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Abstract

Marine predators forage in dynamic, heterogeneous environments, where resources are unevenly distributed. Consequently,
predators often concentrate foraging activity in areas where oceanographic processes, such as tidal mixing fronts, enhance
prey abundance and availability. Using GPS telemetry data from breeding Black-legged Kittiwakes (Rissa tridactyla) at
two neighbouring North Sea colonies (Flamborough and Filey, NE England), foraging in areas characterised by well-
defined seasonal mixing fronts, we investigated fine-scale behavioural responses of the birds to front-related covariates:
distance to the nearest front, sea surface temperature (SST), and surface chlorophyll. We combined generalized hidden
Markov models (gHMM) with spatial clustering of individual-level tracking data to classify the at-sea behaviour of Kit-
tiwakes and identify distinct foraging areas. Three space-use clusters were identified at Flamborough and four at Filey,
primarily differentiated by direction and distance travelled from the colony. The clearest response to front activity was
observed in Kittiwakes at Flamborough in space-use cluster 3, where birds were more likely to be classified as foraging/
searching within 5 km of the nearest front. Across clusters, Kittiwakes were generally more likely to forage in cooler
waters with lower chlorophyll concentrations. However, behavioural responses to the environmental covariates varied
across space-use clusters and were sometimes non-linear. Overall, behavioural responses were context-dependent, shaped
by local environmental conditions and the extent of overlap with tidal fronts. Our findings highlight how individual varia-
tion in space use can lead to divergent foraging strategies, especially when key oceanographic features occur in specific
locations.
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Introduction

Understanding how individual animals move and respond
to their environment to secure sufficient resources for
survival and reproduction is a central focus in movement
ecology (Nathan et al. 2008; Hays et al. 2016; Eikelboom
et al. 2020). Ultimately, the movement and distribution
of animals across a landscape are the result of successive
fine-scale behavioural decisions (Potts and Borger 2023).
A fundamental principle of optimal foraging theory is that
animals should aim to maximize the time spent in produc-
tive areas (Stephens and Krebs 1986). However, movement
and habitat selection are also influenced by factors such as
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the heterogeneity of prey distributions (Nonaka and Holme
2007) and constraints such as territoriality or the need to
periodically return to a central place, such as a breeding
colony (Borger et al. 2008).
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Tracking individuals in dynamic environments provides
a means to assess how movement patterns, behaviour, and
species distributions shift over time as environmental condi-
tions change (Cagnacci et al. 2010), and can inform conser-
vation planning (Guisan et al. 2013; Zurell et al. 2022). A key
aspect of marine spatial management is identifying the fac-
tors that influence the distribution and behaviour of marine
megafauna (Wakefield et al. 2017; Allen and Singh 2016;
Lennox et al. 2019). This information plays a crucial role in
various aspects of marine conservation, including support-
ing the identification and development of suitable Marine
Protected Areas (MPAs, Davies et al. 2021; Fauchald et al.
2021), investigating the potential impacts of climate change
(Hindell et al. 2020), planned infrastructure developments
(Lane et al. 2020; Croll et al. 2022) or other anthropogenic
activities (Cleasby et al. 2022). Consequently, understand-
ing how animals use different marine areas or habitats, par-
ticularly where they forage, can enhance the effectiveness
of existing ecological impact assessments by reducing or
better quantifying uncertainty (Searle et al. 2023), and by
identifying key habitats where animals engage in specific
behaviours (Chivers et al. 2013; Dean et al. 2013).

Large marine predators forage in dynamic oceanographic
environments where prey distributions are highly spatially
heterogeneous. As a result, many predators target areas
where physical processes enhance prey density or availabil-
ity (Cox et al. 2018). These predators may target a variety of
features that operate across different spatio-temporal scales.
One class of features that have been highlighted as important
across multiple species are tidal mixing fronts. Tidal mixing
fronts are transition zones where seasonally stratified waters
meet mixed coastal waters (Simpson and Hunter 1974; Pin-
gree and Griffiths 1978), typically marked by strong hori-
zontal temperature gradients (Miller 2009). These fronts are
often associated with enhanced local primary production
and the aggregation of prey due to the action of tidal cur-
rents and water column mixing (Murphy 1995; Hunt et al.
1999; Goetsch et al. 2023). In addition, because the loca-
tion of fronts is driven by interactions between water depth
and tidal velocity, they tend to be relatively consistent fea-
tures across broader spatio-temporal scales (Simpson 1981;
Simpson and Sharples 2012). However, the processes that
drive the formation and maintenance of these fronts are con-
sidered vulnerable to the effects of climate change and the
large-scale development of marine infrastructure—both of
which could alter mixing in the water column and, there-
fore, stratification (Sharples et al. 2013; De Dominicis et al.
2017; Dominicis et al. 2018). Consequently, frontal zones
are not only potentially important areas for marine protec-
tion but also represent potential zones of conflict between
human activities and wildlife conservation (Scales et al.
2014).
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Across multiple oceanographic regions, mixing fronts
serve as crucial marine habitats for many seabird species
(Bost et al. 2009; Cox et al. 2018). Numerous seabird spe-
cies concentrate their habitat use in areas near fronts or
regions with high levels of frontal activity (Decker and
Hunt Jr 1996; Begg and Reid 1997; Cleasby et al. 2024a).
In some colonies, individuals appear to direct some foraging
trips toward consistent fronts, sometimes travelling substan-
tial distances to reach them (Dean et al. 2015; Christensen-
Dalsgaard et al. 2018). Additionally, key demographic
parameters, such as annual reproductive success, may be
linked to the timing and strength of seasonal stratification
(Carroll et al. 2015) or the exact location of fronts (Inchausti
et al. 2003; Hatun et al. 2017).

Beyond broader-scale evidence that seabird distribu-
tions are influenced by the location of mixing fronts, there
is also evidence that seabirds adjust their fine-scale foraging
behaviour within these frontal zones. For example, North-
ern Gannets (Morus bassanus) were predicted to engage in
area-restricted searches (ARS) within 5 km of tidal mixing
fronts (Hamer et al. 2009; Grecian et al. 2018) and modify
their diving behaviour based on whether they were on the
mixed or stratified side of a front (Cleasby et al. 2015) or
in relation to distance from a front and/or front strength
(Cox et al. 2016). Similarly, transitions between foraging
and commuting behaviours in other seabird species, such
as auks, Manx Shearwaters (Puffinus puffinus), and Red-
footed Boobies (Sula sula), were found to be associated
with sea surface temperature (SST) and surface chloro-
phyll concentrations (Delord et al. 2020; Kane et al. 2020;
Dunn et al. 2024)—covariates commonly used as the basis
for mapping ocean fronts. Additionally, birds may encoun-
ter higher abundances of prey or specific prey species near
fronts (Waggitt et al. 2018; Vlietstra et al. 2005), which
could influence their foraging behaviour.

