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Abstract
Migratory seabirds experience varying levels of both protection and threats as they travel across marine regions and countries’
jurisdictions. Studying their seasonal distribution provides insights into the full range of exploited habitats and potential
gaps in conservation policy existing in the visited areas. Here we used light-based geolocation to examine the seasonal atsea distribution of an endemic seabird from New Zealand, the Fiordland Penguin Eudyptes pachyrhynchus, with respect
to Economic Exclusive Zones (EEZs). We show that the five birds successfully tracked from the remote Open Bay Islands
exploited vast areas in the South Pacific Ocean and used contrasted habitats across seasons. During extensive periods at-sea
before and after moulting, Fiordland Penguins reached cold oceanic waters across the Subantarctic Front (Subantarctic and
Polar Frontal zones, 2–10 °C), ranging 1500–2000 km in the southwest of their colony. Across both these trips, all birds
distributed extensively outside New Zealand’s EEZ (nearly 50% of time), into areas beyond national jurisdiction providing
little tangible protection, and some temporarily entered Australia’s EEZ. This contrasted with previous results from the
breeding season, when the Penguins distributed exclusively within New Zealand’s EEZ, in relatively shallow and warm
(c. 12–20 °C) waters north of the Southern Subtropical Front. Annually, the tracked Penguins spent 102 days outside New
Zealand waters, of which 79 days in the high seas. Our results provide new perspectives on pertinent conservation strategies
for migratory “endemic” Penguins. Year-round approach on the at-sea ecology of species seems fundamental for adequate
management of threatened marine biodiversity.
Keywords Areas beyond national jurisdiction (ABNJ) · Economic exclusive zone (EEZ) · High seas · marine megafauna ·
Crested penguin · Eudyptes · Light-based geolocation (GLS) · Bio-logging · Tracking · Conservation · Moult · Southern
oceans · Seabird · Frontal zones
Zusammenfassung
Umfassende Nutzung der Hochsee durch gefährdete Dickschnabelpinguine außerhalb der Brutsaison
Ziehende Seevögel erfahren sowohl Schutz als auch Bedrohung in unterschiedlichem Ausmaß, während sie durch
unterschiedliche Meeresregionen und die Rechtsräume verschiedener Länder ziehen. Ihre saisonale Verbreitung zu
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untersuchen ermöglicht Einblicke in die gesamte Breite genutzter Habitate und eventuelle Lücken in der Naturschutzpolitik,
die in den aufgesuchten Gebieten existieren. Hier haben wir Helldunkelgeolokatoren benutzt, um die saisonale Verbreitung
auf hoher See eines in Neuseeland endemischen Seevogels, des Dickschnabelpinguins Eudyptes pachyrhynchus, mit Bezug
auf ausschließliche Wirtschaftszonen (EEZs) zu untersuchen. Wir zeigen, dass die fünf Vögel, deren Weg wir erfolgreich
von den abgelegenen Open Bay-Inseln aus verfolgen konnten, ausgedehnte Gebiete im Südpazifik und verschiedene
Habitate im Jahreszeitenverlauf nutzten. Sowohl vor als auch nach der Mauser verbrachten die Dickschnabelpinguine viel
Zeit auf hoher See und erreichten Kaltwasserbereiche jenseits der Subantarktisfront (Subantarktis- und Polarfrontzonen,
2–10 °C), 1500–2000 km südwestlich von ihrer Kolonie. Auf beiden Reisen hielten sich die Vögel zu fast 50% der Zeit
außerhalb der ausschließlichen Wirtschaftszone Neuseelands auf, in Gebieten jenseits nationaler Gerichtsbarkeit, die wenig
konkreten Schutz boten. Einige Tiere drangen vorübergehend in Australiens ausschließliche Wirtschaftszone ein. Dies stand
im Widerspruch zu vorherigen Befunden aus der Brutsaison, während derer sich die Pinguine lediglich in Neuseelands
ausschließlicher Wirtschaftszone aufhielten, in relativ flachen und warmen (ca. 12–20 °C) Gewässern nördlich der Südlichen
Subtropischen Front. Die in der vorliegenden Studie untersuchten Pinguine verbrachten 102 Tage des Jahres außerhalb
neuseeländischer Gewässer, davon 79 Tage auf hoher See. Unsere Ergebnisse liefern neue Perspektiven für stichhaltige
Schutzstrategien für ziehende „endemische“ Pinguine. Eine ganzjährige Herangehensweise an die Hochsee-Ökologie von
Arten erscheint wesentlich für das angemessene Management bedrohter mariner Artenvielfalt.

