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During the breeding season, seabirds are central place foragers and in order to
successfully rear chicks they must adjust their foraging behaviours to compensate for
extrinsic factors. When foraging, arctic terns Sterna paradisaea are restricted to the
first 50 cm of the water column and can only carry a few prey items back to their
nests at once. In Iceland, where 20–30% of the global population breed, poor fledging
success has been linked to low food availability. Using GPS loggers, we investigated
individual foraging behaviours of breeding adults during incubation from a large colony
over four seasons. First, we tested whether foraging trip distance or duration was linked
to morphology or sex. Second, we examined how trips vary with weather and overlap
with commercial fisheries. Our findings reveal that arctic terns travel far greater distances
during foraging trips than previously recorded (approximately 7.3 times further), and
they forage around the clock. There was inter-annual variability in the foraging locations
that birds used, but no relationship between size or sex differences and the distances
travelled. We detected no relationship between arctic tern foraging flights and local
prevailing winds, and tern heading and speed were unrelated to local wind patterns.
We identified key arctic tern foraging areas and found little spatial or temporal overlap
with fishing pelagic vessels, but larger home ranges corresponded with years with
lower net primary productivity levels. This suggests that whilst changing polar weather
conditions may not pose a threat to arctic terns at present, nor might local competition
with commercial fisheries for prey, they may be failing to forage in productive areas, or
may be affected by synergistic climatic effects on prey abundance and quality. Shifts in
pelagic prey distributions as a result of increasing water temperatures and salinities will
impact marine top predators in this region, so continued monitoring of sentinel species
such as arctic terns is vital.
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INTRODUCTION

Globally, populations of seabirds are declining, and pelagic
species with expansive ranges are particularly vulnerable
(Paleczny et al., 2015). There are numerous threats to
seabirds including predation, disturbance and habitat loss,
which particularly affect them during breeding, and bycatch,
pollution and overfishing while they are at sea for much of
the rest of the year (Croxall et al., 2012; Dias et al., 2019). As
bioindicators, seabirds can offer insight into marine ecosystem
changes (Piatt et al., 2007). They travel between profitable prey
patches, and reduce movement when they reach profitable areas
(Weimerskirch, 2007), so tracking seabirds can indicate areas of
prey occurrence (Piatt et al., 2007). Seabird foraging ranges can be
used to identify candidate locations for protection (Thaxter et al.,
2012), and protecting these areas could benefit whole ecosystems
(Hooker and Gerber, 2004).

While it is particularly challenging to understand and mitigate
threats across seabirds’ annual migratory ranges, which can
be hundreds of thousands of square kilometres (Lascelles
et al., 2014), there are opportunities to focus on threats and
management at their breeding areas, which tend to be much
more spatially restricted. In this study, we investigate the overlap
of tern foraging areas with local fisheries and the impact of
weather on the intra-breeding season foraging behaviour of arctic
terns Sterna paradisaea, which are known to have poor breeding
success in years with low prey abundance (Monaghan et al., 1992;
Vigfúsdóttir et al., 2013).

Arctic terns annually undertake the longest recorded
migration of any organism (Egevang et al., 2010), travelling over
100,000 km (Volkov et al., 2017) from circumpolar breeding
locations in the Temperate (southernmost at 41◦N) and Polar
zones to overwintering sites in the Southern Ocean (Hatch,
2002). Populations appear to be declining at many locations
across the breeding range [e.g., in Canadian High Arctic (Mallory
et al., 2018), Western Iceland (Petersen et al., 2020), Greenland
(Burnham et al., 2017), and Norway (Barrett et al., 2006)].
Generally there is high adult survival (Devlin et al., 2008;
Mallory et al., 2018), with very high regional (Egevang and
Frederiksen, 2011) and colonial breeding site fidelity (Devlin
et al., 2008). Declines are therefore thought to be likely due to
low recruitment or survival of juveniles, although some dispersal
of adults to new breeding sites is possible (Vigfúsdóttir et al.,
2013; Mallory et al., 2018). Food availability during the early
stages of breeding will influence recruitment by altering laying
date, clutch size or leading to egg abandonment (Suddaby and
Ratcliffe, 1997). In Iceland, the collapse of sandeels (Ammodytes
sp.), a key prey species, has coincided with lower adult survival
since 2000 (Petersen et al., 2020), and low fledgling rates caused
by starvation (Vigfúsdóttir et al., 2013). It is therefore key
to understand how and where arctic terns forage during the
breeding season, and whether their behaviour alters in relation
to weather and fish stocks.

Wind is a key abiotic factor that impacts seabird demography;
it can affect adult survival (Frederiksen et al., 2008), or breeding
success (e.g., Robinson et al., 2002; Mallory et al., 2009; Johnson
and Colombelli-Négrel, 2021). Changes to wind patterns can

alter foraging seabird behaviour, with strong winds impacting
trip duration, flight speeds, trip success (e.g., foraging mass gain,
capturing smaller prey, difficulty locating prey) and target prey
species (Finney et al., 1999; Weimerskirch et al., 2012; Dehnhard
et al., 2013; Elliott et al., 2014; Saraux et al., 2016). Breeding
seabirds have been shown to mitigate the impact of strong
winds during foraging trips by altering foraging search strategies
(e.g., Scopoli’s shearwaters, Calonectris diomedea; De Pascalis
et al., 2020), flight altitudes (e.g., Antarctic petrels, Thalassoica
antarctica; Tarroux et al., 2016), and altering flight air speeds
(Spear and Ainley, 1997). In years with higher wind speeds, flight
may be more costly for arctic terns, particularly if it is greater
than their minimum power speed (i.e., the most energetically
efficient speed to fly, 6.8 m.s−1; Hedenström and Åkesson,
2016). During migratory flights, arctic terns adjusted air speed
in relation to side-winds, but did not fully compensate for wind
drift (Hedenström and Åkesson, 2016). It is therefore possible
that during foraging trips arctic terns could also be impacted by
wind speeds and may compensate by adjusting heading or air
speed in order to maintain a course. In years with stronger winds,
foraging trips may therefore be more energetically demanding.
However, moderate increases in wind speed could have a positive
effect on prey capture rate. For example, Sandwich terns Sterna
sandvicensis exerted less effort hovering prior to a dive and the
prey were less likely to see them in moderate winds due to
the choppy waters (Dunn, 1973). Additionally, as a driver of
oceanographic processes such as upwelling and vertical mixing,
wind conditions can also impact prey availability and distribution
(e.g., Cox et al., 2018). Therefore wind is likely to have indirect
effects on arctic tern foraging behaviour as well.