Black-legged Kittiwakes (Rissa tridactyla) have experi-
enced significant declines across their range in recent years
(Johansen et al. 2020). The species is currently listed as
vulnerable on the IUCN Red List of Threatened Species
and is included on the OSPAR List of Threatened and/or
Declining Species. Kittiwakes are predominantly surface
feeders and may rely on bio-physical processes to drive
prey to the surface, enabling birds to access them (Schnei-
der et al. 1991; Chivers et al. 2012; Embling et al. 2012).
Consequently, they are thought to use frontal zones as key
foraging habitats when such features are available (Bertrand
et al. 2021; Cleasby et al. 2024a). The importance of tidal
fronts to Kittiwakes is highlighted by changes in the repro-
ductive success of certain breeding colonies in relation to
changes in stratification within their foraging range (Scott et
al. 2006; Carroll et al. 2015). Although broad-scale habitat
studies have demonstrated associations between tidal fronts
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and Kittiwake habitat usage (Trevail et al. 2021; Cleasby et
al. 2024a), the fine-scale behaviour of Kittiwakes and their
responses to frontal activity in these regions remain less
well understood, though may have important conservation
implications (Ruffino et al. 2023; O’Hanlon et al. 2024).
While habitat selection may favour areas near fronts, this
preference is likely influenced by the accessibility and avail-
ability of such habitats (Cleasby et al. 2024a). For instance,
local oceanographic conditions around breeding colonies,
including proximity to well-defined fronts, may influence
fine-scale foraging behaviours (e.g., Christensen-Dalgaard
et al. 2018; Gilmour et al. 2018). Additionally, many aspects
of animal movement exhibit significant individual varia-
tion (Shaw 2020). Even within a single colony, variation in
space use and site fidelity can lead to individuals utilizing
areas with differing habitat characteristics (Wakefield et al.
2015; Sanchez et al. 2018; Harris et al. 2020; Cleasby et al.
2024b; Regan et al. 2024), potentially resulting in diverse
responses to oceanographic features, such as mixing fronts,
both between and within breeding colonies.

In the current study, we use generalised Hidden Mar-
kov Models (gHMM) to classify GPS movement data
from tracked Kittiwakes into different behavioural models
to examine their fine-scale behavioural responses to front
activity. We focus on two colonies tracked across multiple
years, whose foraging ranges overlap with an area of con-
sistent and well-studied frontal activity in the North Sea,
the Flamborough front (Hill et al. 1993). At each tracked
colony, we identify distinct areas of space use to investi-
gate the relationship between where birds forage and their
response to environmental covariates linked with frontal
activity. Given the importance of frontal activity in previous
habitat selection studies on Kittiwake (Trevail et al. 2021;
Cleasby et al. 2024a) and other seabird species, our a priori
expectations were that: (1) birds are more likely to switch
to a searching/foraging mode of behaviour closer to fronts
or in areas with greater front activity; (2) variation in space
use — both between colonies and within the same colony—
results in divergent responses to front activity; and (3) mea-
sures of front activity or distribution influence Kittiwake
movement patterns, specifically flight speed and directional
persistence.

Materials and methods

Tracking data collection

Fieldwork was conducted at two Kittiwake colonies located
at Flamborough Cliffs (54.1161° N, 0.0839° W) and Filey

(54.2094° N, 0.2556° W) along the North Yorkshire coast,
UK. Both colonies are located within the wider Filey and

Flamborough Coast Special Protection Area (SPA) and for-
age in the North Sea during the breeding season, within the
vicinity of a major mixing front known as the Flamborough
Front (Hill et al. 1993). In this region, mixing fronts typi-
cally run parallel to the coastline, about 10 km offshore to
the north of Flamborough Head. Once reaching Flambor-
ough Head one branch of the Flamborough Front system
veers eastward offshore, circling the Dogger Bank, while
a southern branch heads south of Flamborough Head and
extends along 54°N to the east (Hill et al. 1993; Luyten et al.
2003). Birds from Flamborough Cliffs were tracked every
year from 2010 to 2015 whereas birds from Filey were
tracked in the years 2013-2015. However, individual birds
were only ever tracked in one year of the study. More details
on colony locations, maps of local bathymetry, and sample
sizes are available in the Supplementary Materials (Table S1
& Figs S1 & S2). Kittiwakes were trapped on nesting ledges
at the breeding colony using a noose pole during either the
late incubation or early chick-rearing stage. We temporar-
ily attached a modified i-GotU GT-120 (Mobile Action
Technology, Taipei, Taiwan) GPS logger to a bird’s back or
tail with Tesa tape (Tesa SE, Norderstedt, Germany). GPS
loggers were set to record at 100 s intervals. The loggers
deployed weighed either 17.4 g+0.07 (SE) or 15.0 g=0.18,
representing 4.5% or 4.2% of Kittiwake body mass respec-
tively. However, there was no evidence that bird behaviour
differed between loggers of different mass (Cleasby et al.
2020). Additionally, at the Flamborough and Filey colonies,
we found little evidence of differences in foraging ranges
or colony attendance patterns between birds fitted with the
GPS loggers used in the current study and those equipped
with lighter loggers (~2.5% of Kittiwake body mass) in a
subsequent tracking study conducted in 2017 (Cleasby et
al. 2020). Birds were tagged for periods of 1-9 days after
which birds were recaptured and the loggers removed (for
more details see: Wakefield et al. (2017). GPS data were
screened for errors and only trips>1 km from the colony
and comprising more than 10 observations were classed
as foraging trips using the track2KBA R package (Beal et
al. 2021) in the R Environment (R Version 4.4.2, R Core
Team 2024). For each identified foraging trip, we calcu-
lated the maximum distance birds reached from the colony
(km) using great circle distances, trip duration (hrs), and
the bearing between the distal location during each trip and
the colony (for more details, see Cleasby et al. 2024c¢). All
subsequent processing and analysis of tracking data were
conducted in the R environment.

Collation of environmental data

To model the fine-scale responses of Kittiwakes to tidal
front activity, we focused our modelling efforts on four

@ Springer

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



186 Page 4 of 18

Marine Biology (2025) 172:186

covariates: SST, surface Chlorophyll-a concentration, front
strength, and distance to the nearest front. SST and Chloro-
phyll-a are commonly used in front detection algorithms to
assess front strength and persistence (Belkin 2021). They
also help identify areas of higher marine productivity (Isaks-
son et al. 2023) and water column features like upwellings
and vertical mixing (Miller et al. 2015).