Introduction
Across their large-scale movements, migratory animals
experience varying levels of both protection and threats
as they travel through multiple countries’ jurisdictions and
world regions (Runge et al. 2015; Harrison et al. 2018).
Studying these transboundary movements allows to identify the full range of potential threats existing across the
animals’ distribution, potentially affecting populations at
specific times of their biological cycle (Dunn et al. 2019).
Examining these movements is also a pertinent approach
providing insights into the potential gaps in conservation
policy existing in areas through which birds move and
where they spend extended periods of time (Runge et al.
2015).
In the marine environment, transboundary movements
apply notably to the countries’ Economic Exclusive Zones
(EEZs), which include waters out to 200 nautical miles from
a country’s shoreline. EEZs delineate national rights over
marine resources, as well as the national regulations on
resource management. Past EEZs are areas beyond national
jurisdiction (ABNJ, the ‘high seas’), which are legally recognized as global commons (United Nations 1982). However,
the high seas suffer from fragmented, incomplete governance structures (Gjerde et al. 2008; Merrie et al. 2014) and
a rapidly growing human footprint (Kroodsma et al. 2018).
Information on marine animals’ at-sea movements has the
potential to improve the policy and management of biologically valuable areas at national and international levels, and
such knowledge hence appears a critical consideration in
modern decisions on the conservation of marine biodiversity (Barton et al. 2015). Over the past decades, substantial
advances have been made in our understanding of longrange movements by marine animals in the high seas thanks
to the development of bio-logging techniques (e.g., Harrison
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et al. 2018; Barkley et al. 2019), notably among seabirds
(e.g., Weimerskirch and Wilson 2000; Bost et al. 2009a).
Penguins (Sphenisciformes) are, with albatrosses and
petrels (Procellariiformes), the most threatened seabird
group (Dias et al 2019), suffering a number of cumulative
threats to their conservation both on land and at sea (Trathan et al 2015; Crawford et al. 2017). Among the Penguins,
the crested Penguins (genus Eudyptes) constitute the most
diverse and the most threatened group, with six out of seven
Eudyptes species listed as Vulnerable or Endangered in the
IUCN Red List for birds (the seventh being Near Threatened; BirdLife International 2020a). Crested Penguins
typically undertake relatively small-scale provisioning trips
at sea over the breeding season, and two larger-scale trips
outside the breeding season. First is the pre-moult trip, a
crucial one for Penguins’ individual survival as they have
to build up body reserves in a relatively short time at sea
(12–70 days; Williams 1995) to endure the three-week-long
fasting period associated with moulting their entire plumage
ashore (Mattern 2013). Second is the extensive post-moult
(or “wintering”) trip, during which Penguins can replenish their body condition after moult and in preparation for
the next breeding season (Crawford et al. 2008). It is the
longest annual movement for Penguins, commonly lasting
over six months across species (e.g., Bost et al. 2009a) and
during which they may reach considerable distances from
their breeding site (e.g., > 2500 km for Eastern Rockhopper
Penguins E. filholi; Thiebot et al. 2012).
One of the few penguin species for which at-sea distribution is still poorly known is the Fiordland penguin E. pachyrhynchus (locally known as Tawaki). Fiordland Penguins
breed exclusively on the southwestern coasts of New Zealand’s South Island, and the remoteness of their colonies
found in dense forests have made it difficult to survey their
ecology. The small total population (c. 5500–7000 mature
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individuals, Mattern 2013; Long 2017) is likely undergoing rapid reduction, notably because of introduced terrestrial predators. At sea, potential resource competition with
squid fisheries and bycatch in set-net fisheries (Crawford
et al. 2017) may also contribute to the population decline.
Accordingly, the species is now listed as Vulnerable (BirdLife International 2020b). Motivated by the urgent needs
to determine its at-sea distribution, tracking studies have
recently been undertaken on the Fiordland penguin. Smallscale trips were observed throughout the breeding season
(Mattern and Ellenberg 2017; Poupart et al. 2019a), but
huge foraging ranges with respect to Penguins’ swimming
capacities were reported during pre-moult (Mattern et al.
2018). Such results question the utilization of the high seas
by Fiordland Penguins over the full annual cycle and particularly during the unknown post-moult phase.
The main purpose of this study was to determine for the
first time the movements of Fiordland Penguins throughout
the non-breeding period. In that aim we tracked individuals with miniaturized light-based geolocation loggers. By
examining their at-sea distribution, we aimed to quantify
the utilization of the high seas versus New Zealand’s EEZ
(and possibly other states’ EEZ) by the same individual Penguins over their non-breeding period, and to characterize the
marine habitats utilized across seasons. The ultimate objective was to provide timely information to local, national and
international stakeholders to adequately protect migratory
species such the threatened Fiordland penguin.

Methods
Biology of the Fiordland penguin
Fiordland Penguins start to arrive at their breeding colonies in mid-June (Warham 1974; Mattern 2013). Eggs are
laid from late July to early August and hatching occurs in
September. Chicks fledge between mid-November and early
December. The parents then undertake a pre-moult trip and
return ashore between mid-January and late February to
moult (but noticeably, not always at the site where they bred;
Mattern et al. 2018). Moulting is completed in about three
weeks, usually in the first days of March (Warham 1974),
after which the birds are not seen ashore until they come
back for the following breeding season (Mattern 2013).

