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For migratory seabirds, staging and wintering areas may be important targets for conservation.
Declines of Roseate Tern Sterna dougallii populations have led to conservation initiatives at
breeding sites on both sides of the North Atlantic. However, these could be compromised by
environmental conditions in non-breeding areas. The migratory ecology of Roseate Terns is
poorly known and we used light-level biologgers (geolocators) to identify the migratory routes,
staging and wintering areas of Roseate Terns from two European colonies. Most birds wintered
off the Ghanaian coast in the Gulf of Guinea, but some wintered further west off Sierra Leone and
Liberia, or changed locations during the winter. In these areas, cold-water upwellings of the
Guinea Current Large Marine Ecosystem (GCLME) may provide vital foraging resources.
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Geolocations in combination with temperature measurements and satellite sea-surface
temperature data show that cold-water upwellings of the Canary Current Large Marine
Ecosystem (CCLME) were important areas for migratory staging, particularly on the return
migration which was slower than the outward journey. These results emphasise the importance of
productive cold-water upwellings in the migratory ecology of Roseate Terns. The GCLME and
CCLME are under threat from over-exploitation, pollution and climate change; effective
conservation of these environments will be important to secure the long-term future of these and
other seabirds.
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Boundary-current upwelling systems drive biological productivity within continental coastal zones,
supporting higher trophic levels and apex predators (Block et al. 2011). Resident and migratory
seabirds depend on the availability of forage fish provided by upwellings, but there is frequently
conflict between the needs of marine predators and the human fisheries which also exploit these
resources (Sydeman et al. 2017). Human activities can have devastating impacts on seabird
populations as a result of depletion of forage fish stocks, bycatch mortality (Clay et al. 2019) or
direct persecution. Upwelling systems are also dependent on oceanographic and meteorological
processes which vary at a range of temporal and physical scales, and are subject to climate
change (Heath et al. 2014). Thus, conservation efforts at breeding colonies may be ineffective if
environmental conditions or other factors at staging and wintering areas reduce survival below
the threshold for population stability (Norris et al. 2004, Woodworth et al. 2017). In these
contexts, the effective conservation of migratory seabirds requires an understanding of the
species’ biology throughout the annual cycle, and at the appropriate taxonomic level (Zink 2004).
Roseate Terns Sterna dougallii have a fragmented global distribution with temperate and

tropical breeding populations (Nisbet & Ratcliffe 2008) representing several subspecies (Gochfeld
1983, Gill et al. 2020). The Indo-Pacific populations are genetically distinct from those in the
Atlantic (Szczys et al. 2005) and not generally of conservation concern (BirdLife International
2020). Conversely, temperate populations of Roseate Terns S. d. dougallii in the Atlantic declined
substantially in the latter half of the 20th century and are the focus of conservation initiatives
(Avery et al. 1995, Eaton et al. 2015, BirdLife International 2020).
The genetic status of Roseate Terns in the North Atlantic is poorly known, with evidence

both for differentiation between east and west, and for homogeneity with limited gene flow,
depending on the genetic markers used (Lashko 2004). This makes it important to understand the
migratory ecology of temperate populations on both sides of the Atlantic, their conservation
priorities and potential routes for gene flow. Substantial declines of Roseate Tern breeding
populations in Europe (Cabot & Nisbet 2013) have been linked, from analyses of ringing
recoveries, to the trapping of terns for sport and food on beaches within their wintering range,
particularly in Ghana (Avery et al. 1995). Ringing recoveries have also shown that Roseate Terns
breeding in the Azores may winter either with European birds in the Gulf of Guinea, or in Brazil in
upwelling areas used by wintering Roseate Terns from Caribbean and western North Atlantic
populations (Hays et al. 2002, Mostello et al. 2014). The Gulf of Guinea has areas of productive
cold-water upwellings with high marine biodiversity (Ukwe et al. 2006) and such areas would
provide potential for gene flow between Roseate Tern populations on both sides of the Atlantic.
The use of field-readable rings has increased knowledge of Roseate Tern population

dynamics and the links between European breeding colonies (Seward et al. 2019). However, we

This article is protected by copyright. All rights reserved

Accepted Article

lack an understanding of their movement ecology during the non-breeding period, connectivity
between breeding and non-breeding areas in which persecution may occur, and the location of
important foraging resources, particularly in relation to upwellings and other oceanographic
features. Therefore, characterising the distribution of Roseate Terns outside the breeding season
without the bias inherent in ringing recoveries is essential for assessing future conservation
priorities. Although the mass of satellite tags or GPS loggers is now low enough for use on small
seabirds, such as Roseate Terns which weigh about 120 g, the harness attachment methods
required for long-term use may affect survival or return rates (Lameris et al. 2018). Smaller, albeit
lower spatial resolution, global location sensors (GLS) or geolocators, based on light-level
detection, provide an alternative method for seabird tracking and the aim of this study was to use
these to elucidate the migratory ecology of Roseate Terns nesting in the British Isles.