High resolution SST and Chlorophyll-a data were
obtained from NEODAAS (NERC Earth Observation Data
Analysis and Artificial Intelligence Service) at a resolution
of 1 km? daily. SST data were based on the Multiscale Ultra-
high Resolution (MUR) multisensory product and processed
via NEODAAS. Chlorophyll-a data from NEODAAS were
based on the CMEMS OCS5 Chlorophyll product (Tilstone et
al. 2021). Due to high levels of cloud cover on certain days,
which resulted in missing values, we used Chlorophyll-a
data averaged over weekly rather than daily intervals, with
a spatial resolution of 1 km2. Composite ocean front maps
from AVHRR SST were created to obtain measures of ther-
mal front gradient magnitude (front strength, °C/1.2 km)
and the distance to the nearest front in 1 km cells throughout
the study area (Miller 2009). Composite front maps were
based on a seven-day moving window that included the day
on which tracking locations were observed as well as the
preceding 6 days to minimise the influence of missing data
due to cloud cover. Front metrics of strength and distance
were then calculated according to Miller et al. (2015). Front
strength was obtained by applying a Gaussian smoothing
filter (c=5 pixels) to a map of the mean gradient magni-
tude values and provides a local neighbourhood average of
frontal activity and is useful for identifying persistent, stable
frontal features (Suberg et al. 2019). Front distance quanti-
fies the distance from any location within the defined study
area to the closest front identified using a simplified version
of the front strength maps (P. I. Miller, unpubl. data). For
more details see Cleasby et al. (2024a). Summary plots of
each covariate across the timeframe of the study available in
the Supplementary Material (Figs S3 — S8).

Variation in space use at each colony

To examine how variation in space use influenced the
fine-scale behavioural responses of Kittiwakes to the envi-
ronmental covariates, we grouped individuals into clus-
ters based on the locations they visited during tracking.
Firstly, individual-level Utilisation Distributions (UD) were
calculated using biased random bridge approach (Ben-
hamou and Cornelis 2010) via the adehabitatHR package
(Calenge 2020, for more details on methodology see: Sup-
plementary Material, Cleasby et al. 2019). Next, we used
the Earth Mover’s Distance (EMD, Rubner et al. 2000) to
compare the similarity of each pair of individual-level UDs
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from a specific colony and generate a distance matrix for
clustering purposes. EMD quantifies the similarity between
UDs based on the effort required to shape one UD into
another (Kranstauber et al. 2017). Using EMD-based dis-
tance matrices, clustering was performed with the hclust()
function in the R environment (R Core Team 2024) using
Ward’s D2 agglomeration method. The optimal number of
clusters at each colony was determined through a combina-
tion of visual inspection of dendrograms and the average
Silhouette method (Rousseeuw 1987). Ultimately, we iden-
tified three clusters at Flamborough and four at Filey. Once
clusters were identified, we created cluster-level UDs by
averaging all the individual-level UDs within each defined
cluster to visualise space-use patterns.

Behavioural segmentation and analysis of tracking
data

To identify when Kittiwakes engaged in foraging behaviour,
we used a Hidden Markov Modelling (HMM) approach to
classify tracking data into different behavioural states. Ini-
tially, basic HMMs that included no environmental covari-
ates were run separately for birds in each spatial cluster
identified at the Flamborough and Filey colonies, respec-
tively, and served as null models upon which to develop
more complex models. All HMMs were performed using
the momentuHMM R package (McClintock and Michelot
2018).

In our initial HMMSs, we defined three distinct behav-
ioural modes, which we termed ‘resting’, ‘searching/for-
aging’, and ‘transit/commuting’. This interpretation was
based on step lengths and turn angles calculated between
successive GPS fixes. The decision to identify three behav-
ioural modes was based on prior experience with Kittiwake
tracking data, which suggested that HMMs can usually
distinguish three behavioural states in such data relatively
clearly (Trevail et al. 2021; Bogdanova et al. 2022). Based
on prior research findings, we constructed HMM design
matrices such that step lengths were set to be shortest when
resting, intermediate during searching/foraging, and longest
during transit (resting <searching<transit). Likewise, turn
angles were set up as transit<searching, indicating more
direct flight during transit compared to searching. For rest-
ing behaviour, we placed no constraints on the estimation of
turn angles. Additionally, during initial runs of our HMMs,
we observed that birds rarely transitioned directly between
resting and transit behaviours, so the probability of transi-
tioning between these states was set to 0.

We ran each HMM ten times using randomly generated
initial values to avoid problems associated with model con-
vergence to local maxima (McClintock and Michelot 2018)
and selected the model with the highest likelihood. For all
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models, validation was performed by graphically compar-
ing the marginal distributions from the fitted HMM with the
empirical distributions.

Following model validation, we extended our initial
HMM to incorporate the influence of selected environmen-
tal covariates on the probability of transitioning between
different behavioural states within each identified space-
use cluster. This was achieved by including environmental
covariates specifying either a standard linear relationship
or allowing for a non-linear relationship using B-splines
with k=4 knots. Running models separately per cluster
allowed us to identify different situations in which either
a linear or non-linear relationship performed best. Addi-
tionally, we included an effect of time of day in our HMMs
using a cosinor function for cyclical data to account for the
assumption that resting behaviour should be more common
overnight.

Although the correlations between each of the covariates
considered were not particularly strong (#<0.4 in all cases),
we found evidence of concurvity between front strength and
distance to the nearest front (see also: Cleasby et al. 2024a).
Specifically, front strength was generally higher near
fronts and decreased with distance from them. As a result,
front strength and distance to the nearest front were never
included in the same model. Ultimately, models including
the distance to the nearest front consistently outperformed
those including front strength, as measured by AIC scores,
mirroring a previous finding when modelling broader-scale
habitat usage (Cleasby et al. 2024a). Therefore, we report
results from models in which distance to the nearest front
was included.

Table 1 Estimated mean step length and associated standard deviation
for each behavioural model identified in a 3-state gHMM for birds in
each space use cluster. Estimates reflect outputs of best performing
models for each space-use cluster and reflect step length when each
covariate was set at its mean value across observations within a par-
ticular cluster and setting the time of day as midday (12:00:00)

Space Use Behaviour
Cluster Resting Searching Transit
Flambor-  Mean = 99.32 Mean = 386.09 Mean = 1847.91
ough—1 SD=4142 SD =455.48 SD =618.21
Flambor-  Mean = 88.23 Mean = 432.49 Mean = 2085.84
ough—-2  SD=39.03 SD =515.83 SD = 553.49
Flambor-  Mean = 98.06 Mean =461.14 Mean = 2045.64
ough—-3  SD=4835 SD =489.63 SD =532.37
Filey—1  Mean = 53.51 Mean = 229.38 Mean = 1182.06
SD =29.76 SD =219.27 SD =337.95
Filey—2  Mean =39.87 Mean =339.97  Mean = 1310.75
SD =20.13 SD =359.97 SD =321.16
Filey—3  Mean = 88.65 Mean = 676.45 Mean = 1547.68
SD =61.37 SD = 384.95 SD =329.68
Filey—4  Mean = 63.81 Mean = 496.86 Mean = 1443.3
SD =42.85 SD =357.62 SD = 320.84

Standard HMMs allow covariates to influence the proba-
bility of transitioning between behavioural states but do not
allow them to affect underlying movement characteristics,
such as step lengths and turning angles. However, in cer-
tain circumstances, it can be beneficial to allow movement
parameters to vary in response to environmental conditions
(Carter et al. 2020). Therefore, we extended our HMMs into
generalised HMMs (gHMM) by modelling step lengths and
directional persistence in both the ‘searching/foraging’ and
‘commuting/transit’ modes in response to each of the envi-
ronmental covariates considered.