Field survey
Fieldwork was conducted on Taumaka (43.859° S;
168.885° E; about 0.2 km2), Open Bay Islands, off the
south-west coast of the South Island of New Zealand (Westland District) where 120–150 pairs have been found breeding (McLean and Russ 1991; but current numbers may be
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higher, authors’ pers. obs.). The Taumaka population may
hence represent at least 3.4–5.5% of the 5500–7000 mature
individuals estimated for the species (BirdLife International
2020b). It is a significant cluster in otherwise spread out
breeding numbers among sites. Taumaka lies in the northern
range of the species’ known breeding distribution, which
is centred on the Fiordland (southwest of the South Island,
c. 44.4–46.2° S) and extends south to Stewart Is. (47° S).
In addition, Taumaka is free from introduced predators,
and such breeding sites have become rare for Penguins in
New Zealand. From 11 to 19 October 2017, a total of 14
breeding adults (4 females, 10 males; sex inferred from bill
length and depth measurements; Murie et al. 1991) brooding
or rearing one or two chicks were fitted with leg-mounted
geolocation loggers (GLS, Bost et al. 2009a), PIT-tagged
and weighed (3030.4 ± 436.3 g; males: 3165.0 ± 448.0 g;
females: 2693.8 ± 106.8 g). The loggers used were IntigeoC330 (17 × 19 × 8 mm, 3.3 g) from Migrate Technology Ltd.
(Cambridge, UK). Light-based geolocation loggers record
ambient light data, allowing researchers to infer sunrise and
sunset times, from which it is possible to derive daily latitude (from day length at a given date) and longitude (with
the time of solar noon). The loggers used in this study sampled the light level every minute and recorded the maximum value measured every five minutes. In addition, the
water temperature was sampled after 20 min of continuous
immersion, and the minimum, maximum and mean temperatures were recorded every 8 h, with 0.125 °C resolution
and ± 0.5 °C accuracy. The logger immersion was also tested
(wet or dry) every 30 s with the number of samples ‘wet’
recorded every 10 min. The nest site of each instrumented
penguin was GPS-mapped to help with recoveries during
the following breeding season, as Fiordland Penguins tend
to retain the same nest from year to year (Warham 1974).
During a short (10 days) visit in August 2018, the study plots
were checked thoroughly to retrieve the data loggers, and
all equipped birds present were recaptured (except for one
seen at the study nests, which was not approached to prevent
excessive disturbance to neighbouring birds).

Estimation of the Penguins’ at‑sea distribution
Geolocation analyses were conducted in the Solar/Satellite Geolocation for Animal Tracking (SGAT; https://rdrr.
io/github/SWotherspoon/SGAT/) environment for R. This
package relies on Markov chain Monte Carlo simulation of
movement trajectories (Sumner et al. 2009), and daily location estimates are refined using (1) a movement model, (2)
a land mask to disallow location estimates on land, and (3)
a sea-surface temperature matching procedure between the
logger’s record and altimetry data. The movement model
used an average daily speed of 0.85 m s−1 based on satellite tracking of Fiordland Penguins (Mattern et al. 2018),
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with a variance of 1. The sea-surface temperature data were
weekly means over a grid of 1 spatial degree, downloaded
from NOAA’s Optimum Interpolation Sea Surface Temperature V2 dataset (https://www.esrl.noaa.gov/psd/data/gridd
ed/data.noaa.oisst.v2.html). Wet/dry records of the logger
were used to identify periods at sea versus ashore. However,
unclear patterns of “dry” records (possibly related to the
notoriously wet nesting locations) sometimes precluded such
inferences. Consequently, the departure date for the premoult trips was determined as the first day when the distance
to the colony changed from a noisy but constant pattern to a
sustained increase. This change-point between staging and
movement phases was objectively inferred using a ‘broken
stick’ model based on optimized regression and maximum
likelihood in R (R Core Team 2017; package ‘betareg’, Cribari-Neto and Zeilis 2010), following the script provided by
Thiebot et al. (2014a). At-sea distribution inferred from the
geolocation estimates was examined during the pre-moult
and post-moult stages. It was not inspected during moult
or breeding periods because of the prolonged times spent
ashore by the Penguins during these stages, causing excessive inaccuracy of the geolocation estimates. Distribution
during the non-breeding stages was compared to that previously observed in the same population using more precise
GPS trackers throughout the breeding season (incubation,
chick guard and crèche stages; Poupart et al. 2019a).

