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ABSTRACT: The designation of Marine Protected Areas has become an important approach to
conserving marine ecosystems that relies on robust information on the spatial distribution of bio-
diversity. We used GPS tracking data to identify marine Important Bird and Biodiversity Areas
(IBAs) for the Endangered northern rockhopper penguin Eudyptes moseleyi within the Exclusive
Economic Zone (EEZ) of Tristan da Cunha in the South Atlantic. Penguins were tracked through-
out their breeding season from 3 of the 4 main islands in the Tristan da Cunha group. Foraging
trips remained largely within the EEZ, with the exception of those from Gough Island during the
incubation stage. We found substantial variability in trip duration and foraging range among
breeding stages and islands, consistent use of areas among years and spatial segregation of the
areas used by neighbouring islands. For colonies with no or insufficient tracking data, we defined
marine IBAs based on the mean maximum foraging range and merged the areas identified to pro-
pose IBAs around the Tristan da Cunha archipelago and Gough Island. The 2 proposed marine
IBAs encompass 2% of Tristan da Cunha's EEZ, and are used by all northern rockhopper pen-
guins breeding in the Tristan da Cunha group, representing ~90 % of the global population. Cur-
rently, one of the main threats to northern rockhopper penguins within the Tristan da Cunha EEZ
is marine pollution from shipping, and the risk of this would be reduced by declaring waters
within 50 nautical miles of the coast as ‘areas to be avoided'.

KEY WORDS: Eudyptes - Important Bird and Biodiversity Area - Marine protected area -
Penguin - Seabird - Tracking

1. INTRODUCTION mental impacts upon marine biodiversity (Halpern et

al. 2008, 2015). The designation of Marine Protected

Anthropogenic impacts on the marine environment Areas (MPAs) is among the suite of conservation
are widespread and increasing, resulting in detri- measures available to mitigate such impacts (Agardy
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1994, Wood et al. 2008). In 2010, the Convention for
Biological Diversity (CBD) committed to conserve
‘areas of particular importance for biodiversity’ with
the ultimate aim to protect at least 10% of coastal
and marine areas by 2020 (referred to as Aichi Biodi-
versity Target 11, CBD 2010), which has provided
impetus for the designation of MPAs globally. Until
recently, MPAs have been relatively small and were
located primarily in inshore habitats (Game et al.
2009, Fox et al. 2012), but in the past decade, the des-
ignation of increasingly large pelagic MPAs within
the Exclusive Economic Zone (EEZ) around oceanic
islands has made a significant contribution to pro-
gress towards the Aichi Target 11 (Game et al. 2009,
De Santo 2013, Hill et al. 2015). By December 2019,
7.6% of all seas, 17.7% of EEZs and 1.2% of Areas
Beyond National Jurisdiction (ABNJ) were desig-
nated as MPAs (UNEP-WCMC et al. 2019). This pro-
gress is encouraging, although concerns have been
expressed that the drive to meet percentage targets
might compromise MPA quality and favour the des-
ignation of areas where no competing interests occur
(De Santo 2013, Hill et al. 2015, Sala et al. 2018).

Seabirds are among the most threatened of marine
taxa because of pressures from invasive predators,
climate change, fisheries and pollution (Dias et al.
2019). They usually breed colonially on land, such
that the at-sea distributions of many species are clus-
tered in spatially predictable aggregations within
EEZs during the breeding season (Harrison et al.
2018, Oppel et al. 2018). The site-based conservation
of seabirds in the marine environment has been
spearheaded by the recognition of marine Important
Bird and Biodiversity Areas (IBAs) from tracking data
(Ronconi et al. 2012, Lascelles et al. 2016). Marine
areas are defined as globally important IBAs if a glo-
bally threatened species regularly occurs in an area
(IBA criterion A1; Lascelles et al. 2016) or if they hold
congregations of >1% of the global population of a
species on a regular or predictable basis (IBA criterion
A4). While marine IBAs carry no legislative power,
delimiting distribution hotspots is viewed as a funda-
mental precursor to evidence-based MPA designs or
systematic marine spatial planning (Lascelles et al.
2016, Smith et al. 2019). Across several Southern
Ocean islands, for example, the use of multi-species
tracking data has been essential to inform marine
spatial planning for seabirds within the EEZs of the
respective archipelagos (Patterson et al. 2016, Dias et
al. 2017, Baylis et al. 2019, Heerah et al. 2019).