METHODS
Study area, geolocators and field work
Earlier studies with leg-mounted GLS on Common Terns Sterna hirundo and Roseate Terns
reported adverse effects including egg damage (Nisbet et al. 2011, Becker et al. 2016) and
reductions in body mass (Nisbet et al. 2011, Mostello et al. 2014). However, slightly smaller
devices and different attachment methods have been used successfully on Arctic Terns with no
apparent detrimental effects (Redfern & Bevan 2020); the same type of device and attachment
method was used to fit geolocators to 20 Roseate Terns nesting on Rockabill in the Irish Sea
(longitude -6.0°; latitude 53.59°) on 13-14 June 2017, and to 20 on Coquet Island in the North
Sea (longitude -1.54°; latitude 55.33°) on 26-27 June 2018. All were trapped in nesting boxes
using simple, automatically- or manually-triggered wire door traps (Supporting Information Fig.
S1). The Rockabill colony is the largest in northwest Europe with ca. 1600 pairs in 2017; in
contrast, the Coquet Island colony is less than one-tenth in size with 118 pairs in 2018. Both
colonies have increased ca. 5-fold since 1990, and are linked by net immigration of birds to
Coquet Island from the larger Rockabill colony (Seward et al. 2019). The sex of most of the
tagged birds was unknown, and with one exception (on Coquet Island), only one member of each
pair was tagged with a geolocator. Ages and natal origins of the tagged birds, where known, are
summarised in Supporting Information Appendix S1.
The geolocators were Intigeo-W65A9-SEA from Migrate Technology Ltd (Cambridge, UK)

and were attached to dark-green plastic PVC leg rings using nylon cable ties, self-amalgamating
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tape and epoxy resin. Geolocators were orientated along the long axis of the leg (Supporting
Information Fig. S2) with the contact pins (cut off flush with the plastic casing after geolocator
activation) nearest the foot, and the ring with attached geolocator rotated freely. Geolocator and
ring assemblies weighed ≤ 1 g, and represented 0.8% (mean; range 0.73% – 0.92%, n = 40) of
bird body mass when fitted; mean mass of tagged birds was 122.4 g (range: 109.2 – 136.5). PVC
cement (Evo-Stik ‘Pipe Weld’) was used to seal the ring after fitting. The study was licensed by
the Ringing Scheme of the British Trust for Ornithology (BTO) and covered by disturbance
licences issued by Natural England for work on Coquet Island and The National Parks and
Wildlife Service of Ireland for work on Rockabill.
Nests on Coquet Island were monitored during the study as part of routine conservation

work; in addition, the colony is under 24-h surveillance as security from unauthorised human
interference. All except one of the tagged birds had a field-readable metal ring on the nongeolocator leg. Therefore, it was possible to record dates that individual birds with geolocators
were last seen at the end of the breeding season and the dates of first arrival back the following
year. This allowed calibration periods for geolocation analysis to be defined accurately for many
of the Coquet birds, and for post-hoc refinement of calibration-period estimates for Rockabill data
(Appendix S2).
On Rockabill, 15 birds with geolocators were seen and retrapped the following year, 12 in

the period 13 – 15 June 2018 and the others on 28 – 29 June 2018. On Coquet Island, 17 of the
tagged birds were seen the following year but one, identified from the field-readable metal ring on
its right leg, had lost the foot and the geolocator from its left leg (Supporting Information Appendix
S3, Fig. S2). The other 16 birds were retrapped in nesting boxes either in the period 10 – 15 June
2019 (14 birds) or 27 – 28 June 2019. On removal of the devices there were no indications of
injury or skin abrasion to the leg of birds from which geolocators were recovered. Ten of the
Rockabill devices were still working on recovery, four had failed after 238, 264, 317 and 366
days, of deployment, respectively (mainly as a result of battery failure from delay in deployment),
and one device failed completely because of water ingress. All 16 of the Coquet geolocators were
working on recovery and yielded complete datasets. Bird mass (Pesola spring balance, Rockabill,
or Mettler-Toledo BD601 electronic balance, Coquet Island) was recorded at the time of
deployment and geolocator recovery. Methods for assessing the effects of geolocators on the
birds are described in Supporting Information Appendix S3.
Data and analysis
Geolocators were programmed to record full-range light data, and also recorded maximum and
minimum temperatures, conductivity, and salt-water immersion counts every 4 h. Data were
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downloaded with Integeo software (Migrate Technology Ltd), corrected for clock drift for devices
working on recovery and analysed using R version 3.6.1 (R Core Team 2019). The R package
BAStags was used for light-image plots, and to correct for shading artefacts in twilight thresholds.
Calibration locations were the tagging site, and calibration periods after deployment and shortly
before logger recovery the following year were used for analysis. Minimum temperature data
were used to support geolocation inferences, and conductivity/immersion data to investigate
behaviour.
The R package FLightR (Rakhimberdiev et al. 2015, 2017) was used to estimate position