Spatial analyses
Georeferenced contours of EEZs (version 11: 2019-11-18)
were downloaded from the Marine Regions portal: https://
www.marineregions.org/downloads.php. Previous tracking
of Fiordland Penguins indicated short-range distribution
during breeding (Mattern and Ellenberg 2017; Poupart et al.
2019a) and large movements to the southwest after breeding
(Mattern et al. 2018). Consequently, the relevant EEZs in
this study were presumably that of New-Zealand’s islands,
and of Australia’s Macquarie Island located about 1100 km
to the southwest of New Zealand.
The marine habitats exploited by Fiordland Penguins
were characterized and compared between stages. In that
aim, kernel utilization distribution was computed for each
stage to infer the general and core utilization areas (95
and 50% utilization contours, respectively), with a search
radius h = 1 spatial degree accounting for the spatial error
of geolocation estimates (Staniland et al. 2012). For each
stage, the penguin distribution was also examined respective
to adjacent oceanographic fronts, which constitute natural
boundaries between marine habitats and may be the foraging
destination of marine predators (Bost et al. 2009b). Three
fronts were of interest in this region: from north to south the
Southern Subtropical Front (STF), the Subantarctic Front
(SAF) and the Antarctic Polar Front (APF). These delimit
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the subtropical waters (north of the STF), the Subantarctic
Zone (SAZ, between the STF and the SAF), and the Polar
Frontal Zone (PFZ, between the SAF and the APF). Besides,
the sea temperature data continuously recorded by the tags
were examined respective to marine habitats for each individual. The recorded sea temperature likely reflects that of
the surface layer, since Penguins from Taumaka perform
mostly short and shallow dives (to 22 m deep) during the
breeding season, staying at the surface between dives and
at night (Poupart et al. 2019a). Last, the bathymetry at each
estimated location was computed from NOAA’s ETOPO1
global relief model (1 arc-minute resolution, https://maps.
ngdc.noaa.gov/viewers/wcs-client/).
The effect of life-cycle stage or marine area on the metrics of distribution were examined using statistical tests after
the nil hypothesis on normal distribution was examined
(through Shapiro–Wilk normality tests). When a significant
difference was measured among multiple factor levels, the
Tukey’s ‘Honest Significant Difference’ multiple comparisons of means test was used to identify which one(s) differed from others. For all tests the significance threshold was
set at p = 0.05. All analyses were performed using R 3.4.2.
Values given are mean ± standard deviation unless specified
otherwise.

Results
Five birds (one female, four males) with GLS were retrieved
during the following breeding season, providing continuous
data over ten months. Detailed examination of the recaptured
Penguins showed no leg injuries, indicating that leg-mounting of the GLS was suitable for this species.

At‑sea movements by stage
During the pre-moult stage, the birds were continuously at
sea between early December and early February. All tracked
Penguins moved toward the southwest from the Tasman Sea
into the South Pacific (Fig. 1), reaching more than 1000 km
on average (Table 1; and over 1920 km for two individuals) from the colony. Individuals all returned at or close to
the colony and moulting took nearly 25 days on average.
After moult, the Penguins ventured at sea again continuously
for 4.5 months until late July. During this post-moult trip,
they also travelled to the southwest, with two individuals
reaching distances over 2000 km from their colony. Western- and southern-most distribution coordinates (144.58° E
and 58.66° S, respectively) were both reached during postmoult; Fiordland Penguins hence temporarily entered the
South Indian Ocean (one individual west of 146.82° E), but
none entered the Southern Ocean (beyond 60° S).
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Fig. 1  Maps showing the study area (a) and geolocation estimates
of the five Fiordland Penguins tracked from Taumaka during b premoult (orange lines) and c post-moult (white lines) stages, with the
kernel utilization areas for both stages (d; lighter shades: 95% area,
and darker shade: 50% area; same colour per stage as above). The
maps also indicate the contour of EEZs (thick black lines; AUS and
NZ indicate EEZs bordering territories of Australia and New Zea-

land, respectively), oceanographic fronts (thin white dashed lines,
from north to south: the Southern Subtropical Front: STF, the Subantarctic Front: SAF, and the Antarctic Polar Front: APF), and bathymetry (-2000 m isobath depicted in light grey; shallower versus deeper
areas in lighter versus darker blue colours, respectively). The study
colony on Taumaka is indicated with a white circle

Table 1  At-sea distribution and cycle chronology metrics for the Fiordland Penguins tracked from Taumaka Island
Stage

Start date (dd/
mm ± days)

End date (dd/
mm ± days)

Duration (days)

Maximum range (km)

Bearing (°)