Arctic terns have the capability to fly at high altitudes. During
migration, radar observations recorded arctic terns flying at
altitudes greater than 1,000 m (Gudmundsson et al., 1992) and
they have been recorded traversing the Andes (Duffy et al.,
2013). Arctic terns generally fly low whilst searching for food
(Hedenström and Åkesson, 2016), but likely higher if transiting
to a prey patch. We aim to describe arctic tern foraging flight
altitudes using GPS devices for the first time.

Arctic terns feed on small schooling fish such as herring
Clupeidae, sandeels, capelin Mallotus villosus, or crustaceans such
as krill Euphausiacea (Hatch, 2002). They apparently have short
foraging ranges, generally remaining within 10 km of the colony,
only occasionally travelling further (Rock et al., 2007; Cabot and
Nisbet, 2013). Foraging trip duration and distance are further
constrained during chick rearing by arctic terns being limited to
carrying only one to a few prey items at a time, and by shallow
plunge dives to a maximum depth of 50 cm (Hatch, 2002).
Arctic terns are therefore particularly vulnerable to local food
shortages (Robertson et al., 2014b), such that smaller clutches are
laid in response to lower quality food during courtship feeding
(Suddaby and Ratcliffe, 1997), brood reduction is more likely
in nests where adults have lower body condition (Monaghan
et al., 1989), and breeding attempts are usually abandoned in
years with low food availability (Monaghan et al., 1992). In
addition, prey availability during the early stages of breeding
can also impact the body condition of Sterna species, with
significant declines in incubating female common tern S. hirundo
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body mass reported in poor foraging conditions (Wendeln and
Becker, 1996). Understanding arctic tern intra-seasonal foraging
ecology is vital to investigate a key cause of low breeding success
(Vigfúsdóttir et al., 2013), and could also identify early signs of
changing conditions that will affect other seabird species foraging
further from the coast (Pratte et al., 2018).

Iceland supports c. 20–30% of the world’s population of
breeding arctic terns (Asbirk et al., 1997), a population now listed
on the Icelandic Red List as vulnerable due to recent population
decline (Icelandic Institute of Natural History, 2018). In the
warmer waters in the south and west of Iceland, seabirds rely
mainly on sandeels, and in the cooler waters in the north and east
on capelin and krill (Lilliendahl, 2009). Following the collapse of
the sandeel population in 2000, annual arctic tern adult survival
reduced by 10% in west Iceland (Petersen et al., 2020). The
present study focuses on the foraging behaviours of arctic terns in
the west and southwest regions (west of the Reykjanes peninsula
and Faxaflói bay), and highlights potentially important foraging
areas that are used by commercial fisheries.

Today, 38% of the Icelandic coastal fleet operate in the west
and southwest regions (þórðarson and Viðarsson, 2014), and
in 2014 the majority of landings occurred at the harbour in
Reykjavík (Edvardsson et al., 2018). The coastal fleet primarily
lands cod Gadus morhua, which feeds on similar pelagic
species to arctic terns, but the fleet also lands pelagic species
such as lumpfish Cyclopterus lumpus, another arctic tern prey
species (þórðarson and Viðarsson, 2014). Demersal fisheries are
the most valuable sector but the landed tonnage of pelagic
fisheries, although very variable, is generally greater than that
of the demersal (Edvardsson et al., 2018) and consists of c.
60–70% of the average annual catch by weight (Saevaldsson
and Gunnlaugsson, 2015). Historically the pelagic fisheries in
Iceland landed mostly capelin (a known prey species of arctic
terns and other seabirds off the north coast of Iceland, but
have not been documented in their diet in the south) for
the fishmeal industry (generally greater than 80% of pelagic
landings), but due to declines in capelin stocks and new, more
valuable species (e.g., herring Clupea harengus and mackerel
Scomber scombrus) entering Iceland’s waters, capelin landings
have declined recently (Saevaldsson and Gunnlaugsson, 2015).
Given the importance of this area for breeding arctic terns
and other seabird species (Garðarsson, 1999), the link between
poor fledging success and food availability (Vigfúsdóttir et al.,
2013; Petersen et al., 2020), and the increase in pelagic
landings in the region (Edvardsson et al., 2018), it is important
to investigate the potential impact of the fisheries industry.
Addressing factors that influence arctic tern foraging success
will shed light on the potential causes of the declines, which
is key to preserve this population, and will also benefit
the wide range of other species that breed in the rich
waters around Iceland.

We aim to: (1) describe for the first time where and how
far away from the colony Icelandic arctic terns forage, (2)
to understand whether these movements can be explained by
local wind conditions, and (3) to understand to what extent
the movements and key foraging areas may overlap with
local fisheries.

MATERIALS AND METHODS

Field Site
On the Southern Reykjanes Peninsula in Iceland is a breeding
site with >10,000 pairs of arctic terns (near Sandgerði, Iceland,
64.015◦N, 22.707◦W). The colony is located in a privately owned
site, Norðurkot farm, used as a nesting area for eider ducks
(Somateria mollissima), and operated as a wild down farm. The
study site was accessed annually, with landowner permission, for
3–4 weeks during June 2018, 2019, 2020, and 2021 for tracking
device deployment and retrieval. Predation of arctic tern eggs
and chicks was minimal due to local landowners monitoring and
removing predators with 24/7 predator watches.