and stationary periods ( > three consecutive twilights), with constraints of 50 km and 10 km for
distances inland that birds were allowed to use and stay, respectively (in addition to the error of
ca. 45 km encoded into the software), to allow flexibility for limited inland movements. Stationary
periods estimated by FLightR are periods with movements between twilight intervals of < 45 km
(Rakhimberdiev et al. 2015). Primary wintering areas were initially identified from stationary
periods south of 45° and lasting more than 50 days. These were all in the Gulf of Guinea and the
overall wintering periods were defined from the median dates of arrival to and departure from
these primary wintering areas (11 birds) or from the median dates of arrival/departure from
shorter stationary periods within longitudes ca.1° (nine birds), ca. 2° (eight birds) or ca. 3° (two
birds) of primary wintering areas. Light-level data for parts of the outward migration and wintering
periods for two Coquet birds could not be fitted with FLightR as a result of equinox effects
(Supporting Information Appendix S4, Fig. S3); for these two birds, wintering locations and
stationary periods were derived from the R package SGAT (Lisovski et al. 2020) using the ‘group’
model for stopovers of two or more days for consistency with FLightR. Longitude estimates from
the times of dawn and dusk thresholds are not subject to equinox errors, and, in separate
analyses, the R package GeoLight (Lisovski & Hahn 2012) was used to estimate longitudes
directly to avoid the possibility of longitude errors introduced by the movement models used by
FLightR and SGAT in the statistical refinement of location. For each bird, the dates at which the
period of incubation/brooding behaviour ended in the year of tagging and started once the birds
had returned the following year were estimated from day-time shading events in the light-image
profiles (Supporting Information Fig. S4).
Spatial data analysis and mapping was done using R packages move, raster, geosphere,

sp, Maptools, maps, mapdata, mapproj, rgeos, rgdal and the WGS84 coordinate reference
system. Satellite sea-surface temperature data (SST) were 8-Day aggregated data from the
MODIS-Aqua satellite at 4 km resolution downloaded from
https://oceancolor.gsfc.nasa.gov/data/aqua/ and averaged over 50 km radius from each mean
daily geolocation position using the raster and rgeos packages. Maps are Mercator geographic
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projections unless given otherwise. For plotting geolocations at dawn/dusk thresholds, mean
locations rather than medians were used to avoid data superposition. Segmentation of timeseries latitude data to define southward departure dates was done by change-point analysis of
mean and variance of latitude (R package changepoint, function cpt.meanvar) with the PELT
algorithm (Killick et al. 2012), Schwarz Information Criterion penalty and a minimum segment
length of 10. The change point at which a sudden decrease in latitude from within the range 55°
to 45° was initiated and sustained was used as an estimate of departure date (Fig. S5).
Movement speeds of individual birds for outward and return migration were the mean of point-topoint speeds calculated using the move package for the latitude interval 10-50°. Distance from
geolocations (mean daily) to the Gulf of Guinea coast of West Africa were estimated with the
dist2Line function of geosphere. Asymptotic Wilcoxon test (R package coin) was used for nonparametric comparisons, and the Brown-Forsythe test (R package vGWAS) for absolute
deviations from the median to test equality of variances (Brown & Forsythe 1974, Shen et al.
2012). Although the colonies are linked by immigration and are only 350 km apart, the birds from
each colony were tagged in different years; consequently, where comparisons between the
colony groups indicate significant differences, we cannot distinguish objectively between colony
or year-specific effects.

RESULTS
Geolocator effects
There was no evidence from mass differences between the time of tagging and tag recovery,
productivity per pair in the year of tagging, arrival back to the colony, or clutch size in the year of
tag recovery, that the geolocators had impeded the day-to-day activities of the tagged birds
(Supporting Information Appendix S3). Overall return rates of tagged birds (80%) were within the
bounds for survival/return rates estimated from ring-resighting data (Seward et al. 2019).
Departure from the colony
Most of the Rockabill birds moved south through the Irish Sea after leaving the colony, in most
cases staying close to the east coast of Ireland (Fig. 1a). The last-seen dates on Coquet Island
for 14 birds in 2018 ranged from 1 August (two birds) to 19 August (seven birds). Three Roseate
Terns carrying leg-ring mounted geolocators were seen by independent observers away from
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Coquet Island in the North Sea between 20 and 31 August (Supporting Information Appendix S5).
From geolocation data, most Coquet Island birds (13 of 16) appear to have travelled west to the
Irish Sea before southward migration (Fig. 1b). Stationary periods of Rockabill and Coquet Island
birds within the Irish and Celtic Seas (Fig. 2a) were consistent with premigratory staging.
Migratory departure from the British Isles was characterised by a sudden shift in latitude to