% outside New
Zealand’s EEZ

Breeding
Pre-moult
Moult
Post-moult

22/07 ± 3.9
09/12 ± 8.0
12/02 ± 5.5
09/03 ± 6.0

09/12 ± 8.0
12/02 ± 5.5
09/03 ± 6.0
22/07 ± 3.9

140 ± 9.8
65.2 ± 3.3
24.9 ± 0.9
134.7 ± 7.2

89 ± 9*
1551.7 ± 370.1
NA
1871.0 ± 217.1

8 ± 1.3*
237.6 ± 11.1
NA
235.1 ± 19.8

0*
46.1 ± 14.4
0
49.7 ± 10.6

Bearing to the furthest point reached is calculated in degrees (0 is North; values are clockwise). The proportion of geolocation estimates falling
outside the EEZ of New Zealand is indicated in % (*values for the incubation stage from Poupart et al. 2019a)
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There was no significant difference in the maximum range
between pre- and post-moult trips (t6.46 = 1.66, p = 0.14),
including at the individual level (paired t-test, t4 = −1.46,
p = 0.22). Similarly, the bearings to the furthest point
reached were similar in pre- versus post-moult trips (circular ANOVA with High Concentration F-test, F1 = 0.046,
p = 0.84).
The 95% kernel utilization distribution contours (Fig. 1)
indicated that the Penguins’ at-sea distribution area was
large, and increased by 1.5 times from pre-moult (1.33
106 km2) to post-moult (2.00 106 km2). Whereas the study
colony lies in waters north of the STF, during both pre- and
post-moult stages the Penguins distributed south of the STF
but mainly north of the APF, exploiting the Subantarctic and
Polar Frontal zones.

Distribution respective to the EEZs
Penguin movements from or to their breeding colony necessarily transited through New Zealand’s EEZ. However, during the pre- and post-moult trips, the Penguins also entered
the Australian EEZ around Macquarie Is. and reached the
high seas. Specifically, during pre-moult the Penguins spent
6 ± 7 days (up to 16) in the Australian EEZ and 24 ± 10 days
(up to 41) in the high seas, on average (Fig. 2), totalling more
than 46% of the time outside New Zealand waters (Table 1).
During their post-moult trip, the Penguins spent 17 ± 13 days
(up to 32) in the Australian EEZ and 51 ± 25 days (up to
86) in the high seas, on average, reaching nearly 50% of the
time outside New Zealand’s EEZ. The average proportions
of time spent inside versus outside New Zealand’s EEZ were
similar in pre- and post-moult trips (Fisher’s exact test for
count data, p = 0.34). Overall the tracked Penguins spent
102.2 days outside New Zealand waters throughout the

Fig. 2  Number of daily geolocation estimates falling within the EEZ
of New Zealand (NZ), Australia (AUS) or in areas beyond national
jurisdiction (ABNJ) for individual Fiordland Penguins during premoult (orange) and post-moult (white bars) stages. Values shown are
averages ± SD between individuals (n = 5)
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survey duration: 23.2 ± 16.5 days in the Australian EEZ and
79.0 ± 20.6 days in ABNJ, representing 28.0% of the year
spent outside New Zealand’s EEZ.

Environmental habitat use
The loggers indicated that across the breeding season, the
Penguins were distributed in waters ranging in temperature
from 11.8 °C in July to 19.6 °C in November (Fig. 3). During
the pre-moult trip, low but variable temperatures (range of
minima 2.4–9.5 °C in January) reflected the use of different
water masses among individuals. This was coherent with
bird locations observed either in the SAZ (n = 3 individuals
including both sexes) or further south in the PFZ (n = 2 male
birds) at that time. At their return in February the water was
warm near the colony (to c. 20 °C), and no sea temperature was recorded afterwards, during moult ashore. After
moult, cold waters were used again by the birds (minima:
2.2–5.5 °C reached in April or May), coherently with most
birds observed reaching the PFZ (n = 4 individuals including
both sexes) and one male remaining in the SAZ. Temperatures subsequently increased above 10 °C as the Penguins
were moving back to their colony.
After breeding, Fiordland Penguins exploited oceanic
areas characterized by deep seafloor (−3455 ± 1405 m deep;
Suppl. Figure 1); depth did not differ significantly between
pre- and post-moult stages (t694 = −1.57, p = 0.12).