Initial parameter values for gHMMs were informed by
estimates from simpler HMMs to aid model convergence.
Nevertheless, when modelling the effect of environmental
covariates on movement parameters in gHMMs, we were
restricted to examining linear effects as modelling non-
linear responses resulted in models failing to converge.
As when modelling behavioural transition probabilities,
model performance was assessed using model AIC scores
and covariates were only retained in our best model if they
improved model AIC scores. In general, gHMMs that mod-
elled step length and directional persistence in response
to environmental covariates outperformed conventional
HMMs, as indicated by lower AIC scores (see Tables S2 &
S3 for model selection results). Consequently, all the results
reported are based on the outputs of the best performing
gHMM model. Once the best performing gHMM for each
cluster was identified, behavioural states were assigned
to each Kittiwake observation using the Viterbi algorithm
within momentuHMM package (McClintock and Michelot
2018). In addition, model residuals were checked to ensure
model assumptions relating to autocorrelation and normal-
ity of model residuals. Summaries of step length and direc-
tional persistence in each behavioural state are presented in
Tables 1 and 2.

Results
Variation in space use

In total, we tracked 97 birds at Flamborough and 47 at Filey.
At Flamborough, we grouped individuals into three clusters
based on the similarity (EMD) scores of individual-level
UDs. A total of 22 individuals were placed in cluster 1, 41
in cluster 2, and 34 in cluster 3 (Table S4). Clusters were
primarily differentiated by the directions birds travelled
from the colony and the typical length of their foraging trips
(Fig. 1). Kittiwakes in cluster 1 tended to travel on southerly
bearings, staying relatively close to the coastline as a result
(Figs. S9 & S10). In contrast, Kittiwakes from cluster 2 at
Flamborough generally departed on more easterly bearings,
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Table 2 Estimated directional persistence and associated 95% con-
fidence interval for each behavioural model identified in a 3-state
gHMM for birds in each space use cluster. Estimates reflect outputs
of best performing models for each space-use cluster and reflect direc-
tional persistence when each covariate was set at its mean value across
observation within a particular cluster and setting the time of day as

midday (12:00:00)

Space Use Cluster Behaviour
Resting Searching Transit
Flamborough — 1 0.91 0.34 0.88
(0.90-0.92) (0.31-0.36) (0.87-0.89)
Flamborough — 2 0.89 0.36 0.91
(0.88-0.90) (0.34-0.38) (0.91-0.92)
Flamborough — 3 0.82 0.33 0.91
(0.81-0.83) (0.31-0.35) (0.90-0.92)
Filey — 1 0.87 0.30 0.86
(0.86-0.88) (0.26-0.33) (0.85-0.87)
Filey — 2 0.84 0.31 091
(0.83-0.85) (0.29-0.33) (0.90-0.92)
Filey — 3 0.51 0.61 0.93
(0.48-0.53) (0.58-0.64) (0.92-0.94)
Filey — 4 0.55 0.32 0.93
(0.52-0.57) (0.28-0.36) (0.92-0.93)
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Fig. 1 Plots showing Kittiwake foraging tracks recorded at (a) Flam-

borough and (b) Filey. Tracks are displayed as opaque, coloured lines

with line colour denoting the space-use cluster to which individual
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while Kittiwakes from cluster 3 typically departed on south-
easterly bearings, between the directions observed in clus-
ters 1 and 2 (Fig. S10). Trip durations and foraging ranges in
cluster 2 also tended to be greater than observed in the other
two clusters (Figs S11 & S12).

At Filey, individuals were grouped into four space-use
clusters (Cluster 1 - n=14 individuals; Cluster 2 - n=18;
Cluster 3 - n=6; Cluster 4 - n=9, Table S5), with each clus-
ter differing in the direction birds travelled from the colony
(Fig. 1 & Fig. S13). Birds in Cluster 1 generally headed
north-northeast, those in Cluster 2 headed east-northeast,
birds in Cluster 3 primarily headed east-southeast, and those
in Cluster 4 headed east (Fig. S14). Foraging trips in Cluster
1 were typically the shortest in both duration and maximum
range, while trips in Cluster 2 tended to be the longest (Figs
S15 & S16).

b)
‘/""
555 — Cluster 1 ﬁ‘L
Cluster 2
Cluster 3 3
Cluster 4 I o 2
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o %‘»
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2
® 540 — |
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|
/J’
530 — Ar—ry
;\L /
W 60 km
|
T T T T \
- 0 1 2 3
Longitude

birds were assigned. Colony location is displayed as either a yellow
circle (Flamborough) or a green circle (Filey)
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Movement analysis from gHMMs

Effect of environmental covariates on the probability of
transitioning between behaviours

In general, the probability of transitioning between different
behaviours in response to each of the environmental covari-
ates considered varied both within and between colonies
(Figs. 2, 3 and 4, see Tables S6 & S7 for model coefficients).

Chlorophyll concentration The probability of being classi-
fied as searching/foraging was negatively associated with
chlorophyll concentration for Kittiwakes in Flamborough
cluster 1 and Filey cluster 4. We also observed non-linear
responses to chlorophyll concentration for Kittiwakes
in spatial cluster 3 at Flamborough and cluster 2 at Filey
(Fig. 2). For Kittiwakes in Flamborough cluster 3, the prob-
ability of being classified in the searching behavioural mode
peaked at concentrations of 1.5 mg m™ before declining
thereafter (Figs S17 & S18). For Kittiwakes in Filey cluster
2, the probability of being classified as searching was great-
est at the lowest chlorophyll concentrations, declining rap-
idly as chlorophyll concentration rose to a value of 0.5 mg
m before levelling off at a constant value as chlorophyll
concentration increased further. Therefore, in these cases,

Flamborough - Cluster 1

o

State
Rest

=~ Search

= Transit

Stationary State Pr.
Stationary State Pr.
° ©

e
- —

=)
N

0.00: 0.00

Flamborough - Cluster 2

50 <

the likelihood of being in the searching mode was greatest
at lower to intermediate values of chlorophyll concentration
(Figs S19 & S20). For birds in Filey cluster 2, the probabil-
ity of being classed as resting also rose at higher values of
chlorophyll concentration (>3 mg m~) alongside a concom-
itant decrease in transit behaviour. In the remaining spatial
clusters identified, there was no clear relationship between
chlorophyll concentration and behavioural classification.