below 50° for most birds; for the rest, marked latitude transitions occurred up to 5° further south
(Fig. 1c,d). Median dates of departure (Supporting Information Table S3) were similar for the two
groups (10 September and 12 September for Rockabill and Coquet Island birds, respectively), but
the range of departure dates for Coquet birds (31 August to 18 October) was wider than for
Rockabill birds (5 September to 16 September; Fig. 1d; Brown-Forsythe test, P = 0.016). In 2018,
Storms Ali and Bronagh affected the north (Ali) and south (Bronagh) of the British Isles between
19 and 21 September (Fig. 1d,f) and may have delayed the departure of some Coquet Island
birds (Supporting Information Appendix S6).
The outward migration phase for all birds was characterised by a westerly movement

round the coast of West Africa; plots of longitude against date also show the later departure of
Coquet birds in 2018 compared to the 2017 Rockabill group, with 10 of the 16 Coquet birds
making the westerly movement around Africa after the autumn equinox (23 September; Fig. 1e,f).
Southward migration was in the context of predominately northerly tailwinds (Fig. S6). Before
arrival in the wintering areas, 22 of the 30 birds had short stationary periods, median duration of
four days, distributed from the Bay of Biscay and Iberian Peninsula (10 birds), along the coast of
West Africa and in the Gulf of Guinea to Liberia and Côte d’Ivoire. Stationary locations along the
West African coast were in the weak permanent upwelling zone (WPUZ; five birds), permanent
upwelling zone (PUZ; five birds) and the seasonal upwelling zone (SUZ, the Mauritania–
Senegalese upwelling; 12 birds) of the Canary Current Large Marine Ecosystem (CCLME; Fig 2a)
(Cropper et al. 2014, Gómez-Letona et al. 2017). Staging locations further south in the Gulf of
Guinea fell within the Sierra-Leone Guinea Plateau (SLGP) and the Central West African
Upwelling (CWAU) subsystems (Hardman-Mountford & McGlade 2003) of the Guinea Current
LME (GCLME; Fig. 2a). All birds staging in those Gulf of Guinea locations wintered further east
(see below).
Wintering areas
Wintering areas were within the Gulf of Guinea, mainly in the east within the CWAU off Ghana but
also in the west within the SLGP off Sierra Leone and Liberia (Fig. 3a). Broadly, the birds fell into
three groups: 10 Rockabill (three birds with partial data were put in this group) and 10 Coquet
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birds wintered exclusively within the CWAU (east-group birds). One Rockabill and two Coquet
birds spent the first part of the wintering period off Ghana and then translocated west to Sierra
Leone or Liberian longitudes in the SLGP partway during the winter (east-west group birds).
Three Rockabill and four Coquet birds wintered mainly within the SLGP off the coast of Sierra
Leone/Liberia (west-group birds; Fig. 3a). Dates of arrival in wintering areas ranged from 11
September to 10 November. Durations of the wintering phase at these locations (Supporting
Information Table S3) ranged from 152 to 259 days (median 191). One bird wintered much further
south than the others (Fig. 3a), consistent with use of equatorial upwellings in the Gulf of Guinea
(Grodsky et al. 2008), but from longitudinal locations was included in the east-west group.
Most of the wintering period for these birds comprised one or a few stationary periods, but

within such periods day-to-day movements took place and the data suggest movement along
particular trajectories (Fig. 2b, Supporting Information Fig. S7). Studies in Ghana have suggested
that Roseate Terns use the Ghanaian coast in the early part of the winter but leave these areas
from November-December (Grimes 1977, Avery et al. 1995). The geolocation data suggest
different behaviours between the west and east wintering groups with birds wintering off Sierra
Leone/Liberia reaching coastal waters sooner and remaining in coastal waters for a greater
proportion of the winter compared to birds wintering off Ghana; birds in the Ghana group were
also further from the coast overall (Fig. 3b, Supporting Information Appendix S7 and Fig. S8).
Different behaviour between these main wintering groups is also supported by analysis of
immersion data (Supporting Information Appendix S7 and Figs. S9 & S10). For both groups,
geolocations were closest to the coast at around the end of December/early January. An
important caveat is that geolocations at arrival and departure from the wintering areas could be
influenced by latitudinal uncertainty during autumn and spring equinoxes (Ekstrom 2004).
Durations of the wintering phases and migration periods interpreted from geolocation data

were consistent with mean daily minimum temperatures recorded by the geolocators. These data
(Fig. 4a, Supporting Information Fig. S11) show a rapid increase in temperature from 10-14°C in
UK waters in mid-September to the warmer waters of the Gulf of Guinea in late September/early
October. From then until departure in spring the following year, minimum temperatures recorded
by geolocators fluctuated between ca. 23 to 28 °C, apart from a few short-term low-temperature
anomalies in December to January. The significant positive correlation (Fig. 4b) between mean
daily minimum temperatures recorded by the geolocators and satellite data for sea-surface
temperature (SST) at the inferred geolocations of each bird (mean SST within radius of 50 km)
adds weight to estimated geolocation coordinates.
Return to the breeding colony