The northern rockhopper penguin Eudyptes mose-
leyi breeds only in the Tristan da Cunha group of
islands in the South Atlantic (which hosts ~90% of

the world population) and on Amsterdam and St.
Paul islands in the southern Indian Ocean (RZSS et
al. 2018). The restricted distribution of this species,
combined with population declines of 90-99 % since
the 19™ century, has led to its IUCN classification of
Endangered (Cuthbert et al. 2009, BirdLife Interna-
tional 2018). The causes of the population decline are
not fully understood, but changes in the marine envi-
ronment (including increasing sea temperatures and
reduction or displacement of prey), diseases and oil
pollution are among the suspected causes (BirdLife
International 2018). Whereas terrestrial threats to
colonies at the South Atlantic breeding sites have
been addressed (Cuthbert 2013), until recently, con-
servation actions in the marine environment have
been hampered by a complete lack of data describ-
ing the spatial distribution of this species at sea. This
information is, however, crucial to allow assessment
of overlap with potential threats and to help authori-
ties to implement appropriate conservation strategies
where they will have the greatest benefit (Ropert-
Coudert et al. 2019, Boersma et al. 2020).

In 2015, the UK government committed to its Blue
Belt Programme to contribute to its obligations to
meet Aichi Target 11. The Blue Belt aims to designate
MPAs encompassing 4 million km? of sea within the
EEZs of the 14 UK Overseas Territories, including
Tristan da Cunha (O'Leary et al. 2019). To support
this initiative, we provide the first comprehensive de-
scription of the at-sea distribution of northern rock-
hopper penguins in the Tristan da Cunha group of is-
lands to identify critical foraging areas used by this
species within the Tristan da Cunha EEZ throughout
the breeding season. We propose 2 marine IBAs for
northern rockhopper penguins and recommend man-
agement measures to mitigate current and potential
threats to this Endangered species.

2. MATERIALS AND METHODS
2.1. Study area

The Tristan da Cunha group consists of 4 main is-
lands: Tristan da Cunha (home to ~270 people in the
settlement Edinburgh of the Seven Seas), Inaccessi-
ble and Nightingale islands which form the Tristan
da Cunha archipelago, and Gough Island located
380 km to the south-southeast (Fig. 1). Hereinafter,
Tristan da Cunha is abbreviated to Tristan and all of
the islands are referred to by their first name only.
Gough lies to the south of the Subtropical Front
(STF), while all the other islands are situated to the
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Fig. 1. Location of breeding colonies of northern rockhopper penguins in (A) the Tristan da Cunha archipelago and Gough Is-
land in the South Atlantic Ocean, including: (B) Tristan da Cunha, (C) Inaccessible Island, (D) Nightingale Island (with adja-
cent Alex/Middle islet) and (E) Gough Island. Numbers refer to Colony IDs in Table S1. For (E), note that numerous colonies oc-
cur around the north, east and west coast of Gough, but their exact locations are poorly defined; the stretch of coast with counts
based on beach surveys is therefore highlighted in black. EEZ: Exclusive Economic Zone; ocean fronts after Orsi et al. (1995)

north of it (Fig. 1). Gough and Inaccessible are World
Heritage Sites, and Marine Nature Reserves have
been designated within 12 nautical miles (nmi) of
their shorelines. The Tristan EEZ extends 200 nmi
around the island group and encompasses approxi-
mately 750 000 km? (Fig. 1). Only fishing for rock lob-
ster Jasus tristani is permitted within 50 nmi (93 km)
around the coastlines of all islands (Fig. 1). This fish-
ery, which uses pots to catch lobster in waters up to
150 m deep, provides the main income for the is-
landers. Limited commercial fishing for finfish is per-
mitted under license >50 nmi from the islands, and
mainly occurs over sea mounts in the southeast of the
EEZ. Transiting ships are required to maintain a min-
imum safe clearing distance of 10 nmi (18.5 km) from
land (Tristan da Cunha Ordinances 1983).

2.2. Spatial and temporal extent of sampling

We tracked northern rockhopper penguins at
colonies on Nightingale (Fig. 1D, Sergeant Major,
Colony ID 17; 18 190 breeding pairs), Gough (Fig. 1E,
Seal Beach, Colony ID 24; 1380 breeding pairs) and
Inaccessible (Fig. 1C, Salt Beach, Colony ID 12;
31250 breeding pairs) (Fig. 1, see Table 1, Table S1in
the Supplement at www.int-res.com/articles/suppl/
n043p409_supp.pdf). These 3 colonies were selected
because they hold a large proportion of the global

population (23-27 %) and for logistical reasons of
accessibility.

Like other Eudyptes penguins, northern rockhop-
per penguins have a synchronised breeding cycle
divided into distinct breeding stages, each with dif-
ferent nest attendance patterns that impose con-
straints on their movements. Sampling of all these
stages is therefore necessary to fully describe their
at-sea distribution. Laying occurs in early September
at the Tristan archipelago and 3 wk later at Gough
(Cuthbert 2013). Incubation takes about 32-34 d and
is divided into 2 shifts between males and females
(Williams 1995). Upon hatching, a single chick is
guarded by the male for a further 20-26 d (brood-
guard stage) while females provision the brood
(Cuthbert 2013). After this time, when both parents
forage simultaneously and leave their chick un-
guarded, chicks gather into creches (creche stage)
until they fledge in December in the Tristan archipel-
ago or January on Gough (Williams & Stone 1981,
Cuthbert 2013).

