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Abstract

We present the first study to examine the year-round distribution, activity patterns, and habi-
tat use of one of New Zealand’s most common seabirds, the fluttering shearwater (Puffinus
gavia). Seven adults from Burgess Island, in the Hauraki Gulf, and one individual from Long
Island, in the Marlborough Sounds, were successfully tracked with combined light-saltwater
immersion loggers for one to three years. Our tracking data confirms that fluttering shearwa-
ters employ different overwintering dispersal strategies, where three out of eight individuals,
for at least one of the three years when they were being tracked, crossed the Tasman Sea
to forage over coastal waters along eastern Tasmania and southeastern Australia. Resident
birds stayed confined to waters of northern and central New Zealand year-round. Although
birds frequently foraged over pelagic shelf waters, the majority of tracking locations were
found over shallow waters close to the coast. All birds foraged predominantly in daylight and
frequently visited the colony at night throughout the year. We found no significant inter-sea-
sonal differences in the activity patterns, or between migratory and resident individuals.
Although further studies of inter-colony variation in different age groups will be necessary,
this study presents novel insights into year-round distribution, activity patterns and habitat
use of the fluttering shearwater, which provide valuable baseline information for conserva-
tion as well as for further ecological studies.

Background

Procellariform seabirds are known to undertake long migrations to exploit seasonally favour-
able feeding areas far from their breeding grounds [1, 2, 3]. These migrations are often crucial
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for recovering body condition and for replacement of flight and body feathers prior to the next
breeding season [4]. Foraging success in non-breeding areas may, consequently, have carry-
over effects on breeding phenology and reproductive success in migratory birds [5, 6, 7]. For
instance, Bogdanova and colleagues [8] linked breeding success or breeding failure of black-
legged kittiwakes (Rissa tridactyla) with contrasting geographical distributions in the non-
breeding season. Studying the year-round distribution and foraging behaviour of seabirds is,
for this reason, fundamental for understanding how events at sea may impact individual fitness
and population dynamics [9, 10]. Understanding more about the ecological links of seabird
spatial behaviour is further of particular importance given that the rapid decline of many sea-
bird populations can result from factors such as reduced prey abundance, changed oceano-
graphic conditions and fisheries interactions at sea, far away from the breeding grounds [11,
12, 13].

Although developments of miniaturised tracking technology have provided new insights
into the foraging strategies and at-sea distribution of many seabird species [2, 14, 15, 16, 17],
some seemingly common species remain poorly studied. This is partly because the introduc-
tion of light-weight instrumentation only recently has allowed tracking of smaller species, such
as Puffinus-shearwaters [15]. One example is the fluttering shearwater (Puffinus gavia), a
medium-sized (~330 g) burrow nesting Procellariform endemic to northern and central New
Zealand [18, 19]. Because of its small size and limited distribution, no detailed study of the for-
aging ecology has been carried out on this species prior to this study.

Fluttering shearwaters are abundant in New Zealand coastal waters year-round with large
flocks, sometimes numbering thousands of birds, and a common sight in Auckland’s Hauraki
Gulf the austral winter months [19]. The species is known to forage over shallow coastal
waters, making them vulnerable to coastal fisheries and water pollution from terrestrial
sources, which is why understanding the behaviour and at-sea distribution of this species is
crucial for an effective conservation management. The diet of fluttering shearwaters has not
yet been studied, but flocks are often seen foraging on “bait balls” of schooling forage fish and
Euphausiids that are forced to surface waters by marine mammals and large predatory fish
(Authors’ pers. obs.). Total population size of fluttering shearwaters has been estimated as
100,000+ breeding pairs [20]. However, the actual population size may be much lower than
this estimate and requires further study [19, 21]. At-sea sightings along the coast of southeast-
ern Australia indicate that fluttering shearwaters migrate over the Tasman Sea during the non-
breeding season. However, in the absence of tracking data, these migrations have remained
poorly understood.

In this study, we used miniaturised geolocation-immersion loggers (also termed Geoloca-
tors, Global Location Sensors or GLS-loggers) in combination with bathymetry data to exam-
ine the seasonal movements and activity patterns of fluttering shearwaters breeding on
Burgess Island and Long Island in northern and central New Zealand, respectively. This new
information is not only relevant in the context of conservation management, and especially in
relation to gillnet fisheries, but will likely also motivate further ecological studies of several
aspects of the life history of this poorly studied seabird species.

Methods
Ethics

The attachment of GLS tags to fluttering shearwaters was covered under a Department of Con-
servation Wildlife Act Authority number: 38016-FAU and Animal Ethics Committee approval
No. 218 issued by the Animal Ethics Committee for tracking of oceanic seabirds project, issued
October 2010. Fieldwork on Long Island was conducted on Department of Conservation land
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and all permissions for work on Long Island were from the Department of Conservation and
their Animal Ethics committee.

Fieldwork and logger attachments

Loggers were attached and retrieved at breeding colonies on Burgess Island (35°54’S, 175°
06’E) and on Long Island (41°07’S, 174°06’E; Fig 1) in New Zealand during the early incuba-
tion period in the austral spring in September 2011, 2012, 2013 and 2015. Incubating adult
fluttering shearwaters were captured in their burrows by hand and placed in cotton bags for
weighing and further handling. Geolocation-immersion loggers model Mk15 (2.4 g) and
Mk18 (2.0 g) (hereafter referred to as “loggers”) produced by the British Antarctic Survey,
Cambridge, were attached to 16 birds on Burgess Island and 1 bird on Long Island. Loggers
were attached to a Darvic leg band using two small ultraviolet-resistant cable ties following
established protocols [22]. The combined deployment weighed <1% of the body mass of the
smallest study bird (298 g) and was thus well under the threshold of 3%, above which deleteri-
ous effects are more likely to occur [23]. The loggers were retrieved across three years (2012-
2015) on Burgess Island, and in 2013 on Long Island. Darvic leg bands were removed at recap-
ture, and the birds’ legs were examined for any signs of damage. Birds were sexed using a uni-
versal method for molecular sexing of non-ratite birds [24].