This article is protected by copyright. All rights reserved

Accepted Article

Birds from the Rockabill and Coquet groups left their wintering areas between 16 March and 10
May and there was no difference between these groups (P = 0.52) in median departure date (13
April) or in duration of return migration (P = 0.17). Birds that departed from wintering locations in
the SLGP (west and east-west group birds, n = 10) departed 14 days (median) earlier than birds
wintering in the CWAU area (east-group, n = 20; Asymptotic Wilcoxon test, P = 0.0017). The
return migration took place against predominantly northerly headwinds (Supporting Information
Fig.S6) and movement speeds between latitudes 10° to 50° for all birds correlated significantly
(Spearman correlation, 0.57, P = 0.003) with departure dates from the wintering areas. However,
birds departing from wintering areas in the SLGP had slower movement speeds than birds
departing from CWAU areas (P < 0.01; Fig. 5a), thus counteracting the earlier departure dates.
Overall, the duration of spring return migration was significantly longer (median 32 days) than the
autumn outward migration (median 18.5 days; Asymptotic Wilcoxon test, P < 0.001), and this was
also the case for the separate colony groups (P < 0.01). Immersion count distributions during
daylight hours were consistent with foraging activity during staging and non-staging phases of
migration, and with the longer duration of return compared to outward migration (Supporting
Information Fig. S12).
As with the outward migration, the return spring migration of two-thirds of the sample of

tagged birds was interrupted by short stationary periods (Fig. 5b), but these were generally of a
longer duration (median 7 days, Asymptotic Wilcoxon test, P < 0.0001) than in autumn (median 4
days; Fig. 5c). These migratory staging locations were mostly in the SLGP and at the southern
boundary of the SUZ, with the rest distributed further north within or near the CCLME (Fig. 5b).
Only two of the 10 birds that departed wintering areas from the west had stationary periods in the
SLGP: one was near the SUZ, and for a bird with two stationary periods well within the SLGP,
these fell just outside the criteria used for wintering areas so their status as staging areas is
uncertain. There was no difference between wintering groups in the proportion of birds that
staged on return migration (Fisher’s Exact test, P = 0.68). Furthermore, return speed for birds that
staged was not significantly different to birds that did not (Fig. 5a), and individuals did not have a
consistent strategy on both outward and return migrations (Fisher’s Exact test, null hypothesis of
random choice, P = 0.78),
Mean daily minimum temperature profiles recorded by the geolocators between early April

and mid-May showed a marked interruption in the rapid transition from high SST in the Gulf of
Guinea to the lower SST around the British Isles (Fig. 4a), with minimum temperatures remaining
between 14 °C and 17.5 °C. As with the stationary periods, geolocations within this phase of the
return migration (1 April to 15 May) were located to the CCLME between Guinea-Bissau (SUZ)
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north to the Ras Nouadhibou Peninsula (PUZ) of Western Sahara/Mauritania and the Canary
Islands (Fig. 6), an area characterised by a lower winter SST as a result of the cold-water
upwelling driven by the Canary Current (Benazzouz et al. 2014).
Nine of the 10 Rockabill birds with geolocator data for arrival entered the Irish Sea directly

from the south (Fig. 7a). Excluding two birds with uncertain geolocations in this period
(Supporting Information Appendix S4), dates of arrival within 50 km of Rockabill ranged from 14
to 25 May (Table S3). Birds arrived back to the Coquet Island colony mainly from the southwest,
with most geolocation estimates in the Irish Sea or the west of England before arrival at Coquet
Island (Fig. 7b). Dates of arrival near the Coquet Island colony (first geolocation points within 50
km) ranged from 30 April to 17 May (Supporting Information Appendix S6 and Table S3) and 14
of these birds were seen back on the island by DKS up to three days later (Supporting
Information Appendix S5). The time between arrival and the start of incubation behaviour was 11
days on average for Rockabill birds (median 10.5; range four to 18 days, sd ± 4.3) and 16 days
for the Coquet birds (median 14.5 days; range five to 41 days, sd ± 8.7; Rockabill versus Coquet:
Asymptotic Wilcoxon Test, P = 0.12, not significant), consistent with the use of local resources to
sustain gonadal development (Supporting Information Appendix S6).
DISCUSSION
Upwelling systems in migration ecology
The putative migratory staging sites used by the Roseate Terns fell within the Canary Current
Large Marine Ecosystem (CCLME) and Sierra-Leone Guinea Plateau (SLGP) of the GCLME.
Two-thirds of the sample of geotagged Roseate Terns wintered entirely in the Gulf of Guinea
Central West African Upwelling (CWAU) off the Ghanaian coast, and some of these birds used
the SLGP as a staging area on their outward journey. The remaining birds wintered in the SLGP,
either for all or the latter part of the winter. These results emphasise the importance of upwelling
systems in the migration ecology of Roseate Terns breeding in northwest Europe. The wintering
areas of a sample of birds from the western North Atlantic population fell within the East Brazil
Shelf LME (Mostello et al. 2014), a region also characterised by a coastal upwelling system
(Mazzini & Barth 2013). Therefore, this species may be an ‘upwelling specialist’, at least for part
of the annual cycle. The occasional movement of Roseate Terns between upwelling systems on
both sides of the Atlantic, perhaps by birds from colonies in the Azores (Hays et al. 2002), could
facilitate gene flow (Taylor et al. 2011, Jeyasingham et al. 2013) and limit the genetic
differentiation between North Atlantic populations (Lashko 2004, Szczys et al. 2005).
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Atlantic West-African coastal waters served by the CCLME deserve recognition as
Roseate Tern migratory staging areas in need of conservation. Stocks of pelagic small fish in the
CCLME sustain wintering and migrating seabirds (Camphuysen & Van Der Meer 2005, Szostek &
Becker 2015, Grecian et al. 2016), and also human populations (Sambe et al. 2016), yet the area
has been decreasing in productivity (Arístegui et al. 2009) and suffering from habitat degradation
because of overfishing and pollution in recent decades (Valdés & Déniz-González 2015). The
CCLME is oceanographically complex; the Mauritania–Senegalese upwelling (SUZ) extends into
an area of influence overlapping with the SLGP subsystem of the GGLME (Sambe et al. 2016),
forming the Senegal-Guinea upwelling. Additional productivity from thermal fronts (HardmanMountford & McGlade 2003, Woodson & Litvinb 2015) in this region attracts pelagic fish and
artisanal fisheries (Ndour et al. 2018). Intensity of the Senegal-Guinea upwelling is strongest in
late winter/early spring (Faye et al. 2015) and may explain the concentration of Roseate Terns’
stationary periods there during return migration, and the use of such areas by Sabine’s Gulls
Xema sabini in the spring but not autumn (Stenhouse et al. 2012). In September-October,
upwelling intensity further north, extending into the permanent upwelling zone, is higher than the
Senegal-Guinea upwelling at this time (Faye et al. 2015), and could be a factor in the more
northerly distribution of stationary periods during the outward compared to return migration.
Although the density of Roseate Tern ringing recoveries in the Senegal-Guinea region is