2.3. Tracking data collection

Incubation trips were recorded at Gough in 2012
and 2013, and at Nightingale in 2012, 2013 and 2016
but not from Inaccessible Island. Brood-guard trips
were recorded in 2012 and 2013 on both Gough and
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Nightingale, and in 2016 on Nightingale and Inac-
cessible. Créche trips were recorded in 2012, 2013,
and 2016 on Nightingale, where sufficient man-
power and easy access to the colony allowed recap-
ture of birds during a stage when they spend very
little time ashore (see Table 1, Table S2).

Adult northern rockhopper penguins were captured
by hand or a hand-held net at their nest site (incuba-
tion and brood-guard) or in the colony when feeding
chicks (créche) and equipped with GPS data loggers.
We used 4 different models of GPS loggers: CatTraQ
(Mr Lee Technologies, 45.7 x 30.5 x 12.7 mm, 25 g),
IGotU (Mobile Action Technology, 50 x 34 x 10 mm,
25 g) and Fastloc 2 (Sirtrack, 69 x 28 x 21 mm, 39 g) in
2012 and 2013 and Pathtrack nanoFix GEO (on
Nightingale) and Pathtrack nanoFix GEO+RT (on
Inaccessible) (PathTrack, 54 x 19 x 15 mm, 24 g) in
2016. CatTraQ and IGotU devices were removed from
their plastic housings and the batteries were upgraded
to 370 A-h. CatTraQs were then encapsulated in resin
and [GotU devices shrink-wrapped to waterproof the
connections before deployment. Details of deploy-
ments and outcomes are presented in Table S2. The
devices were attached to feathers on the dorsal mid-
line of the bird's lower back using overlapping layers
of black waterproof tape (Tesa 4651) and tape edges
were sealed with cyanoacrylate glue (Wilson et al.
1997). Prior to release, birds were stained with a tem-
porary animal marker (Porcimark, Jergen Kruuse), so
they could be easily identified for recapture. To
reduce stress to individual birds, only 1 bird per nest
was equipped, and different birds were captured dur-
ing each breeding stage (incubation, brood-guard
and créche). Handling time was restricted to 15 min to
minimise disturbance in the colony. All equipped
birds returned to their brood and resumed breeding.

The heaviest device (39 g) was <3 % of the weight
of the smallest penguin equipped (1.52 kg) and most
devices were on average <2 % of the body mass of
the birds. This mass is unlikely to have affected for-
aging trips, because southern rockhopper penguins
E. chrysocome fitted with 75 g GPS tags in the Falk-
land Islands increased trip durations in only 1 year
out of 3 studied (Ludynia et al. 2012). The cross-
sectional dimensions of the device can be more im-
portant than mass due to the increased drag for
diving animals (Wilson et al. 1986, Ropert-Coudert et
al. 2007a,b). Our largest GPS device (Sirtrack Fastloc
2) had a cross-sectional area of 5.88 cm?, which rep-
resents on average 4% of a southern rockhopper
penguin cross-section (mean: 40.1 cm, range: 36.0—
47.0 cm; Ludynia et al. 2012). Adjusted for the approx-
imately 20 % larger body size of a northern rockhop-

per penguin (Borboroglu & Boersma 2013), the cross-
sectional area is likely <3 %, and we therefore con-
sidered drag effects to be negligible.

Loggers were programmed to sample positions
every 0.75-3 min during the brood-guard and creche
stage tracking periods (Table S3). During incubation,
however, when foraging trips were expected to last
up to 3 wk, we experimented with different sampling
regimes to ensure that batteries lasted for complete
foraging trips. Penguins tracked during incubation
were therefore sampled at temporal resolutions
ranging from 1 position every 10 min to every 5 min
for 2 h per day (between 00:00-01:00 h and 12:00-
13:00 h) (Table S3). All devices only recorded posi-
tions when the bird was at the water surface.

On Nightingale and Gough, equipped birds were
recaptured when seen returning from the sea or at
return to the nest. Due to logistical constraints, visits
to Inaccessible were limited to 2 trips. Birds were
therefore equipped with Pathtrack nanoFix GEO+RT
devices that download their data to a base station via
a wireless UHF radio link, which eliminated the need
to recapture the bird.

2.4. Tracking data analysis

We filtered inaccurate GPS locations by removing
unrealistic points (resulting in speeds >8 km h7!,
based on swim speeds of southern rockhopper pen-
guins from Marion Island; Brown 1987). When de-
vices recorded consecutive trips, we separated data
into foraging trips using the function ‘tripSplit’ in the
R package 'track2kba’ (Beal et al. 2020), and inter-
polated all at-sea tracking data to regular 1 min sam-
pling intervals using a continuous, time-correlated
random walk model implemented in the R package
‘crawl’ (Johnson et al. 2011).