Animal Capture
Since June 2018, 331 breeding arctic terns have been caught
and ringed at the study site using a tent spring trap (Moudry
traps: TW45). The primed trap is placed on a nest with a trigger
line over the eggs, which is triggered by the incubating bird
landing back on the nest. This method does not cause damage
to the adult or the eggs. The eggs in each nest were measured
and the stage of development was determined with egg flotation
(Liebezeit et al., 2007) adapted for arctic terns (Supplementary
Figure 1). Any arctic tern captured with eggs less than a third of
the way through development was not considered for tracking
device deployment as birds captured on early stage eggs were
more likely to abandon their nests (Vigfúsdóttir, Pers. Comm.).
All birds were ringed on their right tarsus with a unique metal
ring from the Icelandic Institute of Natural History, and 260
were fitted with leg flags (blue with a white two character alpha
code, sealed with waterproof plastic glue) on the left tarsus. All
captured terns were measured (head and bill length: from the
centre of the back of skull to the tip of the bill, bill length: from
the start of feathering to the tip, and bill depth: on a closed
bill at the nostrils) with Vernier callipers (to 0.1 mm). Wing
length was measured (1.0 mm accuracy) from the carpal joint
to the tip of the longest primary and mass was measured using
a cotton bag with a Pesola spring balance (to 1.0 g accuracy).
Six breast feathers were plucked with the calamus attached and
stored dry at room temperature in an envelope to determine
sex using molecular techniques adapted from Fridolfsson and
Ellegren (1999; Supplementary Material).

Tag Deployment
Tracking devices (Pathtrack GPS nanoFix Geo + RF) were
deployed for one breeding season on 29 arctic terns, in June
2019 (n = 11), June 2020 (n = 11) and June 2021 (n = 7). They
were scheduled to record GPS locations every 15 min and would
transmit these data to a base station that was placed in the
centre of the colony at a height of c. 2–5 m. Additionally, two
archival devices were deployed in 2018 (Pathtrack GPS nanoFix
Geo) and were recaptured within the same season; these were
scheduled to record locations every 30 min. Tags were attached
using a leg loop harness (using 2.54 mm Spectra tape, Bally
Ribbons, PA, United States), and weighed 2.9 g (± 0.3 g), which is
approximately 2.65% of the mean mass of all arctic terns caught
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and ringed to date. The device was positioned on the lower back
of the tern, with the antennae pointing toward the tail. Total
handling time was always less than 12 min. Only arctic terns with
a mass >100 g, and those that returned to incubate their eggs
within 5 min after the trap was set, had tracking devices attached.
Any individuals that were captured after more than 5 min were
measured, ringed, and released without tracking devices, so that
they could be considered as a control treatment to understand
the effect of tracking tags on post release survival and nest return
rate. If no incubating adult returned to the nest after 10 min the
trap was removed. The nests of the tracked birds were monitored
regularly during the deployment period between 05:00 and 00:00.
Recapture of arctic terns carrying tracking devices was attempted
prior to egg hatching within the same season.

Data Retrieval and Recapture
Of the 11 deployed tracking devices in 2019, nine were recaptured
and the data successfully downloaded. No data were received
remotely from the other two devices, and these birds abandoned
their nests so device recapture was not possible. In 2020 data were
received remotely from all 11 devices, and seven individuals were
recaptured and the devices removed. The other four abandoned
their breeding attempt, but continued to visit the colony, and data
were therefore successfully downloaded remotely. In 2021 data
were received from all seven devices, and four individuals were
recaptured and devices removed. The other three did not return
to their nests. Recapture and device removal was not possible
without the birds returning to a consistent location. Additionally,
two archival GPS devices were deployed and recaptured during
the 2018 field season.

Wind Modelling
In order to investigate the effect of environmental variables, wind
data were obtained from operational forecasts of the UK Met
Office global deterministic numerical weather prediction model
(Walters et al., 2019), with hourly wind forecasts for the duration
of each field season on a horizontal grid of approximately 10-km
spacing. Arctic terns consistently flew at a median height of
62.75 m above sea level (MASL; Supplementary Figure 2), so the
modelled wind speeds used in all analyses were at 50 MASL, the
closest height available. The model outputs included the u (zonal
i.e., west: east) and v (meridional i.e., north: south) components
of wind in netcdf format and these were accessed using the
ncdf4 R package (Pierce, 2019). Wind direction and speed were
calculated using the rWind R package (Fernández-López and
Schliep, 2018). The foraging season temporal mean wind speed
and direction at each grid location was determined by calculating
the mean of the u and v wind components separately at each
location across the duration of the available tracking data, and
the mean speed and direction at each location could be derived
from these values [square root (mean u2 + mean v2)].

Net Primary Productivity
Vertically generalised production model (VGPM) “chlorophyll-
based” net primary productivity (NPP) monthly averaged data
(mg C m−2 day−1) were downloaded from the standard products
section of the Ocean Productivity website in hdf format on a

global grid of 1,080 × 2,160 (Behrenfield and Falkowski, 1997).1

Data were only available during the first 3 years of the study
(2018–2020), and only productivity levels during the tracking
period in June were used in analyses. Hdf files were opened in
R using the raster package, and the raster layers were cropped to
the area around the southwest peninsula of Iceland.

Overlap Between Arctic Terns and
Fishing Vessels
Vessels in Icelandic waters are recorded using vessel monitoring
systems implemented by the ICG Operations Centre, with
the Icelandic Directorate of Fisheries (Fiskistofa) responsible
for fishing related activities. The integrated system includes
monitoring activities through radio-based systems such as the
global Automatic Identification System (AIS), which records the
locations of any vessels over 15 m in length and extends 30–
60 nautical miles from shore, and satellite based systems that
record the movements of all vessels through transmitters fitted to
ships that send data to a land-based station via a satellite system
(Geirsson, 2011).