low (Wernham et al. 2002), recent studies in Senegal have identified significant numbers of
ringed Roseate Terns, including 36 from Rockabill and 5 from Coquet Island during the period
2002-2019 (David Monticelli, pers. comm.). One of the Rockabill geolocator birds was
subsequently re-captured in Senegal in April 2019, and, from the geolocator data, was in the
same area for 20 days the previous year while on return migration (Supporting information
Appendix S5).
Not all birds staged on outward or return migration; birds which did not have stationary

periods will have used a fly-and-forage strategy (Strandberg & Alerstam 2007, Hedenström &
Åkesson 2016, Hadjikyriakou et al. 2020), using similar routes but foraging in short bouts rather
than staging for longer in discrete locations. With the sample size available, there was no
evidence that staging significantly reduced return migration speed, or that individuals had a
consistent preference to stage on migration, implying that staging or only fly-and-forage were
equally good strategies. This raises the question what factors determine whether birds will stage:
is it the availability of good foraging patches, local weather conditions, or a scarcity of
opportunities to forage in transit? This is a question for further work and could give an indicator of
the quality and distribution of the available foraging resources in upwelling systems and whether
there are consistent trends over time.
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The outward and inward migration of the Roseate Terns between the westernmost edge
of the Gulf of Guinea and the breeding areas were in the context of northerly winds, facilitating
rapid movement to wintering grounds in the autumn but potentially increasing energy demand on
the return journey to breed. This may be why stationary periods were generally longer on the
return migration with foraging resources of the CCLME important for sustaining return migration.
In most migratory species, return migration to the breeding site is usually of shorter duration than
outward migration (Nilsson et al. 2013, Nuijten et al. 2014). In this respect, Roseate Terns are
unusual, as is also the case with the Common Terns from Europe which overwinter in the CCLME
(Becker et al. 2016).
Upwelling systems in the wintering phase
It is not clear why Roseate Terns only pass through the CCLME and do not winter there with
European Common Terns. Adaptations to different foraging environments are likely to be the
main drivers of such species differences, and Roseate Terns may be more suited to foraging in
exposed coastal locations (Monticelli et al. 2006). Within the wintering range, the GCLME is also
complex, with productive upwelling systems at wide latitudinal scales (Verstraete 1992) driven by
different physical and oceanographic processes affecting Sierra Leone to Liberia, and Côte
d'Ivoire to Ghana (Binet & Marchal 1995, Djakouré et al. 2017, Nieto & Mélin 2017).
The majority of geotagged Roseate Terns wintered in a relatively localised region of the