Fig. 3  Sea temperature recorded by the tags attached to the Penguins
across the survey duration (October 2017–July 2018). Each line
shows the continuous records of 8-h mean values collected per tag.
Tag BH719 was attached to a female individual; the four others were
from males. Note that tags BH709 and BH720 are from two individuals whose estimated locations crossed the SAF to the PFZ during the
pre-moult trip (others remained in the SAZ); and tag BH721 is from
one individual that did not cross the SAF during the post-moult trip
(others reached the PFZ). The average chronology of the Penguins’
annual cycle is indicated in grey
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Discussion
Our study shows for the first time the movements of Fiordland Penguins throughout their non-breeding period. As
most other seabirds, Fiordland Penguins greatly expand
their foraging range outside the breeding season (e.g.,
Bost et al. 2009a; Fig. 1). During the breeding period,
these birds use relatively shallow temperate waters near
the colony (foraging range peaking at 89 km on average
during incubation, Table 1; Poupart et al. 2019a), In stark
contrast, the surveyed individuals predominantly used
oceanic habitats across the Subantarctic and Polar Frontal
zones during the non-breeding period. On an annual basis,
Fiordland Penguins are hence mostly oceanic seabirds, targeting deep basin regions (> 2000 m) during their two long
annual trips at sea. They seem to exploit or commute by
shallower habitats only for the purpose of breeding and
moulting.
Coherently with this pattern, the tracked Penguins
spent about half of their time outside New Zealand’s
EEZ during both pre- and post-moult periods, totalling
more than a quarter of the year in transboundary areas.
Although our sample sizes are low (five individuals), due
to the extremely challenging fieldwork to track individual
Fiordland Penguins from a remote island over one year,
the results are conservative. All five individuals exhibited
very long-range movements and moved from New Zealand’s EEZ into the high seas during both the pre-moult
and post-moult phases; also, most of the tracked Penguins
entered the Australian EEZ of Macquarie Island during
these phases. This relatively low inter-individual variability underpins the assumption that the destination areas
highlighted in this study are representative of the areas
exploited by the larger population; however, we acknowledge that inference drawn from these low sample sizes
deserves caution.

Seasonal at‑sea distribution of the Fiordland
Penguins
Fiordland Penguins exhibited marked differences in their
distribution and habitat use across their annual cycle, witnessed from their foraging radius and the utilized areas’
bathymetry and temperature. Notably, these surface-layer
temperatures spanned nearly 20 °C across the year, reflecting the use of subpolar waters during the longer at-sea
trips, and that of more temperate habitats for breeding and
moulting.
During the breeding period, Fiordland Penguins exhibit
small-range movements in all studied populations and
breeding stages (Mattern and Ellenberg 2017), including
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at Taumaka (25 ± 3 to 89 ± 9 km in chick-guard and incubation, respectively; Poupart et al. 2019a). As stated earlier, these small-scale trips performed during the breeding
period could not be examined individually here, because
of the typically large error associated with the light-based
geolocation technique (c. 130 km; Staniland et al. 2012,
refined approaches such as ours may be more accurate;
Rakhimberdiev et al. 2016). However, the consistently
small extent of all foraging trips previously tracked during the breeding stages (much below 200 nautical miles)
suggests that breeding Fiordland Penguins spend 100% of
their time within New Zealand’s EEZ.
Fiordland Penguins have the longest pre-moult trip duration known among penguin species (c. 70 days; Williams
1995). Coherently with this greater duration, they also
extend the movement range observed among pre-moulting
Penguins (Suppl.Table 1). In our study, the inferred start and
end dates of pre-moult trips were all within the previously
observed ranges for the species (Warham 1974; Mattern
et al. 2018). Importantly, our study highlighted the same
destination area during pre-moult (50°–55° S; 150°–155° E)
as previously revealed by Mattern et al. (2018) at a study
site located 67 km away from ours. This is remarkable and
supports the assumption that this oceanic area may be used
by Fiordland Penguins consistently across breeding localities and years. Both studies also showed a two-fold strategy of the pre-moulting birds, with individuals (both sexes)
exploiting the STF and more largely the SAZ, while others
exploited the vicinity of the SAF and entered the PFZ. It has
been shown in several penguin species that individuals may
commonly travel to such frontal areas, presumably to maximize foraging gain (e.g., Macaroni E. chrysolophus, Royal
E. schlegeli and King Aptenodytes patagonicus Penguins:
Bost et al 2009b; Eastern Rockhopper Penguin: Whitehead
et al. 2016). Yet so far, crested Penguins were known to
target a narrow span of isotherms during pre-moult (e.g.,
the 3 and 4 °C surface isotherms in Macaroni and Eastern
Rockhopper Penguins, Thiebot et al. 2014b; Whitehead et al.
2016). Here, pre-moulting Fiordland Penguins exploited two
different water masses spanning isotherms 2–10 °C. This
utilized range of low temperatures coherently leads the birds
to distribute widely outside New Zealand’s EEZ.
During moult, Penguins remain out of the water, ashore or
on ice (Williams 1995). Previous studies and ours show that
Fiordland Penguins do not moult anywhere else than on the
south-western shores of New Zealand and its nearby islands
(Warham 1974; Mattern et al. 2018), yet, not necessarily at
their breeding locality (Mattern et al. 2018).
The post-moult distribution shown in this study is the
first known for the species. Contrary to pre-moult, the postmoult phase is remarkably short in Fiordland versus other
Penguins (4.5 months), accommodating an early breeding
start to feed on a peak of locally available food (Poupart
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et al. 2019a). Nevertheless, larger-scale movements than
in many other penguin species and populations were still
observed in this comparatively short time (Suppl. Table 2).
Only Northern Rockhopper Penguins E. moseleyi seem to
share such a short post-moult period with Fiordland Penguins (< 135 days on average; Thiebot et al. 2012), with a
nonetheless large range reached per day at sea (> 13 km/
days). Post-moulting Fiordland Penguins moved to broadly
similar destinations than during pre-moult. They used a typically oceanic habitat during this stage, with again a two-fold
strategy observed among individuals (staying north of the
SAF or reaching the PFZ to the south). Such a dual strategy
respective to the SAF was previously highlighted in wintering Eastern Rockhopper Penguins (Thiebot et al. 2012),
and in both cases it did not seem related to sex. Preliminary
results from light-based geolocation on two other species
of crested Penguins at New Zealand’s subantarctic islands
(Thompson 2016) suggest that after moult, populations are
spatially structured at sea. Eastern Rockhopper Penguins
from Campbell Is. (52.5° S; 169.2° E) seemed to reach comparable latitudinal ranges as Fiordland Penguins but southeastward; whereas Snares Penguins E. robustus from Snares
Is. (48.0° S; 166.6° E) moved westward but more northerly
than Fiordland Penguins, close to the STF. These patterns
support that frontal zones may be key foraging habitats for
migrating crested Penguins (Bost et al. 2009a; Thiebot et al.
2011, 2012). In Fiordland Penguins, the larger 95% kernel
utilization contour in post-moult versus pre-moult suggests
more inter-individual scattering. Although this might be an
artefact due to our low sample sizes, it is nevertheless likely
that Penguins may spatially spread out more while foraging
for a longer time at sea (potentially as a result from local
prey depletion; e.g., Birt et al. 1987), compared to the twice
shorter pre-moult trip. Such wide distribution across distant
oceanic habitats near the SAF was coherent with the Fiordland Penguins’ marked exodus from New Zealand’s EEZ
during post-moult.