Sea surface temperature Regarding SST, we observed
different non-linear responses across the different spatial
clusters identified (Fig. 3). For Kittiwakes at Flamborough,
there was a tendency for the probability of being classi-
fied as searching/foraging to be negatively associated with
SST across spatial clusters 1 and 2. In contrast, a peak in
the probability of searching behaviour occurred at values
around 11.5-12 °C in cluster 3 at Flamborough (see also
Figs S21 & S22). Similarly, at Filey birds in cluster 1 showed
a peak in searching behaviour as SST approached 12 °C,
but there was also evidence of a second peak in searching
behaviour at higher SSTs (> 15 °C) that was not observed in
other spatial clusters at either colony (Figs S23 & S24). In
the remaining three clusters at Filey, we did not observe a
clear relationship between the probability of being classed
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Fig. 2 Stationary state probabilities derived from gHMMs of being in
each of three identified behavioural states for Kittiwakes in response
to surface chlorophyll concentration. Probabilities displayed for birds
from the Flamborough and Filey colonies in each identified space-use
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cluster. Probabilities calculated with all other covariates held at their
mean value based on the conditions observed across all tracking loca-
tions from that cluster and assuming the time of day as midday. Opaque
envelopes around predicted curves represent 95% confidence intervals
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Fig. 3 Stationary state probabilities derived from gHMMs of being in
each of three identified behavioural states for Kittiwakes in response
to Sea Surface Temperature. Probabilities displayed each identified
space-use cluster at Flamborough or Filey. Probabilities calculated

in the searching mode and SST. However, in Filey clusters
3 and 4 there was a tendency for searching behaviour to
decline as SST increased. For individuals in Filey cluster 2,
the clearest result we observed was a peak in the probability
of being classified in the transit mode, occurring at around
11.5 °C, which was mirrored by a corresponding decrease in
the probability of engaging in resting behaviour.

Distance to nearest front At Flamborough, Kittiwakes in
clusters 1 and 2 showed a marked increase in the probability
of being classified as searching in areas relatively far from
the nearest front (>30 km) while at the same time, the prob-
ability of engaging in transit behaviour declined (Fig. 4).
However, it should be noted that birds rarely visited areas
this far from the nearest front (Figs S25 & S26). In contrast,
in cluster 3 at Flamborough, the probability of being classi-
fied as searching was greatest when birds were located right
on the front, then declined as distance to the nearest front
increased to 5 km. In addition, birds in this cluster exhib-
ited a second peak in the likelihood of searching behav-
iour in areas approximately 20 km from the nearest front.
At the Filey colony, birds in cluster 2 showed a non-linear
response to distance to the nearest front, with the probability
of being classified as foraging peaking slightly when close
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with all other covariates held at their mean value based on the con-
ditions observed across all tracking locations from that cluster and
assuming the time of day as midday. Opaque envelopes around pre-
dicted curves represent 95% confidence intervals

to the nearest front (~5 km), with a second larger peak in
searching activity in areas approximately 40 km from the
nearest front (Fig. 4, Figs S27 & S28). Across the other spa-
tial clusters at Filey, there was no clear association between
searching behaviour and the distance to the nearest front.
However, in Filey cluster 4, there was an increase in the
probability of resting behaviour as distance from the nearest
front increased.

Across all clusters, we observed clear diurnal patterns in
behaviour, with a higher likelihood of transit and searching
behaviour during the middle of the day, while resting on
the water was most prevalent during the night (Figs S29 &
S30).

Effect of environmental covariates on movement
parameters

Overall, while the generalised Hidden Markov Models
(gHMMs), which incorporated environmental covariates
as predictors of movement parameters, outperformed con-
ventional HMMs, we did not find consistent associations
between covariates and movement parameters across the 7
spatial clusters examined. Instead, environmental variables
showed a mix of positive, negative, and non-significant

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Marine Biology (2025) 172:186

Page90of18 186

Flamborough - Cluster 1

3

P
o
b
&

State
Rest

= Search

= Transit

Stationary State Pr.
c % <
Stationary State Pr.
2

o

>

5
=]
I
;

0.00 0.00

Flamborough - Cluster 2

Flamborough - Cluster 3

1.00

o
b

State
Rest

State
Rest

~ Search

= Transit

— Search
= Transit

Stationary State Pr.
g

o
I
o

[} 0 20 30 40
Distance to Nearest Front (km)

Filey - Cluster 1 Filey - Cluster 2

S
a
o

State
Rest

— Search

= Transit

State
Rest

— Search

= Transit

Stationary State Pr.

° °
Stationary State Pr.

o

o
o

10 20 30

[) 0 40 [) 20 40 60
Distance to Nearest Front (km) Distance to Nearest Front (km)

Fig. 4 Stationary state probabilities derived from gHMMs of being in
each of three identified behavioural states for Kittiwakes in response
to Distance to the nearest Front. Probabilities displayed each identi-
fied space-use cluster at Flamborough or Filey. Probabilities calcu-

associations with movement parameters, varying by space-
use cluster (Table 3, see also: Figs S31 — S42).

Focussing on results from within a single colony, the
most consistent findings were observed at Flamborough,
where we found: (1) a negative association between step
length and chlorophyll concentration during transit across
all three space-use clusters and (2) a positive association
between SST and step length during searching behaviour
also across all three space-use clusters. In contrast, at Filey,
we did not observe any consistent, directional responses to
environmental covariates across the four space use clusters
identified.

Discussion

The potential importance of mixing fronts as key foraging
areas for marine predators has been highlighted in many
species across diverse regions (Bailey and Thompson 2010;
Scales et al. 2014; Miller et al. 2015; Cox et al. 2018). In
this study, we demonstrate that breeding Black-legged
Kittiwakes do indeed modify their foraging behaviour in
response to environmental variables related to front activ-
ity, including the distance to the nearest front. The exact
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lated with all other covariates held at their mean value based on the
conditions observed across all tracking locations from that cluster and
assuming the time of day as midday. Opaque envelopes around pre-
dicted curves represent 95% confidence intervals

relationships we identified between environmental covari-
ates were influenced by the local conditions experienced
by birds. Specifically, by clustering individuals based on
the two-dimensional distribution of their foraging trips, we
were able to identify areas where birds were likely foraging
in association with fronts. At the same time, we also identi-
fied foraging areas where birds may have focused on other
environmental features further from any mixing fronts.
More broadly, these findings support the idea that the for-
aging behaviour of marine predators is influenced by local
oceanographic conditions (Gilmour et al. 2018). As a result,
individual behavioural plasticity and variation among indi-
viduals, even those from the same colony but utilising dif-
ferent foraging areas within a broader colony-level range,
may lead to divergence in foraging tactics, geographic space
use, and potentially individual specialisation (Carlson et al.
2021; Schwarz et al. 2021).
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Table 3 Summary of results from  Epyironmen- Movement ~ Behavioural — Positive Negative No association
a gHMM ex;'imining aSSOCiatif’nS tal Covariate Parameter State association association
between environmental covari- Surface Step Length ~ Transit N=2 N=5
ates (gurface chlorophyll, SST, Chlorophyll Filey 1 & 3 Flamborough 1-3
and distance to the nearest front) Filey 2 & 4
and movement parameters (step .
length and directional persis- Searching N =1 = N=5
tence) during transit and search- Filey 4 Flamborough 3 F!amborough 1&2
ing behaviours in Black-legged Filey 1-3
Kittiwakes. The table reports Directional ~ Transit N=2 N=2 N=3
the number of Spatial clusters Persistence Filey 1 & 4 Flamborough 1 Flamborough 3
(N) showing positive, negative, &2 Filey2 & 3
or non-significant associations, Searching N=3 N=4
along with the specific clusters in Flamborough 1 Flamborough 2
each category. Details on model &3 Filey 1-3
coefficients are provided in tables Filey 4
S8 & S9 SST Step Length  Transit N=3 N=1 N=3