For each complete foraging trip, we calculated the
trip duration from departure to return to the colony
(days), and the maximum distance the bird travelled
from the colony (foraging range, km). Due to the dif-
ferent sampling regimes used during incubation, we
expected that calculated trip parameters could differ
solely due to the sampling regime. We therefore
down-sampled all tracks that were recorded at a reg-
ular 10-60 min interval to 2 positions per day to
match the lowest temporal resolution of any of our
devices, re-calculated both trip parameters, and
tested whether there was a significant difference be-
tween the original (high resolution) and down-
sampled (low resolution) trip parameters (Figs. S1 &
S2). We found no significant differences in trip dura-
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tion (mean difference: 0.38 %; p = 0.881, Fig. S1) and
maximum foraging range (mean difference: 0.06 %;
p = 0.997, Fig. S2) between the 2 sampling regimes,
and therefore used our original data despite the var-
ious sampling schemes because the key quantity rel-
evant for our main purpose of identifying marine
IBAs (foraging range) was not affected by the sam-
pling regime.

Based on foraging patterns observed in congeners
(e.g. Barlow & Croxall 2002a for macaroni penguin
E. chrysolophus; Hull et al. 1997 for royal penguin
E. schlegeli; Ludynia et al. 2013 and Masello et al.
2010 for southern rockhopper penguin), we then
tested whether the 2 foraging trip parameters dif-
fered between sexes, breeding stages, colony and
years by fitting separate linear mixed models for
each parameter and comparing these models with a
likelihood ratio test (Lewis et al. 2011). We included
the individual bird as a random effect, and island,
breeding stage, sex and year as fixed factors. We
present estimated trip characteristics (mean parame-
ter B) from the minimum adequate model with stan-
dard errors, and the respective test statistic and p-
value for the comparison among models. As residuals
of trip durations during creche were bimodal, we
used the function ‘Mclust’ in the ‘mclust’ package
(Fraley et al. 2012), with the number of clusters spec-
ified as 2 to classify trips as long or short, and con-
ducted further analysis within these groups.

We defined marine foraging areas for 6 coherent
subsets of data (differing by breeding stage and
island) by calculating the kernel utilisation distri-
bution and estimating the 50% isopleth using the
function 'kernelUD’ in the R package ‘adehabi-
tatHR' (Calenge 2006). We projected tracking data
to a Lambert Azimuthal Equal Area projection cen-
tred on the islands, and used the most appropriate
smoothing factor (h) for penguins, a fixed radius of
7 km following Dias et al. (2018). We then quanti-
fied the spatial overlap between foraging areas
from different islands at the same breeding stage,
and for different breeding stages from the same
island by calculating Bhattacharyya's Affinity (BA)
index (Fieberg & Kochanny 2005) using the function
‘kerneloverlap’ in ‘adehabitatHR'. This metric cal-
culates the overlap between 2 utilisation distribu-
tions on a scale from 0 (no overlap) to 1 (complete
overlap). Where sufficient tracking data from multi-
ple years were available to calculate annual utilisa-
tion distributions (within stage and island), we fur-
ther assessed consistency of utilisation distributions
among years by calculating the BA of annual core
foraging areas.

2.5. Identification of marine IBAs

We identified marine IBAs for northern rockhopper
penguins using the R package ‘track2kba’ following
procedures developed by BirdLife International (Las-
celles et al. 2016, Beal et al. 2020) with revisions spe-
cific for penguins outlined in Dias et al. (2018). We
analysed data separately for each island and breed-
ing stage (Lascelles et al. 2016, Beal et al. 2020).
Because we found little variability in the location of
important areas between years within stages and spe-
cific colonies (see Section 3), we combined data for
assessment of marine IBAs from all years per stage
and island. Briefly, we first calculated the kernel util-
isation distribution and estimated the 50 % isopleth
for all individual tracks (corresponding to the core
foraging area of each tracked bird) for each island
and breeding stage, and overlaid individual core for-
aging areas to identify areas where >10 % of tracked
birds overlapped (Lascelles et al. 2016). We included
multiple trips by the same individual, which only
occurred during brood-guard, because we found no
evidence of individual specialisation using the func-
tion 'IndEffectTest’ in package 'track2kba’ (Beal et
al. 2020). We then assessed whether our datasets were
representative of the tracked population using the
function ‘repAssess’ in package ‘track2kba’ (Beal et
al. 2020). If this representativeness was >70%, a
dataset was deemed adequate to describe the at-sea
distribution of penguins tracked from that island at
the respective breeding stage, otherwise samples
were considered insufficient for recognising utilisa-
tion distributions for the whole population. For data-
sets qualifying as being representative, we delin-
eated marine IBAs using the function ‘findKBA' in
package 'track2kba’ (Beal et al. 2020).