Fishing vessel data were available from 1st June to 30th June
(the period at this site where breeding arctic terns are incubating
and chick rearing) for each of the four field seasons with
tracking data (2018–2021), and in the range that the arctic terns
travelled (63◦N–65◦N and 25◦W–22.5◦W). The data provided by
Fiskistofa were downsampled to a position every 10 min and only
included vessel locations whilst fishing, which was determined
through a combination of logbook records and a speed filter.
Demersal gear types were not used in analysis, and pelagic fishing
gear types (longline, gillnet and handline) were retained (a total
of 26,800 pelagic fishing gear type locations of 184,309 total
locations during the 4 years). The frequency that they occurred
in 0.01 degree grids were calculated with the raster package
(Hijmans, 2020). The frequency in which arctic terns and vessels
overlapped temporally as well as spatially was determined by
matching tern locations within 1 km of vessels and 1 h and within
2 km of vessels and 6 h. The temporal scales were selected as they
would include the average duration of a foraging trip recorded
in this study, and the spatial scales were arbitrarily selected to be
cautious and should be generous enough to include overlap.

Data and Analysis
Unless otherwise stated all analyses were conducted in R (R Core
Team, 2018) and spatial calculations used the geosphere R package
(Hijmans et al., 2017) using projected data (EPSG: 3057). The R
scripts for the following analyses can be found at https://github.
com/JoMort/ArcticTern_Foraging. Foraging trips by arctic terns
were considered to begin as soon as any locations were received
from more than 500 m from the colony area (to remove any
locations where terns were visiting a freshwater bathing location
c. 0.25 km from the colony). Flight bearing was calculated from
the geodesic distance (the shortest path over an ellipsoid) between
two subsequent locations using the bearing function. Arctic tern
ground speed was calculated from the time and distance between
two subsequent locations and the air speed was derived from

1http://sites.science.oregonstate.edu/ocean.productivity/standard.product.php
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the modelled wind velocities and the tracking location vectors
using the triangle of velocities (see Hedenström and Åkesson,
2016). The outbound and return sections of foraging trips were
compared separately using the maximum displacement from
the colony (including the maximum displacement location) to
mark the outbound section of a foraging trip, and locations
recorded afterward were considered the return section of
the foraging trip.

To test whether arctic tern size (mean, wing length, head
and bill length, and culmen) was related to the mean distance
travelled by each individual during foraging trips (for example
whether larger birds flew further), we tested for normality
and then calculated Pearson’s correlations for each of the
biometric measures (head-bill length was square transformed
which yielded a normal distribution, all other variables were
normally distributed). To describe the general body condition
of the birds in the colony, the masses of all arctic terns
captured in each of the study years were tested for normality
and compared with a one-way ANOVA. If individuals were
captured and weighed more than once either within or between
years, only the first recorded mass was included to avoid
pseudoreplication. Likewise, we also performed Welch’s t-tests
to determine whether there was a significant difference in
the mean and maximum displacement (variables were tested
for normality using Shapiro-Wilk test and then square and
log transformed, respectively, for normal distributions) from
the colony between males and females. The sex of one bird
could not be determined so this individual was excluded
from these analyses.

Due to the low sample size in 2018, the following analyses
were only conducted on the 2019–2021 datasets. The mean wind
direction in each year encountered by arctic terns during foraging
trips was calculated with the R package circular (Agostinelli
and Lund, 2017). To test for a significant relationship between
the wind speed encountered at sea during foraging trips and
arctic tern flight speeds, a repeated measures correlation was
performed using the r package rmcorr (Bakdash and Marusich,
2021). The mean ground speed per foraging trip was used, with
arctic tern identity as the repeated measure. To test whether
wind speed affected the outbound and return sections of foraging
trips repeated measures correlations were also performed on the
mean ground speed of outbound and return sections of foraging
trip separately.

The autocorrelated kernel density estimates (AKDE) of each
individual with five or more foraging trips were calculated using
continuous-time movement modelling (ctmm) and implemented
using the ctmm package (Fleming and Calabrese, 2021) following
the workflow described in Calabrese et al. (2016). The ctmm
package calculates the kernel density home range estimates from
autocorrelated GPS data and is not biased by small sample sizes.
The best performing model [Ornstein-Uhlenbeck-F (OUF)] was
selected based on the lowest Akaike Information Criterion (AIC)
for each individual. The smoothing bandwidth is calculated by
the akde function. The estimated isopleths at 25, 50, 75, 90,
and 95% for arctic terns tracked in 2019, 2020, and 2021 were
then merged within years and their areas calculated using the sf
package (Pebesma, 2018).

Spatial overlap of arctic tern locations with pelagic fishing
vessels were determined using the R package fuzzyjoin (Robinson,
2020). All arctic tern locations with a great circle distance within a
1 km radius and± 1 h of a fishing vessel location, and the number
of arctic tern locations recorded within a 2 km radius and ± 6 h
of a fishing vessel location, were extracted and then calculated as
a percentage of the total locations.

RESULTS

Foraging Behaviour
During egg incubation, a total of 374 foraging trips were recorded
for 29 individuals (2 in 2018, 9 in 2019, 11 in 2020, 7 in 2021).
Devices were deployed in 2018 for 1 and 6 days respectively,
in 2019 for 8–10 days, in 2020 for 3–8 days, and in 2021 for
5–9 days, but devices did not all function for the whole period
(Supplementary Table 1). One trip in 2021 along the south
coast by an individual that abandoned incubation lasted 3.3 days
and was not considered a foraging trip during analyses. Trip
duration varied from 14.9–2355 min (mean = 346.1± 384.7 min,
median = 225 min) and was more variable within individuals in
the 2020 [tracked individual foraging trip duration interquartile
ranges (IQRs) ranged from 89.9–615.0] and 2021 (IQRs 285.0–
663.8) breeding seasons compared to 2019 (IQRs 21.2–219.0;
Supplementary Figure 3). The mean distance travelled per trip
varied between individuals, and the mean displacement from
the colony was 36.1 ± 37.1 km, with a recorded maximum trip
distance of 218.9 km.