Flamborough 2 Filey 4 Flamborough 1
&3 Filey2 & 3
Filey 1
Searching N=3 N=4
Flamborough 1-3 Filey 1-4
Directional ~ Transit N=2 N=5
Persistence Flamborough 1 Flamborough 3
&2 Filey 1-4
Searching N=3 N=4
Flamborough 1 Flamborough 2
&3 Filey 24
Filey 1
Distance to Step Length ~ Transit N=1 N=3 N=3
Nearest Front Flamborough2 ~ Flamborough 3 Flamborough 1
Filey 2 & 4 Filey 1 &3
Searching N=1 N=1 N=5
Filey 3 Filey 2 Flamborough 1-3
Filey 1 & 4
Directional ~ Transit N=1 N=3 N=3
Persistence Flamborough 2 Flamborough 3 Flamborough 1
Filey 2 & 4 Filey 1 & 3
Searching N=1 N=3 N=3
Filey 3 Flamborough 2~ Flamborough 1
&3 Filey 1 & 4
Filey 2

Effect of environmental covariates on the
probability of transitioning between behaviours

Distance to nearest front

The spatial clusters that showed the clearest response to
frontal activity were those most closely aligned with the
approximate location of different parts of the Flamborough
front system. Specifically, for Kittiwakes in Flamborough
cluster 3, the probability of being in searching mode—
which we interpret as representing foraging behaviour—
was highest when birds were located near a front. This
probability declined as the distance from the front increased,
reaching a local minimum at 5 km, suggesting that forag-
ing behaviour was concentrated within 5 km of the front
(Fig. 4). This finding supports previous fine-scale studies
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of seabird behaviour, which have shown that seabirds alter
their behaviour in proximity to fronts, either by engaging in
ARS within 5 km of fronts (Hamer et al. 2009) or modifying
diving behaviour close to fronts (Grecian et al. 2018; Cox et
al. 2016). Birds in Flamborough’s space-use cluster 3 typi-
cally travelled on south-easterly bearings from the colony,
suggesting use of the southerly branch of the Flamborough
Front system that extends past Flamborough Head (Hill et
al. 1993; Luyten et al. 2003; Miller and Christodoulou 2014,
Timko et al. 2019). Supporting this, many identified search-
ing locations in this cluster overlapped waters classified as
predominantly mixed or intermittently stratified (van Leeu-
wen et al. 2015; Chen et al. 2022).

We also observed a second peak in foraging activity at dis-
tances approximately 20 km from the nearest front. A simi-
lar peak in Kittiwake habitat usage in areas approximately
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Fig. 5 Map showing the locations identified by gHMMs as searching/
foraging behaviour for Kittiwakes in each identified space use cluster
at Flamborough (a) and Filey (b). Points are displayed using opaque

25 km from fronts was also observed in an earlier, broader-
scale habitat selection study (Cleasby et al. 2024a). On the
stratified side of fronts, the spring-neap cycle may result in
variability in primary productivity in areas within 15-50 km
of fronts (Sharples 2008), thus birds may still be responding
to the action of tidal fronts. Additionally, for birds in Flam-
borough cluster 3, many locations classified as searching
and within 15-25 km of the nearest front in this cluster were
located on the western, offshore side of the Holderness Off-
shore Marine Conservation Zone (MCZ), which is an area
of high habitat and species diversity (DEFRA; Holderness
Offshore MCZ 2019) and may represent an important Kit-
tiwake foraging site (Fig. S43).

Birds in the space use clusters at Filey also showed some
evidence of foraging close to fronts. For birds in Filey clus-
ter 1 there was a slight peak in the likelihood of being clas-
sified as searching as opposed to transit behaviour when
birds were approximately 5—10 km from the nearest front
(Fig. 4). Birds in this cluster also made relatively short trips
and foraged north of Flamborough Head, where the front is
located about 10 km offshore, running parallel to the coast
(Hill et al. 1993). For birds in Filey cluster 2, there was a
small peak in the likelihood of foraging behaviour centred
on a value of 2.5 km from the nearest front, before a second
larger peak occurred in areas further from fronts (40 km).
Given that many locations classified as searching/foraging
for Kittiwake in Filey Cluster 2 were also located offshore

b)

55.5

Latitude
540 545

53.5

53.0

Cluster 1
Cluster 2
Cluster 3
Cluster 4

Longitude

colours to help identify areas with a greater concentration of obser-
vations. The location of the Dogger Bank is also displayed as black
polygon (see also: Fig. S1)

(Fig. 5), this may reflect their use of the shallower waters
(<25 m, Fig. S44) and slopes of the Dogger Bank, which are
also utilized by other marine predators (Wyles et al. 2022).
There was less evidence that Kittiwakes in the remain-
ing space-use clusters identified responded as strongly to
frontal activity. Unlike the results for space-use Cluster 3
at Flamborough, we did not observe an increased likelihood
of searching near fronts for birds in space-use Clusters 1
and 2 at Flamborough. Instead, the probability of searching
behaviour remained relatively constant before increasing in
areas more than 40 km away from fronts. However, areas far
from fronts were rarely encountered by the birds at Flam-
borough and typically occurred at the distal end of longer
foraging trips. In the remaining space-use clusters identi-
fied at Filey (space-use clusters 3 and 4), the likelihood of
switching to foraging behaviour remained relatively flat in
response to distance from the nearest front. However, the
number of individuals in these clusters was relatively small
(n<10 individuals in both cases), which may influence our
ability to detect responses to environmental covariates.

Sea surface temperature
Previous studies on Kittiwakes have reported a preference
for areas with cooler sea surface temperatures (SSTs) more

typical of mixed waters (Robertson et al. 2014; Trevail et
al. 2021; Wakefield et al. 2017; Cleasby et al. 2024a; but
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see also: O’Hanlon et al. 2024). Consequently, our a priori
prediction was that Kittiwake searching behaviour would be
more prevalent when SST was lower. In line with expecta-
tion, birds in Flamborough cluster 2 were more likely to be
classified as searching rather than commuting at the lowest
SSTs encountered. Birds in Flamborough clusters 1 and 3
showed a peak in searching at SSTs between 11.5 °C and
12 °C, beyond which searching behaviour declined (Fig. 3).
In addition, SST was weakly negatively associated with the
likelihood of engaging in searching behaviour for birds in
space use clusters 3 and 4 at Filey (Fig. 3). Together, these
results broadly support the prediction that Kittiwakes are
more likely to forage in cooler waters, particularly those
areas where SST is 13 °C or below in the current study.