Given that the northern rockhopper penguin is clas-
sified as Endangered (BirdLife International 2018),
and that all 4 main islands (Tristan, Inaccessible,
Nightingale, Gough) and the small islet Alex (or
Middle) adjacent to Nightingale each hold 21 % of
the global breeding population of the species (Fig. 1,
Table S1), these sites, including their surrounding
waters, meet the IBA criterion A1l (regular occur-
rence of a Globally Threatened species) and A4
(holds >1% of the global population). For colonies
where no tracking data existed or where existing
tracking data were not representative, we therefore
defined marine IBAs based on the estimated mean
maximum foraging radius derived from our tracking
data (Soanes et al. 2016). We then merged the IBAs
identified based on tracking data and those identi-
fied by radius around breeding colonies to propose a
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single combined IBA for the Tristan archipelago and
Gough, respectively. Since all penguins must use the
area around the colony during foraging trips (for
commuting or foraging), we used the most recent
population counts of colonies available (Table S1)
and summed the colonies for each island to estimate
the number of penguins frequently using these mar-
ine IBAs.

2.6. Permits and animal ethics

All methods were carried out in accordance with
the Environmental Research permit provided by the
Government of Tristan da Cunha. Animal ethics
approval was given by the Animal Ethics committee
of the University of Cape Town (2012-2013), the
British Antarctic Survey Animal Welfare and Ethical
Review Body and the Royal Society for the Protection
of Birds' Animal Ethics Advisory Committee (2016),
complying with the laws and regulations of the UK
government and the guidance of the UK Animals
(Scientific Procedures) Act 2013/63.

3. RESULTS

We obtained 212 complete and 22 incomplete for-
aging trips from 139 northern rockhopper penguins
across the 3 islands and 3 breeding stages (Tables 1
& S2). Penguins displayed marked variability in their
spatial distributions during different stages of the
breeding season and between islands.

3.1. Foraging trip parameters

There were significant differences among islands
and breeding stages for trip duration (likelihood ratio
test; xz = 166.95, p < 0.001) and maximum distance
from the colony (x% = 155.06, p < 0.001; Table 1), but
no differences among years once accounting for vari-
ation between islands and breeding stages (all p <
0.12).

Duration of trips was shortest for brood-guard trips
and longest for incubation trips (2 = 28.42, p < 0.001;
Table 1). Incubation trip durations averaged 6 d longer
for males than females (B = 158.79 + 42.7), and 5 d
shorter for males from Nightingale than from Gough
(B = -128.78 + 47.2; x*> = 11.91, p = 0.002; Table 1).
During the creche stage, both sexes performed 2
distinct trip types, with short trips lasting generally
just 1 d and long trips lasting up to 3 wk (3% = 33.52,
p <0.001; Table 1), but the duration of trips did not
differ between the sexes (y2=0.15, p=0.7).

The foraging range during incubation was greater
than during brood-guard ( = 259.66 + 26.4; Table 1).
Incubation trip ranges differed among sexes, with
males foraging farther from the colony than females
(B=158.79 +47.2; x> =19.43, p < 0.001; Table 1). Pen-
guins from Gough had a greater foraging range dur-
ing incubation than penguins from Nightingale, but
there were no differences among sites during brood-
guard (Table 1). The cluster analysis found support
for 2 discrete clusters in trip ranges during creche
separated by a cut-off distance of 45 km. The 2 dis-
tinct trip types during the creche stage differed con-
siderably in their range (B = 212.13 + 43.6; x* = 18.95,
p <0.001): short trips were similar to those during the

Table 1. Trip characteristics for complete foraging trips of northern rockhopper penguins tracked from islands in Tristan da

Cunha during the 3 different stages of their breeding cycle in 2012, 2013 and 2016 (mean and 95 % confidence interval). Rep-

resentativeness (Rep.) is a measure of how representative the tracked sample is of the population distribution (values >70 %
are considered adequate to represent the distribution of the population and are highlighted in bold; see Section 2)

Stage Sex Type Island No. of indi- No. of Rep. Trip duration Max.
viduals with trips (%) (d) foraging
complete trips range (km)
Incubation Male All trips Gough 6 7 59.6 27.1 (22.6-31.0) 584 (508-671)
Nightingale 12 12 61.1 21.3(16.1-30.9) 402 (276-577)
Female All trips Gough 4 4 59.6 15.7 (11.5-20.0) 337 (84-556)
Nightingale 12 13 61.1 16.3 (7.8-35.0) 277 (141-559)
Brood-guard Female All trips Gough 23 32 96.6 1.0 (0.3-1.9) 5 (7-66)
Inaccessible 6 7 11.8 4 (0.6-2.5) 38 (20-56)
Nightingale 42 99 98.6 2 (0.3-3.1) 4 (7-76)
Creche Male and Long trips Nightingale 14 14 68.9 13.8 (2.0-26.2) 224 (49-693)
female  Short trips Nightingale 14 24 0.7 (0.2-1.5) 6 (5-33)