Arctic tern foraging locations varied between years. In 2018
they generally foraged to the west and south west of the colony, in
2019 to the west and north west, in 2020 they generally foraged to
the south west with the exception of one individual that foraged
within Faxaflói bay to the north of the colony, and in 2021
foraging locations were generally to the west and north west with
occasional very long trips to the south and south east of the
colony (Figure 1). In 2019 most tracked arctic terns departed
toward the north west, whereas in 2020 the departure direction
ranged from 180 to 360◦ and in 2021 trip departures were toward
the west or south west (Figures 2A–C). Arctic terns departed
for foraging trips throughout the day, including during the short
“night” (the period between sunset and sunrise was less than 2 h
throughout the study period). Of all the foraging trips recorded
from 2019 to 2021, 25% fewer trips began in the 2 h preceding
sunset compared with other times of day (Figures 2D–F). The
sample size in 2018 (7 foraging trips) was too small to be included
in these analyses.

There was no relationship evident from a visual inspection of
arctic tern size and the mean distance travelled per foraging trip,
suggesting that if any relationship were present (regardless of its
shape) that the effect size would be very small. Nevertheless we
tested for a linear relationship, in the absence of a rationale for
using a quadratic model, and there was no statistical relationship
either [mass r(27) = −0.16, p = 0.41; wing length r(27) = 0.02,
p = 0.93; head and bill length (squared) r(27) = 0.06, p = 0.77;
culmen r(27) = −0.09, p = 0.66; Supplementary Figure 4].
There was a significant difference in the mass of all arctic terns
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FIGURE 1 | Arctic tern foraging trips and location densities shown as hexbins in 5 km grids (cell area = 21.65 km2, short diagonal = 5 km; B,D,F,H) during four
breeding seasons: (A,B) 2018, (C,D) 2019, (E,F) 2020, and (G,H) 2021 by 29 individuals (n = 2, n = 9, n = 11, and n = 7, respectively). The map extent in 2021 is
larger due to the greater distances travelled in that breeding season. The projected coordinate reference system EPSG: 3057 is used.
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FIGURE 2 | The direction (A–C) and hour of the day (D–F) that tracked arctic terns departed for foraging trips in 2019 (n = 9), 2020 (n = 11), and 2021 (n = 7). The
grey area in (D–F) represents “night” with sunset ranging from 00:48 to 01:18 and sunrise from 03:35 to 04:24 during the tracking periods. The sample size in 2018
was too small to be included in these analyses.

(both controls and tagged with biologging devices) caught during
each of the study years [F(3) = 20.86, p < 0.001]. The mean
mass of arctic terns captured in 2018 (n = 73, 105.4 ± 6.0 g)
was significantly lower than terns captured in 2019 (n = 144,
110.5 ± 6.2 g) and 2020 (n = 61, 114.6 ± 8.7 g; Tukey’s
HSD p < 0.001, 95% CI = 2.5, 7.7 and p < 0.001, 95%
CI = 6.0, 12.3, respectively). While there was no significant
difference in mass, arctic terns captured in 2021 (n = 36,
107.4 ± 8.5 g) were significantly smaller than those captured
in 2020 (Tukey’s HSD p < 0.001, 95% CI = −11.0, −3.4).
There was also no significant difference between the square root
transformed mean or log transformed maximum displacement
distance that males and females travelled from the colony during
foraging trips (t-test: t = −1.44, p = 0.16, and t = −0.93,
p = 0.365, respectively).

The sizes of home ranges varied between individuals within
years, with some foraging within much smaller areas (e.g., GA, GJ,
NG, NY, SF) and others covering much larger areas (e.g., GB, GF,
NF, NK, MT, SD; Supplementary Table 2 and Supplementary
Figures 5–7). The combined home range of tracked arctic terns
with more than 5 foraging trips recorded in 2019 (n = 6; 50%
AKDE 1136 km2, 75% 2157 km2, 95% 4309 km2) were 1.65 times

smaller than those tracked in 2020 (n = 9; 50% 1879 km2, 75%
3562 km2, 95% 7098 km2) and 15.9–18.2 times smaller than those
tracked in 2021 (n = 7; 50% 20,677 km2, 75% 37,361 km2 and 95%
68,477 km2; Supplementary Table 2 and Figures 3A,D,G,J).

Impact of Wind Conditions on Foraging
Behaviour
The wind speeds surrounding the Reykjanes peninsula (19.5–
26◦W and 62.5–64.6◦N) during tracking device deployments
were highest in 2018 and 2021 (median 8.1 and 8.3 m.s−1,
respectively), and lowest in 2020 [median 6.2 m.s−1, compared
with 6.8 m.s−1 minimum power speed for arctic terns
(Hedenström and Åkesson, 2016; Figure 4)]. In 2018, 2019, and
2021, the average wind conditions experienced at the colony
were westerly and faster compared to the average southerly and
lower speed winds in 2020 (Figures 4E–H). Whilst foraging,
the arctic terns encountered south westerly winds most often in
2019 (mean wind direction = 87.1◦), with more occasional north
easterlies (Figure 5A), compared to predominantly south easterly
winds (mean wind direction = 330.5◦) during foraging trips
in 2020 (Figure 5B) and predominantly north westerlies with
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FIGURE 3 | Arctic tern locations, average monthly net primary productivity and fishing vessel locations in 2018 (A–C), 2019 (D–F), 2020 (G–I), and 2021 (J,H). The
locations of arctic terns are shown in 2018 (A). In 2019 (D), 2020 (G), and 2021 (J), when there were larger sample sizes, automated kernel density estimations
were calculated with the estimated isopleth sizes shown. The monthly average net primary productivity levels in June 2018 (B), 2019 (E), and 2020 (H) (estimated by
Ocean Productivity Oregon State, 2021) are plotted on a grid with 100 degree resolution. Net primary productivity data were unavailable for 2021. Pelagic fishing
intensity during June 2018 (C), 2019 (F), 2020 (I), 2021 (K). Arctic tern 95% isopleths are overlaid on the fishing data as dashed lines. The projected coordinate
reference system EPSG: 3057 is used.
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FIGURE 4 | Modelled mean wind speed and direction at 50 m altitude in the wider area around Iceland (A–D) and surrounding an arctic tern breeding colony (E–H).
Arctic terns were tracked in 2018 (A,E), 2019 (B,F), 2020 (C,G), and 2021 (D,H) and the wind data were averaged for the duration of the tracking periods
[17/06–23/06/2018 (6 days), 20/06–30/06/2019 (10 days), 10/06–09/07/2020 (29 days), 17/06–28/06/2021 (11 days)]. All recorded arctic tern foraging trips are
shown (D–F), with colours corresponding to different individuals. The map extent in (H) is larger due to the greater distances travelled in that breeding season.
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FIGURE 5 | The wind speed (m.s−1) and direction (purple) encountered by
arctic terns (n = 29) during foraging trips in (A) 2018, (B) 2019, and (C) 2020,
with the bearing and ground speed (m.s−1) of the arctic terns (orange). Solid
lines show the mean speeds binned over 9◦ and the dashed lines show the
mean wind direction.