Transboundary movements of “endemic” marine
predators and implications for conservation
Apart from Fiordland Penguins, several species of marine
predators breeding exclusively in localized areas may
seasonally move outside the bordering EEZ. For example, Amsterdam Albatrosses Diomedea amsterdamensis,
endemic to Amsterdam Is. in the Indian Ocean, visit eight
different EEZs across their wide-ranging migrations and
spend a large fraction of their time at sea outside any of
these EEZs (Thiebot et al. 2014c; Heerah et al. 2019). In
New Zealand, endemic Antipodean D. gibsoni and Southern Buller’s Thalassarche bulleri bulleri Albatrosses
exploit vast areas in the Tasman Sea and beyond during
the breeding period, overlapping with the non-breeding
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distribution of Fiordland Penguins (Walker and Elliott 2006; Poupart et al. 2019b). Also Snares Penguins,
endemic to Snares Is., seem to markedly use the high seas
after moult (Thompson 2016). Such cases of migrations
support that a notable portion of many marine predators’
life is spent in the 64% of the world’s oceans lying outside
national jurisdiction (Harrison et al. 2018), even in species
traditionally considered as “local endemics”.
Commercial fisheries of the South Pacific high seas
form together with shipping, the bulk of the comparatively
low human activity in this region (Kroodsma et al. 2018;
Mattern et al. 2018). Whereas the management of fishingand nonfishing-related threats to biodiversity conservation
is the full responsibility of each nation within their EEZ,
nations also share responsibility beyond their EEZ through
the regulations enforced on their high sea fleets in the
Regional Fisheries Management Organizations (RFMOs).
The habitats exploited in the high seas by Fiordland (Mattern et al. 2018; this study), Snares and Eastern Rockhopper Penguins (Thompson 2016), and Buller’s and Antipodean Albatrosses (Walker and Elliott 2006; Poupart et al.
2019b), predominantly lie within the area managed by the
South Pacific RFMO. This RFMO is indeed responsible
for international management of non-highly migratory
fisheries and protection of biodiversity in the high seas of
the South Pacific Ocean, since 2009 (https://www.sprfm
o.int/). The fishing methods currently employed include
purse seining, pelagic trawling, jigging, bottom trawling
and bottom longlining. Benthic and demersal activities
(targeting mostly orange roughy Hoplostethus atlanticus,
oreos Allocyttus niger, Neocyttus rhomboidalis, Pseudocyttus maculatus, alfonsino Beryx decadactylus and bluenose Hyperoglyphe antarctica) are restricted to a seafloor
depth of about 1500 m and may, therefore, represent a
threat to non-breeding Fiordland Penguins only during
commuting from/to land. Pelagic fishing, however, is less
restricted by bathymetry. Fiordland Penguins have been
identified among species bycaught in gillnet fisheries
around New Zealand (Crawford et al. 2017), and although
the threat from gillnet fishing technique is alleviated in the
oceanic areas they use, their susceptibility to bycatch in
fisheries of the high seas is currently unknown. Hence, further observer coverage is needed onboard fleets operating
benthic, demersal and pelagic fishing in the South Pacific
RFMO, to assess bycatch susceptibility of this species and
others on their oceanic foraging grounds (Crawford et al.
2017). Pelagic fishing effort, albeit comparatively low in
this area and during winter (Walker and Elliott 2006; https
://globalfishingwatch.org/map/), may in reality be higher
than officially reported in the high seas (Weimerskirch
et al. 2020) and thus represent a more serious threat to
marine wildlife than anticipated. In addition to direct
impact, pelagic fisheries in the South Pacific RFMO may
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also result in resource competition with Fiordland Penguins, where management of these fisheries is insufficient.
Consequently, the South Pacific RFMO area provides little tangible protection to the migrating Fiordland Penguins.
In contrast, migrating Fiordland Penguins entered two areas
of special protection, outside New Zealand’s EEZ: (1) Macquarie Island Commonwealth Marine Reserve; and (2) the
area of application of the Convention on the Conservation
of Antarctic Marine Living Resources (CCAMLR). The first
one, restricted to the southeast quarter of Macquarie Is.’s
EEZ, consists of a Sanctuary Zone (criterion IUCN Ia) and
two Habitat Protection Zones (IUCN IV) prolonging from
the islands, for a total area of about 162,000 km2 (Parks Australia 2020; https://www.mpatlas.org/mpa/sites/7705150/).
The Sanctuary Zone provides the highest level of protection
for marine vertebrates, as it is managed to minimise disturbance from human activities, with only scientific research
and commercial shipping being allowed. Only during postmoult, two Fiordland Penguins seemed to have commuted
through the south-eastern part of Macquarie Is.’s EEZ, and
thus may have temporarily entered this protected area. This
marine reserve may hence provide some additional protection to migrating Fiordland Penguins. Second, the circumpolar CCAMLR area provides fishing practice regulations for
the sustainable use of resources, following a precautionary
approach guided by ecosystem-based management models
(Constable et al. 2000). Importantly, the Convention has
been instrumental in addressing the issue of seabird bycatch
in longline fisheries operating in the region, and to abate the
numbers of bycaught predators, although absolute numbers
are still substantial among a range of species (Anderson
et al. 2011) and include Penguins (Crawford et al. 2017).
In our survey, only one post-moulting individual seemed
to have briefly entered the area south of 55° S and west of
150° E (CCAMLR area 58, division 58.4.1).
Finally, shipping and marine pollution are listed as potential threats at sea to Fiordland Penguins (Trathan et al. 2015;
Mattern and Wilson 2019). Accordingly, if the levels of shipping are to increase across its nonbreeding range (as a result
of e.g., international trading, deep-sea mining, industrial
fishing in the Southern Ocean), one further at-sea protection
tool that could be considered is an ‘Area To Be Avoided’
for shipping (ATBA) along the Penguins’ migration corridors. Implementation of ATBAs is under the authority of
the International Maritime Organization, and may aim at
maritime safety, as well as to protect landscape or wildlife
of exceptional conservation or cultural significance (Huntington et al. 2019). Considering the use of the high seas
in the studied region by several endemic species of both
high conservation and cultural value to the peoples of New
Zealand, such an option could be advocated in the future.
Studies show that wintering seabirds may indeed experience
significant energy loss simply from boat-related disturbance
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(Dehnhard et al. 2020), and although this effect is sub-lethal,
it may gradually alter food provisioning and body condition,
in turn affecting breeding readiness in Penguins and hence
population dynamics (Crawford et al. 2008).