Steinfurth et al.: Important marine areas for northern rockhopper penguins

415

Fig. 2. Foraging trips (complete and incomplete) of northern
rockhopper penguins tracked with GPS devices from
Nightingale and Gough islands during the incubation stage,
35°S I~ and while performing long trips when raising large chicks
(creche; Nightingale only). Black dashed line: Tristan da
Cunha Exclusive Economic Zone (EEZ)
40° brood-guard stage, while the long trips were inter-
mediate between brood-guard and incubation trips
(Table 1). Penguins from all 3 islands remained
within 80 km (43 nmi) of their colony during brood-
guard and short creche trips (Table 1).
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Fig. 3. (A) Chick-provisioning trips of northern rockhopper penguins tracked with GPS loggers during guard (only females)
and creche (males and females; short trips) and (B) the respective 50 % isopleths for 2012, 2013 and 2016, from Nightingale
and Inaccessible islands. (C) Chick-provisioning trips and (D) the respective 50 % isopleths from Gough Island for 2012 and
2013. Light grey area: the proposed marine Important Bird and Biodiversity Area (IBA) boundaries around untracked colonies
and colonies with insufficient tracking data based on the average mean maximum foraging range obtained from tracked indi-
viduals (32 km). Thick black outline in (B,D): the proposed marine IBA boundaries derived directly from tracking data.
Only complete trips are shown
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the boundaries of the EEZ, while penguins from
Gough oriented trips southwards towards the Sub-
antarctic Front, often travelling outside the EEZ
(Fig. 2). Penguins from Nightingale and Gough spent
90 and 57 % of their foraging time during incubation
within the EEZ, respectively.

Because of the different distances and direction
travelled between breeding stages, the 50 % kernel
utilisation distributions between the incubation and
brood-guard stages overlapped very little on Gough
(BA =0.157). On Nightingale, foraging areas used by
penguins during brood-guard trips also overlapped
only marginally with incubation trips (BA = 0.267)
but overlapped extensively with those during short
creche trips (BA = 0.850, Fig. 3A). The foraging areas
of penguins from Gough and Nightingale during
incubation and brood-guard did not overlap at all
(Figs. 2 & 3) and those from Nightingale and Inacces-
sible overlapped only moderately during brood-
guard (BA = 0.137, Fig. 3A,B).

In contrast to the low overlap between spatially
distinct colonies, there was high overlap between
utilisation distributions during brood-guard between
years on Nightingale (2012, 2013, and 2016, BA =
0.894-0.939, Fig. 3B) and on Gough (2012 and 2013,
BA = 0.946, Fig. 3D), and we therefore pooled data
among years to assess for marine IBAs.

3.3. Identification of marine IBAs

Because penguins travelled far and dispersed
widely at sea during incubation (Table 1), none of our
incubation tracking data were sufficiently represen-
tative of the tracked population to meet IBA data
requirements (representativeness <70%, Table 1).
During the brood-guard stage, however, females per-
formed shorter trips (Table 1), and the overlap among
individual foraging core ranges was large, resulting
in datasets for Nightingale and Gough being repre-
sentative (>90 %, Table 1). We therefore identified 2
marine IBAs located around Nightingale and Gough
during the brood-guard phase (Fig. 3B,D), whereas
the brood-guard data for Inaccessible did not fulfil
the minimum of 10 tracked individuals required to
identify a marine IBA (Table 1).

Based on our tracking data, the mean maximum for-
aging radius during brood-guard was 32 km (+18 km,
Table 1) across all islands, and this radius was applied
to all remaining colonies with no or insufficient track-
ing data to identify further marine IBAs (Fig. 3). These
circular IBAs encompassed most of the marine IBAs
identified from tracking data (Fig. 3B,D) and there-

fore validated both approaches as identifying crucial
foraging habitat of penguins during a key stage of
their breeding cycle, the brood-guard phase. We
merged all potential marine IBA polygons from adja-
cent colonies and propose 2 marine IBAs, namely
around the Tristan archipelago and Gough, respec-
tively. These 2 proposed marine IBAs encompass an
area of 9900 km? around the Tristan archipelago and
4760 km? around Gough, or 2% of Tristan's EEZ
when combined. Because they cover all nearshore
waters surrounding breeding colonies, these 2 pro-
posed marine IBAs are used by all penguins breed-
ing in the Tristan da Cunha group for either commut-
ing or foraging and therefore represent important
marine habitat for 328 000-393000 penguins, or
88-90 % of the species’ global population (Table S1).
Both identified marine IBAs fell entirely within the
50 nmi commercial fin-fisheries exclusion zone
(Table 1, Fig. 1).