occasional south easterlies in 2021 (mean wind direction = 88.7◦;
Figure 5C). Despite the wind being close to the minimum power
speeds (most efficient forward flight speed) for arctic terns, there

was no evidence that they adjusted their direction of travel
in relation to wind (Figure 5) and the ground speed travelled
during foraging trips was not strongly correlated with the wind
speed [repeated measures correlation 2019: r(104) = −0.13,
p = 0.19, 2020: r(171) = −0.08, p = 0.27, 2021: r(79) = −0.29,
p = 0.01; Supplementary Figure 8]. When the outbound and
return sections of foraging trips were considered separately
the relationship between arctic tern ground speed and wind
speeds were either not significant, or had very weak negative
correlations [repeated measures correlation 2019: r(97) = −0.04,
p = 0.67 (outbound), r(70) = −0.21, p = 0.08 (return), 2020:
r(163) = −0.22, p = 0.01 (outbound), r(132) = −0.05, p = 0.6
(return), 2021: r(78) =−0.29, p = 0.01 (outbound), r(63) =−0.20,
p = 0.1 (return); Supplementary Figure 9]. Likely air speeds for
the arctic terns ranged from 0.14 to 24.63 m.s−1, with a mean
(± standard deviation) of 9.04 (± 3.52) m.s−1. However, these
should be interpreted with caution because the temporal (hourly)
and spatial (∼10 km) resolution of the modelled wind data was
much coarser than the bird data (every 15 min).

Use of Productive Areas: Net Primary
Productivity and Overlap Between Arctic
Terns and Fishing Vessels
Of the 3 years with available NPP data (2018–2020), the monthly
average of NPP in June was greatest in 2019 (Figures 3B,E,H).
In 2019 the most productive areas were toward the north and
north east of the colony, whereas in 2020 the more productive
areas were west and south west of the colony. Vessels fishing in
pelagic waters surrounding the colony area (to the south west of
the Reykjanes peninsula) generally remained within the Faxaflói
bay area, with some fishing activity occurring to the south west
of the Reykjanes peninsula (Figures 3C,F,I,K). Although the
tracked arctic terns were recorded visiting different areas during
the four study years, the vessels consistently targeted similar
locations, and for the most part these did not overlap with
the home ranges of the tracked arctic terns (Figure 3). There
were fewer pelagic vessel locations recorded over the same time
period and area in 2021 compared to the other threes study
years (2018: 8895 locations, 2019: 6675 locations, 2020: 9130
locations and 2021: 2100 locations). During the four study years,
the percentage of arctic tern locations within close proximity to
actively fishing pelagic vessels (within 1 km and 1 h) was 0, 0,
1, and 0%, respectively. This increased marginally if the spatio-
temporal proximity was extended to 2 km and 6 h (0, 0.94,
10.4, and 0%). Based on the pelagic fishing activities identified
through the AIS and VMS data, arctic terns appear to be for the
most part, searching and foraging in different areas to fishing
vessels.

DISCUSSION

This study provides the most comprehensive analysis of intra-
breeding season foraging behaviours of arctic terns to date. Using
biologging tags, we have been able to record arctic tern trips over
multiple seasons and investigate the impact of wind conditions
and fishing activity on their behaviour.
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Foraging Behaviour
It is likely that the distances and home ranges that we report
here reflect the space use of arctic terns breeding elsewhere in
Iceland as Seward et al. (2020) reported that the home ranges of
GPS tagged and non-GPS tagged arctic terns were comparable.
Indeed, if there is an effect of carrying the device on the birds
(Geen et al., 2019; Tomotani et al., 2019), we might expect other
arctic terns to travel even further without the burden of a tracking
tag. Additionally, with a resolution of a location every 900 s, the
foraging distances that we report could be an underestimate of
the actual distances travelled.