Concluding remarks
The Fiordland penguin/Tawaki is an endemic species to New
Zealand (BirdLife International 2020a, b). However, our
results highlight two wide-ranging, transboundary migrations undertaken annually by the Penguins. Although the
identifiable threats at sea and their severity may currently
be low in the studied case mirroring an oceanic respite during nonbreeding, our results also raise new questions on
the at-sea ecology and adequate conservation strategy for
this Vulnerable species. The high seas offer little tangible
protection indeed to migratory populations, supporting that
only a remarkably low fraction of migratory species receive
adequate protection across their entire ranges (Runge et al.
2015; Harrison et al. 2018). Consequently, the aim to preserve Fiordland Penguins can be achieved only through
international agreements on marine biodiversity spanning
the EEZs of New Zealand and Australia, and the areas
beyond national jurisdiction in the Tasman Sea and South
Pacific Ocean. In this context, migratory species management appears to be a complex marine policy process, even
in the case of an endemic species. Knowledge of speciesspecific movement ecology, including dispersal ability and
seasonal variations in home-ranges revealed in our study, are
thus crucial to help assess and develop pertinent strategies
and actions for the management of mobile species (Barton
et al. 2015), in the aim to help curbing the loss of marine
megafauna in the world oceans (McCauley et al. 2015).
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