CWAU with a large separation from those that wintered in the SLGP. Fish schools are associated
with upwelling thermal fronts, but less so under strong upwelling conditions (Reese et al. 2011),
and within the CWAU the minor upwelling between December and March each year (Roy 1995)
may be a key foraging resource for Roseate Terns. Nutrient distribution by eddy currents resulting
from coastal topography (Djakouré et al. 2014), particularly Cape Three Points, Ghana (longitude
-2.1°), could also be a factor making foraging more productive in this part of the CWAU.
Further west in the SLGP, foraging resources associated with thermal fronts off the coast

of Sierra Leone and Liberia in February (Hardman-Mountford & McGlade 2003) may be used by
wintering terns. The cooler waters of the SLGP are closer to the coast than in the Ghanaian
CWAU where extensive riverine inputs and current flows push the cooler wind-driven CWAU
upwellings (Djakouré et al. 2017) further from the coast (Hardman-Mountford & McGlade 2003);
this may explain the closer coastal association of the Sierra Leone-Liberian wintering birds
compared to the Ghanaian group. For the latter, there was no pattern of change that would reflect
the marked absence of Roseate Terns reported from the Ghanaian coast in late December to
early January (Grimes 1977, Avery et al. 1995). However, short-duration minimum-temperature
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anomalies recorded by the geolocators would be consistent with birds using cold-water upwelling
systems further out to sea as has been suggested (Emery et al. 1974, Grimes 1977).
Departure and arrival
Most birds from Rockabill remained in the Irish Sea after chicks had fledged and before
southward migration. Many of the Coquet birds moved north or south along the north-east coast
of the UK in late summer after breeding, and then moved west or southwest to the Irish Sea
before departure on southward migration. This pre-migratory staging in the Irish Sea is similar to
that inferred for Sandwich and Common Terns from ringing studies, and Arctic Terns from
geolocator data (Redfern & Bevan 2020), and for most of the Coquet birds implies a westward
movement across the British landmass rather than through the North Sea.
Low tidal flows in the Western Irish Sea in which Rockabill sits leads to temperature

stratification and the resulting phytoplankton bloom in spring underpins biological productivity
(Williams et al. 2013). Water circulation at the boundary between the stratified Western Irish Sea
and a deep cold-water dome (Hill et al. 1997) forms a front extending from Dublin northeast to the
Isle of Man. This provides foraging conditions for seabirds (Begg & Reid 1997) which may be
generated by similar mechanisms, albeit at a smaller scale, to those associated with the SenegalGuinea upwelling (Faye et al. 2015) used by Roseate Terns at the tropical end of their migration.
Southward coastal currents (Hill et al. 1997) link the stratified Western Irish Sea to

productive shallow waters and banks along the east coast of Ireland and several Coquet birds
were located there in the autumn. These areas host considerable concentrations of terns during
their post-breeding/pre-migratory phase (Burke et al. 2020), and, together with the Celtic Sea
further south, are likely to be significant for forage fish availability (Nolan et al. 2011). Such
resources, underpinned by biological productivity at thermal fronts (Savidge & Foster 1978) may
be used by Roseate Terns in the Celtic Sea as for other seabirds (Scales et al. 2014). While
important for seabirds breeding locally and staging there in the autumn (Jessopp et al. 2018), the
role of these areas in supporting spring seabird migration may deserve greater recognition. As
with Arctic Terns from a North Sea colony (Redfern & Bevan 2020), the geolocator data for
Roseate Terns from Coquet Island suggest that the majority returned to the colony from the
southwest via the Celtic and Irish Seas.
Conservation implications
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Securing forage fish stocks in upwelling systems is a key challenge for the future conservation of
Roseate Terns and other seabirds. The CCLME and GCLME are diverse, highly productive
ecosystems with high densities of fishing activity (Stewart et al. 2010, Akpalu et al. 2015), but
under pressure from over-exploitation (Atta-Mills et al. 2004, Akpalu et al. 2015, Nunoo et al.
2015). Without management to reduce legal and illegal over-exploitation of Ghanaian fisheries,
the populations of small pelagic fish on which local human communities and seabirds depend
may collapse in a few years (EJC 2020). In addition, upwelling intensities vary from year to year
(Hardman-Mountford & McGlade 2003, Cropper et al. 2014) and may be affected by climate
change (Sumaila et al. 2011, Sambe et al. 2016). These factors will have substantial implications
for the future survival and foraging distributions of Roseate Terns. Furthermore, in recent
decades the illegal trapping of terns has reduced as a result of legislation and education (Avery et
al. 1995), coupled with socio-economic development and urbanisation in Ghana (United Nations
2018); although a continuing problem (Quartey et al. 2018) this progress could be reversed if
declines in fish supply increase the incentive to trap terns as an alternative source of protein in
rural areas (Brashares et al. 2004).
To address such challenges, a better understanding of foraging strategies of Roseate

