were the same habitat variables (topography,
primary production and water column mixing characteristics) that are found to be important in determining top predator distributions at much larger spatial
(~100 km) and temporal scales (Genin 2004, Yen et al.
2004, Bakun 2006, Ballance et al. 2006), and may help
to explain why others have found an absence of scale
dependence for dolphin habitat (Redfern et al. 2008).
However, this study uniquely focused this question
within a representative 10 000 km2 region of shallow
sea, where there are changes of only tens of metres in
depth and no frontal areas (as deﬁned by Simpson &
Hunter 1974 or Sharples 2008). Our conclusion is that,
in shallow seas, log10 (h/U 3) is a very important predictive habitat variable and that values of log10 (h/U 3)
beyond frontal areas are also biologically important.
Understanding exactly why subsurface chlorophyll
patches are important to predators is particularly challenging but necessary to predict where these potentially transient but critical habitats will occur. As these
patches appear to be associated with topographically
driven internal waves, there are 2 alternative hypotheses which could explain the localised concentration of
predators in such areas: (1) they result from complex
trophic interactions via ‘bottom-up forcing’, with more
prey available due to higher primary productivity
where internal waves have caused vertical mixing of
nutrients; or (2) they result from just topographical
forcing, with prey in those areas simply easier to catch
as the internal waves bring them closer to the surface
and/or aggregate them. Testing these alternate hypotheses and understanding exactly where, when and
why larger predators move into, and actively forage
within, speciﬁc locations will enhance the decision
making process on a wide range of marine conservation issues.
These extremely patchy areas represent a newly
identiﬁed class of spatially important location, with subsurface chlorophyll characteristics that are not readily
identiﬁable from surface characteristics (Weston et al.
2005), yet they may play a critical role in trophic coupling within regions of stratiﬁed water in shallow seas
and need to be understood in detail. This level of
understanding is needed for the spatial planning of the
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