In the remaining two space use clusters identified, Filey
cluster 1 and Filey cluster 2, the relationship between search-
ing behaviour and SST showed some evidence that search-
ing behaviour increased at higher SST values. In general,
areas with higher SSTs were primarily associated with birds
foraging in stratified waters to the north-east of the Filey
colony, especially for birds in cluster 1, or over warmer but
well-mixed waters at the Dogger Bank.

Surface chlorophyll concentration

Chlorophyll concentration is often used as an indicator of
phytoplankton abundance in the water column, which forms
the foundation of marine food webs upon which top marine
predators ultimately rely (Suryan et al. 2012; Warwick-
Evans et al. 2021). Previous studies have reported positive
associations between chlorophyll concentration and Kit-
tiwake abundance (Scott et al. 2010; Chivers et al. 2013;
Robertson et al. 2014). However, research on the broader-
scale habitat use by North Sea Kittiwakes has suggested
that responses to surface chlorophyll concentrations are
influenced by local environmental conditions. Specifically,
habitat use may be directed toward areas with lower surface
chlorophyll concentrations, reflecting foraging in offshore
areas away from the coastline (Cleasby et al. 2024a), as
observed in other seabirds (Grémillet et al. 2008).

At the behavioural scale, we found that the likelihood of
foraging behaviour did not increase in response to surface
chlorophyll concentration. While responses to chlorophyll
concentration varied across space-use clusters, associations
with foraging behaviour were either flat or negative. Within
the study region, the highest surface chlorophyll levels are
typically found in areas near the coastline, in waters less
than 30 m deep (Amorim et al. 2024), particularly around
the mouths of the Humber and Wash estuaries (Peters et al.
2005; Fig. S2). These areas were rarely visited, if at all, by
Kittiwakes tracked at Flamborough and Filey during this and
other tracking studies at these colonies (Cleasby et al. 2020).
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This suggests that the combination of shallow coastal waters
with high surface chlorophyll and potentially high turbidity
does not represent a key foraging habitat for this species.
Instead, for Kittiwakes tracked at Flamborough, the distri-
bution of chlorophyll concentrations experienced during
foraging showed a clear, narrowly defined peak at approxi-
mately 1.5 mg m™ across all spatial clusters (Fig. 2, Fig.
S17). The foraging ranges of birds in Filey space use cluster
3 overlapped with those observed at Flamborough, and a
similar peak at 1.5 mg m™ was also observed in the birds
within this cluster (Fig. S19). Mapping chlorophyll values
around this peak in the range of 1.25-1.75 mg m reveals a
band of chlorophyll located offshore, which approximately
aligns with the locations of SST thermal fronts (Fig. S3).
More generally, SST fronts are often co-located with chlo-
rophyll fronts (Belkin and O’Reilly 2009, Xia et al. 2021)
and seasonal stratification can lead to a reduction in surface
chlorophyll biomass (van Haren et al. 1998; van de Pol et
al. 2013). Given that the likelihood of being in a search-
ing or foraging mode peaks at approximately 1.5 mg m™3
for birds in Flamborough cluster 3, we believe this supports
the conclusion that Kittiwakes in this cluster were foraging
near fronts. Although no similar response was detected in
Flamborough space use clusters 1 or 2, or in Filey space-use
cluster 3, the peak in chlorophyll concentrations at 1.5 mg
m across observed foraging locations may still reflect the
importance of chlorophyll fronts for Kittiwakes in these
other spatial clusters.

For birds in the remaining space use clusters at Filey (1,
2, and 4), we rarely observed chlorophyll values above 1
mg m > at locations where birds were classed as searching/
foraging, particularly once birds were at least 10 km from
the coast. Although chlorophyll concentrations in these
areas were low, we were limited to investigating surface
chlorophyll. However, subsurface maxima in chlorophyll
concentrations have been observed in seasonally strati-
fied North Sea waters (Weston et al. 2005) and have also
been linked to increased foraging activity and abundance
in several marine predators, including Kittiwakes (Skov
and Durinck 2000; Scott et al. 2010, 2013; Embling et al.
2012). Recent advances in satellite mapping techniques and
analytical approaches for identifying water density levels
should increase the availability and extent of information on
subsurface chlorophyll in the future (Yasunaka et al. 2021,
Zampollo et al. 2023), which will assist future studies of
seabird habitat use.

Effect of environmental covariates on movement
parameters

In addition to influencing the probability of switching
behaviour, we also observed that gHMMs, in which step
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length and turn angle varied in response to environmental
covariates, outperformed models where these relationships
were held constant. This result mirrors previous findings in
other marine predators (Carter et al. 2020) and underscores
the importance of understanding how environmental covari-
ates influence movement, and consequently foraging behav-
iour (Cox et al. 2016; Hays et al. 2016). However, across
all spatial clusters, we did not observe consistent responses
in movement parameters (step length and turning angle) to
any of the environmental covariates considered (Table 3). In
other studies, high levels of individual variation in Kittiwake
step length in response to environmental covariates such as
SST and front density have also been observed, emphasiz-
ing that consistent directional relationships between move-
ment characteristics and environmental covariates may be
hard to detect (O’Hanlon et al. 2024). Nevertheless, when
focusing on a single colony, the most consistent findings
we observed were that across all three space-use clusters
at Flamborough, SST was positively associated with step
length during search behaviour, while step length during
transit behaviour was negatively associated with chloro-
phyll concentration.

Variation in space use within a colony

Our results highlight how variation in space use among
individuals can lead to differences in the environmental
conditions they experience, influencing their responses to
marine habitats and foraging strategies. This aligns with
a growing body of research on seabirds and other marine
predators, linking variation in foraging behaviours to local
oceanographic conditions, habitat accessibility, and behav-
ioural plasticity (Christensen-Dalsgaard et al. 2018; Gilm-
our et al. 2018; McDuie et al. 2018; Carpenter-Kling et al.
2020; Kane et al. 2020; Schwarz et al. 2021). In Kittiwakes
specifically, habitat selection models based on tracking data
from multiple North Sea breeding colonies showed that
individuals were more likely to use areas near fronts when
such areas were more readily available to them (Cleasby
et al. 2024a). Overall, this underscores the importance of
accounting for variation in habitat availability when aiming
to better understand and predict seabird distributions and
behaviour (Matthiopoulos et al. 2011; Wakefield et al. 2017;
Holbrook et al. 2019).