4. DISCUSSION

This study provides the first description of the at-
sea distribution of northern rockhopper penguins in
the Tristan group during the breeding season and
proposes 2 marine IBAs for the species. A number of
distribution patterns emerged from the study that are
of ecological interest when considering marine spa-
tial planning for the species.

4.1. Spatial and temporal distribution patterns

The most obvious pattern was the stage-specific
variability in distribution: incubation trips lasted for
weeks and ranged for hundreds of km from the
breeding colony, whereas brood-guard trips mostly
lasted 1 d and ranged tens of km and créeche trips
were bimodal, comprising a mixture of short and long
trips. Many seabirds perform alternating short and
long foraging trips for the purpose of chick feeding
and self-maintenance, respectively (Welcker et al.
2009). Such stage-specific differences in foraging trip
range are typical in congeners (e.g. Barlow & Croxall
2002a for macaroni penguin; Hull et al. 1997 for royal
penguin; Ludynia et al. 2013 and Masello et al. 2010
for southern rockhopper penguin). Northern rock-
hopper penguins in Tristan waters were dispersed at
low densities over a wide area during self-mainte-
nance trips (incubation and long creche) and concen-
trated at high densities close to their colonies during
chick provisioning trips (brood-guard and short
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creche). For seabirds generally, the effectiveness of
area-based protection declines with foraging range
from the colony (Oppel et al. 2018), so for northern
rockhopper penguins, the protection of specific areas
around colonies will be most appropriate for safe-
guarding chick provisioning trips. To protect birds
during their self-maintenance trips, broader measures
would be more appropriate, as they can be applied
across the entire EEZ (see Section 4.2 below).

We found temporal and spatial consistency in the
areas used during brood-guard trips from the same
colonies on Nightingale and Gough across years.
Similarly, macaroni penguins at South Georgia were
largely consistent in the areas used during brood-
guard across 5 years, although they ranged more
widely in 1 year when food availability was low (Hor-
swill et al. 2017). Likewise, trip durations for south-
ern rockhopper penguins on Staten Island, Argentina,
were consistent across 2 years during both brood-
guard and creche stages (Raya Rey et al. 2007). Such
consistency is to be expected: chicks need to be fed
at short intervals to maintain their growth and sur-
vival (Barlow & Croxall 2002b), which, when com-
bined with slow movement speeds of penguins com-
pared to flying seabirds, constrains distributions to
be close to the colony (Croxall & Davis 1999). The
consistent use of similar space across years provides
confidence that the protection of areas important for
chick provisioning, as identified using short-term
tracking data, will be an effective conservation tool
in the longer term.

The foraging areas used by birds from Nightingale
and Inaccessible exhibited very little overlap during
brood-guard, despite the close proximity of the colo-
nies (25 km) relative to the maximum foraging ranges
(76 km, Table 1). Such spatial segregation has been
widely noted among neighbouring seabird colonies,
and arises from the interaction of locomotory costs
and intraspecific competition (Wakefield et al. 2013,
2017, Bolton et al. 2019). Among Eudyptes penguins,
spatial segregation among neighbouring colonies
during brood-guard has been found in southern rock-
hopper penguins on the Falkland Islands (Masello et
al. 2010) and macaroni penguins on South Georgia
(Trathan et al. 2006). Apparent spatial segregation
may, however, also arise in the absence of intraspeci-
fic competition if birds show directed movements to-
wards deeper water, particularly where colonies are
located on coastlines with differing orientations. This
offers an alternative explanation for the largely dis-
crete elliptical foraging areas that are oriented to the
north and southeast of the Inaccessible and Nightin-
gale colonies, respectively (Fig. 3B).

The apparent spatial segregation has important
implications for the recognition of marine IBAs, since
only 2 colonies in the Tristan group had sufficient
tracking data to support marine IBA delineation using
the method described by Lascelles et al. (2016). The
strong spatial segregation evident in Eudyptes pen-
guins during brood-guard means that the important
areas identified around these 2 sites from where we
had representative tracking data are unlikely to be
used by birds breeding elsewhere in the Tristan
group. However, particularly colonies along the north,
east and west coast of Gough, and some colonies on
Inaccessible are difficult and expensive to access, so
tracking data to identify marine IBAs for these breed-
ing sites is unlikely to become available in the near
future. We therefore followed an alternative approach
to identify marine IBAs based on the mean maximum
foraging radius during brood-guard around colonies
on islands holding 21% of the global population
(Soanes et al. 2016).