Mean foraging distances from the colony were 27–34 km,
longer than the average distances reported in previous studies.
The maximum displacement distances recorded in this study
were also much greater; and the furthest distance any tern that
did not abandon its breeding attempt travelled was 141 km,
with nineteen terns travelling more than 40 km from the colony
to forage. The shorter foraging distances reported elsewhere
could be related to the ability of prior observers to physically
follow terns so far offshore. Black and Diamond (2005) and
Rock et al. (2007) both recorded trips with radio telemetry and
limited searches to within 20–30 km from the colony, whilst
Perrow et al. (2011) visually tracked foraging arctic terns and
reported a maximum of 29 km from the colony. Although we
only report the distances travelled during incubation in this
study, this is unlikely to account for the differences in trip
distances reported in previous studies as terns were tracked
at a variety of incubation stages, from unknown breeding
stages to during both incubation and chick rearing. During
egg incubation most seabirds generally have larger foraging
ranges compared to during chick rearing (Oppel et al., 2018).
For example, red-billed tropicbird Phaethon aethereus foraging
trips were longer and further during incubation compared to
chick rearing, when adults likely fed in less profitable areas
closer to the nest (Diop et al., 2018). Although the distance
and duration of trips by brown skuas Stercorarius lonnbergi
did not vary during brooding stage, they made fewer foraging
trips whilst incubating, and whilst chick rearing skuas fed in
areas with more varied prey resources (Carneiro et al., 2014).
Thus, it is possible that Icelandic arctic terns may forage over
a smaller range during chick rearing, but it was not possible to
investigate this during the present study, as recapture of tags
once the chicks hatched and moved away from the nests was not
possible at this colony.

The total area across which arctic terns foraged (average
95% isopleth area) was 16–218 times larger than reported by
Robertson et al. (2014b) who tracked terns visually. Visually
tracking arctic terns in boats appears to lead to smaller utilisation
distributions than studies using tracking devices (Seward et al.,
2020). However, arctic terns carrying GPS tracking devices in the
Skerries, Wales also had smaller mean estimated home ranges
(half to one fortieth of those recorded in this study) (Seward et al.,
2020). The smaller home ranges reported in Wales compared to
those we recorded in Iceland could be a result of tracking terns
during chick rearing, restrictions by land masses, or interspecific
competition with other tern species reducing foraging areas due
to resource or niche partitioning (Robertson et al., 2014b).

Many species of foraging seabirds associate with shelf breaks
due to a concentration of prey at these upwelling or front
regions (e.g., Freeman et al., 2010; Amelineau et al., 2016).
However, there are no obvious differences in the shelf depth or
extent between arctic tern colonies from which birds have been
tracked so far, suggesting in this case bathymetry is not likely
to be the major explanatory variable for the far greater foraging
trip distances reported here. Alternatively, prey abundance and
distribution may differ between these colonies. For example,
the duration of foraging trips recorded for breeding kittiwakes
Rissa tridactyla using GPS tags were double the length compared
to those recorded 11–49 years earlier using activity loggers or
field observations, possibly linked to changes in food availability
(Redfern and Bevan, 2014). Electronic tracking of arctic terns
from the aforementioned colonies may reveal if foraging ranges
are truly smaller than arctic terns in Iceland, or if differences in
methodology could explain the difference.

Regardless of the underlying causes of these greater reported
foraging ranges, there are notable conservation and management
implications across arctic tern breeding ranges. Incorporating
available movement ecology data into policy and management
strategies is an important conservation measure (e.g., Allen and
Singh, 2016; McGowan et al., 2017; Oppel et al., 2018). Any
protection measures around arctic tern colonies must consider
the larger spatial scale that they use during the breeding season.
For example, although some European offshore wind farms
are within previously reported arctic tern foraging ranges, the
average distance to shore of wind farms under construction in
2020 was 44 km (Wind Europe, 2021), a distance previously
thought to be outside arctic tern foraging ranges. The data in the
present study suggests this may not always be the case.

Contrary to previous suggestions that arctic terns are
exclusively diurnal foragers (McKnight et al., 2013), we recorded
arctic terns making foraging trips at the breeding colony
throughout the 24 h cycle, but with fewer trips in the 2 h
preceding sunset at 01:00. However, we note that during the
breeding period, there is just 154–161 min between sunrise and
sunset, meaning that the terns nesting in southwest Iceland never
experience complete darkness. Indeed, arctic terns experience
some of the greatest periods of light exposure, as they annually
migrate between the boreal and austral summers (Sockman
and Hurlbert, 2020). Flexibility in foraging behaviour has been
recorded in other visual predators. For example, common
guillemots Uria aalge will forage at night using moon or star
light to locate prey, with shallower dives in the latter when
the light levels are lower (Regular et al., 2011). Across their
range Cory’s shearwaters Calonectris diomedea display either
diurnal or nocturnal foraging behaviours depending on the water
temperature and depths, with diurnal foraging in warmer and
shallower waters (Dias et al., 2012). Phenotypic plasticity in
various aspects of foraging behaviour, such as prey switching
or temporal changes, improve population resilience to global
changes (e.g., Grémillet et al., 2012).

We found no relationship between individual size or sex
and the distances travelled during foraging trips, suggesting that
extrinsic rather than intrinsic factors are more likely to impact
arctic tern foraging behaviour. This is further supported by
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the generally lower mass of individuals in 2021 compared to
2019 and 2020. If, for example, prey were less abundant, had
lower profitability, or the distribution had shifted in 2021, then
foraging arctic terns may have had to travel further to reach their
daily energy intake requirements. However, to investigate this
we would require detailed information on the prey captured or
record the mass change at the start and end of a foraging trip,
but it was not possible to collect these data during this study.
It is also possible that a combination of extrinsic and intrinsic
factors affect arctic tern foraging trip metrics, but these were
not detected due to the small sample size of tracked individuals
(which was biased toward heavier individuals), and that foraging
behaviours were only monitored during the egg incubation stage.
Foraging conditions prior to egg laying or during incubation
affect breeding success (such as reduced clutch size, or even
increased adult mortality; Suddaby and Ratcliffe, 1997) and it
is therefore likely that in years with low prey abundance only
individuals with greater body condition were tracked, as tags
were deployed on birds with eggs at least one third through
incubation. Additionally, differences in the foraging behaviours
of sexually monomorphic seabird species have been reported
in multiple seabird families (e.g., Lewis et al., 2002; Thaxter
et al., 2009; Welcker et al., 2009; Hedd et al., 2014; Clark
et al., 2021) but can vary with the breeding stage. Foraging
niche segregation by sex may therefore exist in arctic terns
during other breeding stages, but currently we were only able
to collect data during incubation as terns can only be reliably
recaptured (to remove biologging tags at the conclusion of the
study) on their nest. It is also possible that other intrinsic
and extrinsic variables that did not affect foraging behaviours
during incubation may alter behaviour during later breeding
stages when the adults may travel shorter distances from the
colony (e.g., Weimerskirch et al., 1993; Barlow and Croxall, 2002;
Robertson et al., 2014a), and are limited to carrying one prey item
at once (Hatch, 2002).