Terns in the Gulf of Guinea and their use of CCLME resources in outward and return migrations
is needed. In combination with measurements of other environmental parameters, geolocators
may be powerful tools for characterising foraging strategies and monitoring behavioural
responses to changes in foraging resources and climate throughout the non-breeding ranges of
Roseate Terns and other seabirds.
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FIGURE LEGENDS
Figure 1. Mean estimates of geolocation at successive dawn/dusk thresholds for Roseate Terns
departing in 2017 (a) and in 2018 (b). Different colours and symbols are used for each bird and
coordinates (symbols) are connected by lines only to indicate temporal relationships between
points. Locations of the Rockabill and Coquet Island colonies are marked with a large red square
and triangle, respectively, on each map. Axes are longitudes (abscissae) and latitudes
(ordinates). Latitude (c, d; ordinate, degrees) and longitude (e,f; ordinate, degrees) trajectories by
date (abscissa, day in month) are shown for all birds (n = 30) in autumn 2017(c,e) and autumn
2018 (d,f) in the right-hand panel. These were estimated using FLightR (Latitude) or GeoLight
(Longitude). In (d) and (f), arrows mark the days of arrival of Storms Ali and Bronagh in the British
Isles. Vertical red lines mark the autumn equinox.
Figure 2. Southward migration. (a) the locations of stationary periods (mean longitude and
latitude) for birds from the 2017 group (central dot) and the 2018 group (central cross) on the
outward migration phase are summarised with circle size indicating relative duration and vertical
and horizontal bars representing longitude and latitude standard deviation, respectively; different
colours are used for each bird within group. The yellow shaded area is the CCLME with thick
horizontal red lines indicating divisions of the CCLME into the SUZ, PUZ and WPUZ. Red
hatching represents the GCLME with vertical red lines indicating division into SLGP and CWAU
subsystems. Spatial polygons for CCLME and GCLME were from https://www.marineregions.org
(MRGID 8556 and 8571, respectively). (b) Geolocation summaries (as in Fig. 1) for four birds of
the 2017 group for the duration of geolocator deployment; data for the remaining birds are in
Figure S7. One of the birds shown (43BP) returned only partial data.
Figure 3. Wintering areas. (a) Locations (stationary periods of > 50 days) for all birds; symbol
details as in Figure 2. Lines connect different stationary period locations used by the same bird
within the wintering period. Red hatching as Figure 2. (b) The relationship between distance from
the coast (black line: mean with grey shading representing the 95% confidence range) and time
(date) from median geolocation coordinates of all birds in the West and East wintering groups.
Linear mixed effects (bird as random factor) model with date (day) as a second-order polynomial
and wintering group as explanatory effects (full ANOVA model (type 3 tests, Kenward-Roger
approximation); date: F2,4845.5 = 451, P < 0.0001; wintering group: F1,24 = 6.7, P = 0.016;
interaction: F2,4845.5 = 55.8, P < 0.0001).
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Figure 4. Mean daily minimum temperatures recorded by the geolocators, 2018 group; data for
the 2017 group are in Supporting Information Figure S11. In (a), daily mean minimum
temperatures for each bird are represented by grey symbols connected by grey lines; the red and
blue points and lines are for the two Coquet birds (69P4 and 51P4) for which complete
trajectories could not be fitted with FLightR and suggest that the locations for these birds are
comparable to the others. The correlation between mean daily minimum temperatures and
satellite data for sea-surface temperatures (SST) is shown for the 2018 group in (b) using a
different colour for each bird. Overall mean Pearson’s correlation coefficient = 0.965 (sd = 0.014,
mean P < 1e-5); the line represents a 1:1 relationship and the slightly lower minimum
temperatures recorded by the geolocators may be a result of evaporative cooling as birds emerge
from the sea surface, coupled with potentially lower night-time air temperatures.
Figure 5. Return migration. (a) Linear model for return migration speed (ordinate) in relation to
date (day in year) of departure from wintering area (abscissa) with wintering area on departure as
an additive explanatory variable (ANOVA, departure date: F1,22 = 16.3, P < 0.001; departure
area: F1,22 = 7.95, P < 0.01; staging on return migration, included as additive explanatory variable,

did not significantly affect mean speed, P = 0.15). Departure from the east wintering area, open
symbols, solid line; departure from the west, grey-filled symbols, dashed line. Within symbol a ‘+’
indicates that the bird had staged on the return migration. Rockabill group, square symbols;
Coquet group, circles. (b) Locations of stationary points (details of data, symbols and error bars
as in Fig. 2) during return migration. (c) Superimposed histograms to compare the durations of
stationary periods for the outward and inward migration phases for all birds.
Figure 6. SST in relation to geolocation positions for birds returning in spring 2019. SST data for
the 8-day period 1-8 May 2019 are shown in (a). Geolocation positions (FLightR estimates) for
birds returning within the period 1 April to 15 May 2019 and with mean daily minimum
temperatures recorded by geolocators between 14 to 17.5 °C, marked by the blue ellipse on (b),
are overlaid onto the SST data in (c). The map projection is azimuthal equidistant. The colour key
to temperature (°C) for the SST data is shown to the right. Results for the 2017 group birds were
similar (Supporting Information Fig. S11).
Figure 7. Mean estimates of geolocation at successive dawn/dusk thresholds for Roseate Terns
returning in spring 2018 (a) and spring 2019 (b). Other details as in Figure 1; the number of birds
for the 2017 group is reduced compared to Figure 1 as a result of geolocator battery failure for
three birds during the winter.
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