Marked spatial segregation was evident between
Nightingale and Gough during the incubation period.
A similar separation has been observed for southern
rockhopper penguins breeding on opposite coasts of
the Falklands Islands (Piitz et al. 2003, Ludynia et al.
2013). Given that the breeding season on Gough com-
mences about a month later than in the Tristan archi-
pelago, this pattern is unlikely to arise from intraspe-
cific competition, because when Gough birds are
making long incubation trips, those from the northern
islands are making short brood-guard trips close to
their colony, leaving most of the area north of the
STF vacant for Gough birds to utilise. The birds we
tracked from Gough travelled south towards the Sub-
antarctic Front, but this frontal system is beyond the
range of incubation trips from Nightingale, which
were instead dispersed in a longitudinal direction
staying to the north of the STF. Other Eudyptes spe-
cies similarly show plasticity in their use of fronts and
water masses during incubation (Hull et al. 1997, Bar-
low & Croxall 2002a, Ludynia et al. 2013, Ptz et al.
2018). This spatial and temporal segregation results in
birds from Gough and the northern islands foraging
in different water masses throughout the breeding
season and potentially experiencing different threats
(see Section 4.2). It also affects the scope to protect
each population, as birds from Gough spend more
time outside the EEZ during their incubation trips
than those from Nightingale, thus entering ABNJs
where marine spatial planning is more difficult to im-
plement (Harrison et al. 2018).

In general, we encourage future researchers aim-
ing to identify marine IBAs based on penguin track-
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ing data to focus tracking efforts on the brood-guard
(small chick rearing) phase when birds are spatially
most constrained (Oppel et al. 2018). While tracking
efforts during other stages of the breeding cycle may
be of interest to answer ecological questions, they
are unlikely to identify significant areas of aggre-
gation that will meet the representativeness thresh-
old to be proposed as a marine IBA, following the
method described by Lascelles et al. (2016).

4.2. Recommendations for marine spatial planning

The greatest threats to penguins globally that can
be managed by marine spatial planning are overfish-
ing, bycatch in fisheries, and marine pollution (Tra-
than et al. 2014, Dias et al. 2019, Ropert-Coudert et
al. 2019, Boersma et al. 2020). Fisheries for sardines
and anchovies off South Africa are believed to com-
pete with African penguins Spheniscus demersus for
food (Campbell et al. 2019) but the small zooplankton
and fish species that comprise the diet of northern
rockhopper penguins in Tristan (Booth & McQuaid
2013) are not yet of commercial value to fisheries.
Penguins' diving behaviour, however, renders them
vulnerable to entanglement in fishing gear and
bycatch in gillnets (Crawford et al. 2017). The use of
gillnets is banned within the Tristan EEZ, but illegal
gill netting in the South Atlantic in the late 1980s and
early 1990s resulted in southern rockhopper penguin
mortality (Ryan & Cooper 1991), and ghost drift nets
have been found in Tristan waters in the past decade
(which could have been illegally set within the EEZ
or drifted in from ABNJ; J. Glass pers. comm.). Ryan
& Cooper (1991) found 3 northern rockhopper pen-
guins incidentally killed in longline fisheries, but cur-
rently this is likely a negligible mortality source
(Crawford et al. 2017). The existing commercial rock
lobster fishery and subsistence line fishing within the
50 nmi zone around each island are fundamental to
the Tristan community's economy and culture and
are not known to adversely affect penguins.

Penguins are particularly vulnerable to oil pollution
since they are unable to avoid contact with surface
pollutants by flying (Crawford et al. 2000, Garcia-Bor-
boroglu et al. 2006). Although Tristan is a remote
group of islands, it is situated on a busy shipping lane
that links African, Asian and South American ports
(Ryan et al. 2019), which creates a significant risk of
chronic and catastrophic oil pollution (Ropert-Coudert
et al. 2019). This high risk was realised in 2011 when
the bulk carrier MS ‘Oliva’ ran aground on Nightin-
gale and spilled fuel which killed thousands of pen-

guins (Ruoppolo et al. 2013). Ship traffic is currently
subject to a 10 nmi minimum safe clearing distance
around Tristan's islands, which we consider insuffi-
cient, particularly given the remote location and small
community, which has limited resources to rescue
stricken vessels or respond to oil spills (Ruoppolo et al.
2013). We therefore recommend the existing 50 nmi
finfish exclusion zone is closed to transiting vessels to
reduce the risk of both chronic and catastrophic oil
pollution. This zone encompasses all of the proposed
marine IBAs identified in this study and the maximum
foraging ranges of all chick provisioning trips. The
measure would also benefit globally important aggre-
gations of flying seabirds and subantarctic fur seals
Arctocephalus tropicalis that occur close to shore
within the EEZ during the breeding season (Dias et al.
2017, Requena et al. 2020), along with pristine near-
shore benthic communities (Caselle et al. 2018). ‘Areas
to be avoided’, that are declared by the International
Maritime Organization and implemented globally,
provide a suitable regulatory framework for routing
shipping away from ecologically sensitive areas (Van-
derlaan & Taggart 2009).
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