The clustering approach used in this study offers valuable
insights into habitat use by examining sub-colony variation
in space use among birds within a single colony (see also:
Schwarz et al. 2021). This builds upon previous research
that has demonstrated that individuals from the same colony
do not necessarily forage in the same locations (Cleasby et
al. 2015; Sanchez et al. 2018, Cleasby et al. 2019, 2024b).
As such, individual site- or route-level fidelity can influence

space use within a colony, potentially driving variation in
habitat use, foraging behaviour, and diet (Wakefield et al.
2015; Cleasby et al. 2024b; Regan et al. 2024).

Understanding individual site fidelity and its temporal
scale is essential for interpreting how animals use predict-
able yet dynamic features such as fronts—especially when
incorporating these features into marine spatial planning
(Miller and Christodoulou 2014; Scales et al. 2014; Searle
et al. 2023). In our study, the limited number of trips per
individual over a short timeframe restricts our ability to
assess long-term site fidelity. Therefore, we cannot conclude
whether the distinct space-use clusters reflect short-term
phenomena, such as recent memory of productive foraging
patches (Carroll et al. 2018; Collet et al. 2025), or indicate
more persistent site fidelity. Longer tracking deployments
per individual will be crucial for exploring this behaviour
further and investigating individual environmental niches
(Carlson et al. 2021; Schwarz et al. 2021).

Conservation implications

The predictability and persistence of oceanographic features
are thought to influence the movement patterns of marine
predators, with habitat use often directed toward consis-
tently productive areas (Scales et al. 2014). Tidal mixing
fronts are one such feature— their location is shaped by the
relatively predictable interactions of tides and bathymetry,
and evidence from a variety of marine predators suggests
that these fronts are significant habitat features. As a result,
mixing fronts have been proposed as dynamic oceano-
graphic features that could aid in the identification and con-
servation of ecologically important marine areas (Miller
and Christodoulou 2014; Scales et al. 2014). In the UK, for
instance, there are MPAs centred around important fronts,
such as the Irish Sea Front SPA (https://jncc.gov.uk/our-wo
rk/irish-sea-front-spa/, accessed 1 July 2025), and mapping
of such fronts has also supported MPA design in Scotland
(Miller et al. 2014).

The results presented here highlight the importance of
fronts for foraging seabirds, with Kittiwakes in some spatial
clusters switching to a searching/foraging mode of behav-
iour in the vicinity of fronts. Moreover, this result builds on
previous work where functional response models of habi-
tat selection showed Kittiwakes using areas closer to fronts
when they were more accessible (Cleasby et al. 2024a).
Linking broader-scale studies of habitat selection with more
fine-grained behavioural analysis also provides insight into
animal decision making at different spatio-temporal scales.
Specifically, Kittiwake may first select to use areas of habi-
tat with certain environmental conditions before making
more fine-grained decisions about where to forage within a
particular area (Dunn et al. 2024).
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The importance of tidal mixing fronts for Kittiwake also
highlights the importance of understanding how mixing of
the water column and stratification are expected to change
in the future. In this context, two of the most important
considerations are likely to be the twin actions of climate
change and large-scale windfarm construction which may
influence the strength and timing of stratification (Holt et
al. 2010; Sharples et al. 2020; De Dominicis et al. 2018;
Chen et al. 2022). In addition, within our study region the
specific impacts of offshore development upon the Flambo-
rough front and its importance to marine wildlife is included
within various ecological assessments to which our results
have relevance (Orsted 2022; The Crown Estate 2023;
Riddell and Davison-Smith 2023). Crucially, responses to
distance to the nearest front varied across spatial clusters
suggesting that while birds foraging in some areas, close to
the approximate location of the Flamborough front, may be
focusing on such features, other birds visit different areas
and may therefore have been using other habitats. This vari-
ation means that MPAs designed around a particular feature
such as a front should not be expected to capture all the
important sites used by birds from a given colony. Simi-
larly, impacts related to anthropogenic activity are unlikely
to be felt equally across all individuals at a colony. Indi-
viduals from a population do not behave in a uniform way.
Heterogeneity in space use and responses to the prevailing
environment result in differences between individuals, or
population subgroups. Such variation may not be apparent
if focusing on population-level averages and conservation
measures based on such measures may be less effective for
certain individuals or population subgroups (Merrick and
Koprowski 2017). Here, many of the responses observed in
different spatial clusters may have been reduced in magni-
tude or obscured if we had taken a population-wide average
of behaviour. Instead, focussing on variation in space use
provided a clearer insight into how animals utilise space by
accounting for individual space use and context dependency
(Bastille-Rousseau and Wittmeyer 2019, 2022; Winter et al.
2024).

Our study demonstrates how birds from Filey, particu-
larly those in Filey clusters 2 and 4, utilize the Dogger Bank
for foraging. This is particularly relevant given the area’s
significance as a site for offshore wind farm development
(Jansen et al. 2022). In contrast, we rarely observed birds
from Flamborough foraging at or near the Dogger Bank,
except for two individuals from Flamborough cluster 2,
despite its relative proximity to the Flamborough colony.
Birds from Flamborough that visited the Dogger Bank also
avoided the most direct route to the area, instead travel-
ing east for several kilometres before turning north, rather
than departing the colony on a north-easterly bearing. This
behaviour may indicate spatial segregation between birds
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from these neighbouring colonies (Wakefield et al. 2015),
which are approximately 15 km apart.

Conclusions

In shelf seas, the potential importance of tidal mixing fronts
as key foraging areas has long been recognised. In the cur-
rent study, we highlight the significance of one such fron-
tal system in the North Sea, the Flamborough Front, for
breeding Kittiwakes. The clearest responses to fronts were
observed in birds whose tracking data most aligned with the
approximate geographic location of the fronts. However,
similar responses to fronts were not observed for Kittiwakes
in other spatial clusters. Therefore, while some individuals
may frequent areas where a mixing front is a key habitat fea-
ture, other birds—sometimes from the same colony—may
travel elsewhere and utilise different features.

This study focuses on fine-scale behavioural responses to
distance from the front, but the results align with a previous,
broader-scale study of Kittiwake habitat selection (Cleasby
et al. 2024a), which also emphasised the importance of
areas close to fronts. Both studies, despite being conducted
across different spatial scales, suggest that responses are
context-dependent and vary depending on the areas where
individual Kittiwakes forage, and the extent to which this
area overlaps with the location of mixing fronts. Variation in
space use, coupled with the relatively predictable nature of
mixing fronts—whose location is influenced by the strength
of tidal currents and water depth—has the potential to drive
individual-level variation in responses to fronts (Bastille-
Rousseau and Wittemyer 2019). This would be particularly
evident if individual Kittiwakes exhibit high site fidelity,
with some individuals consistently visiting sites where mix-
ing fronts tend to occur. From a conservation perspective,
this highlights the importance of fronts and underscores the
need to consider how factors such as climate change and
marine development could alter water stratification patterns.
A deeper understanding of the linkages between variation
in geographic space-use, habitat selection, and foraging
behaviour, both within and between individuals, could also
enhance our understanding of how such diversity ultimately
shapes population-level distributions (Carlson et al. 2021,
Bastille-Rousseau and Wittemyer 2022).
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