Impact of Wind Conditions on Foraging
Behaviour
During the breeding season arctic terns are central place foragers
and need to return to their nest after every trip, meaning that
any deviations caused by winds need to be countered with
adjustments to flight speeds and heading, which is likely to
occur through visual cues as the terns are close to the colony
(Hedenström and Åkesson, 2016). However, in this study we
found limited effects of wind conditions impacting arctic tern
flights during foraging trips. This might have been because terns
were compensating in other ways that we were unable to detect
with the temporal resolution of the tracking tags. For example, by
altering pre-dive flight behaviours in strong winds (e.g., Forster’s
terns Sterna forsteri change from hovering to undulating flights;
Salt and Willard, 1971), by increasing wing beat strength and
air speed when flying into headwinds (e.g., European shags
Phalacrocorax aristotelis; Kogure et al., 2016), or by spending
longer foraging and diving more frequently in stronger winds due
to altered prey visibility (e.g., Northern gannets Morus bassanus;
Lane et al., 2019). Higher resolution tracking in the future, or

use of alternative devices such as accelerometers to determine
wing beat frequency could determine how arctic terns may adjust
flight behaviours in response to wind conditions. Alternatively,
wind conditions that the tracked arctic terns encountered during
the breeding season are much weaker compared to the winds
they experience during the non-breeding season in the Southern
Ocean (Supplementary Figure 10) and may therefore pose little
relative challenge.

Our results indicate that arctic terns foraged in different areas
in 2019, 2020, and 2021. They foraged more to the north-west
and west in 2019 when the winds were stronger and in a westerly
direction, they foraged toward the south-east in 2020 when the
winds were weaker and more south to south westerly, and foraged
far greater distances in 2021 to the west, south west, south and
south east when the winds were strong and north westerly to
westerly. Although the wind conditions did not appear to affect
the arctic tern flights, the difference in foraging areas between
the three years suggests that wind may still act indirectly on
terns, perhaps as a driver of coastal circulation patterns affecting
upwelling. Thus, the speed, direction and duration of wind could
impact prey species distribution and abundance, particularly
in the shallowest surface waters where arctic terns feed (e.g.,
Sætre et al., 2002; Mills et al., 2008; Bakun et al., 2015; Wilson
and Laman, 2021). Additionally, there could be other extrinsic
factors that we did not record that could influence foraging
locations. Collins et al. (2020) reported that prey availability
was more likely to affect black-legged kittiwake Rissa tridactyla
foraging trip timing and direction than the wind conditions,
and during short foraging trips any benefit gained from tailwind
support will be countered by travelling into headwinds during the
reverse journey.

Use of Productive Areas: Net Primary
Productivity and Overlap Between Arctic
Terns, and Fishing Vessels
Arctic terns are not thought to be susceptible to fisheries bycatch
(Žydelis et al., 2013) and are generally not observed following
fishing vessels (e.g., Garthe and Hüppop, 1994; Weimerskirch
et al., 2000), although they have been recorded scavenging
shrimper discards (Walter and Becker, 1998). In Iceland however,
the practice of discarding by-catch is banned (Condie et al.,
2014) so any overlap between pelagic fishing vessels and foraging
arctic terns should be due to targeting the same productive
areas, rather than the terns following vessels for discard. We
found very little overlap between the areas that pelagic vessels
were fishing and the areas that the breeding arctic terns were
foraging, and further while the vessels consistently foraged in the
same locations between the four study years, the terns changed
their foraging locations, perhaps indicating that they are able
to adapt to moving prey resources and locate areas with higher
NPP levels. In 2019, the study year with the greatest monthly
average NPP levels, tracked arctic terns had the smallest home
ranges. This suggests that their foraging ranges may be likely to
increase in years with lower productivity, although this is based
on a small number of years with tracking data so may warrant
further investigation.
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Whilst in southwest Iceland there doesn’t appear to be
an overlap between fishing vessels and the breeding arctic
terns, future monitoring of seabirds during the breeding season
can be used to inform fisheries management (Einoder, 2009)
and identify areas that are important for marine predators
like seabirds. Additionally, further investigations of prey patch
dynamics and any between year variations are warranted to better
understand the energy landscape for arctic terns and other species
foraging in this region.

CONCLUSION

In this study we have demonstrated that during the egg
incubation stage, arctic terns travel much further out to sea to
forage than previously recorded. They are still bound within
220 km of their breeding site, with average foraging trip distances
of 36 km. During later breeding stages they are likely to be even
further restricted in the distances that they travel, so local prey
availability will have a profound impact on their success or the
choice to abandon the breeding attempt. Vigfúsdóttir et al. (2013)
concluded that a key issue causing low fledging success in arctic
terns breeding in Iceland was food shortages and if this is the
case, we have demonstrated that poor fledging rates are likely
not as a result of directly competing for prey with commercial
fisheries, but could, however, be due to changes in climatic
forcing factors altering ocean structuring and overturning, with
knock-on effects for ocean productivity and subsequent prey
distribution (Hoegh-Guldberg and Bruno, 2010; Doney et al.,
2012; Sydeman et al., 2015; Edwards et al., 2021). We also
show that changes in wind strength and direction are unlikely
to directly affect arctic terns, but further investigations are
warranted both in Iceland and other areas where the breeding
successes of arctic terns are poor in order to establish the
underlying causes of population declines. With the continual
developments of tracking technologies, it is vital to continue
unravelling the foraging behaviours of arctic terns at colonies,
prioritising the chick-rearing and post-fledging behaviours that
are still little understood.
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