Analysis of movement patterns

Light-level data was analysed in BASTrack software to provide approximate positions twice
daily corresponding to local noon and midnight with a mean error and standard deviation of
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Fig 1. 50% (solid line) and 95% (dashed line) kernel distribution of eight individually coloured fluttering
shearwaters tracked with geolocators from Burgess Island (n = 7; green triangle) and Long Island (n = 1; red
triangle) throughout one to three annual cycles (2011-2014). The individual breeding on Long Island is represented
by pink lines. Depth contours at 200 m and 1000 m to visualise shelf slopes and seamounts. The map was created in
ArcGIS 10.5 and the bathymetry layers produced according to metadata as in Whiteway, 2009 [59], and Mitchell et al.
2012 [60].

https://doi.org/10.1371/journal.pone.0219986.9001
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the mean of around 186 + 114 km [25]. A standard light threshold of 10 light units was used to
identify day/night transitions. Dark periods less than 6 hours were filtered out to reduce the
effects of burrow attendance and ambient light. Loggers were ground-truthed at the colonies
and the data was analysed with a sun elevation angle of -3.5°. The sun elevation angle (angle
below horizon) was set by ground truthing and comparing derived latitudes with known visits
to the colony by each bird.

We inspected the integrity of each light curve with the TransEdit application (British Ant-
arctic Survey). Longitude was derived from the time of local midday with respect to Greenwich
Mean Time, and latitude was derived from day length. To filter unrealistic position estimates,
we removed positions which; (1) obtained light curves showing interference at dawn and dusk,
(2) were within 20 days on either side of spring and autumnal equinoxes, and (3) were sepa-
rated from sequential locations requiring an unrealistically high flight speeds (i.e. > 2000 km
in 24 hrs) [15]. To reduce the influence of outliers caused by the average positional error, all
locations were smoothed using a three-position moving average based on spherical trigonome-
try, i.e. after converting to 3D Cartesian (x,y,z) coordinates [26]. In accordance with previous
studies [15], patterns of core and general at-sea distribution were examined for each individual
with 50% and 95% kernel density contours. Kernel densities were calculated and analysed by
applying the kernelUD function in the adehabitatHR package in R3.5.3 [27, 28] and incorpo-
rated into the Geographic Information System (ArcGIS 10.4). We used least square cross vali-
dation (LSCV) to estimate the smoothing parameter. The core foraging area within the kernel
density output was calculated in ArcGIS 10.4.

While inland trips are extremely unlikely, locations inland have not been removed since
this procedure would have a biasing effect on overall distribution centres [15]. We also esti-
mated four phenological and spatial parameters for every complete migration cycle: (1) Arrival
date, (2) duration of time spent in breeding areas, (3) departure date, and (4) duration of time
spent in non-breeding areas. Departure and arrival times were considered to be the last and
first day when the bird’s location inside the breeding or non-breeding 50% kernel calculated
individually for each bird. Distance travelled from breeding colonies was calculated with the
Haversine Formula [29] by calculating the great-circle distance in kilometres between Burgess
Island and Long Island respectively, and the daily positions of each bird. Analysis of bathyme-
try was done with the R-package Marmap [30], where each foraging location was plotted
against bathymetric and topographic values in meters.

Analysis of activity patterns

Activity data were recorded every 3 sec and provided an immersion value (from here denoted
€) of 0 (100% dry) to 200 (100% wet) corresponding to the sum of positive readings during 10
min intervals. We identified three types of behaviour from the salt-water immersion data: (1)
time flying or at the colony: the sum of all 10-minute intervals with € < 3 (mostly dry). The
upper level of this threshold is set to account for occasional splashes where the bird only briefly
touches the water [22]. (2) Sitting on the sea surface: the sum of all 10-minute intervals with

€ > 195 (mostly wet). The lower threshold is set to account for incidental behaviours, includ-
ing stretching and scratching, which can trigger intermittent dry readings when the bird, in
fact, was resting on the water surface. (3) Probable foraging: the sum of all 10 minute blocks
with 3 < & < 195 (intermediate). Prey is taken by pursuit diving into the water with partly
folded wings or is seized from the surface while moving forward on the water surface with the
head under water and wings raised (Authors’ pers. obs.). Seizing prey from the surface may
also be recorded as intermittent wet-dry, as the activity repeatedly involves splashing and short
flight bouts (Authors’ pers. obs.). Intermittent wet-dry 10-minute readings likely also include
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non-foraging behaviours such as preening, intense scratching, stretching, and conspecific
interaction, but at least reflect periods of active movements and increased energy expenditure
[31, 32]. Since immersion data was assessed over 10 min intervals, we removed probable forag-
ing (from now referred to as “foraging”) readings that occurred during only one 10 min period
between floating and flying/at the colony (or vice versa). These episodic readings probably
indicated that the bird went from flying to landing (or vice versa) during the transitional
period and was not foraging. Note that most other studies apply the number of “flight bouts”
defined as the number of isolated dry intervals as a proxy for foraging activity instead of the
threshold method applied in this study [33, 34, 35]. Here we apply the threshold method
because the combination of our activity data and our observations at sea indicate that fluttering
shearwaters, in contrast to many other Procellariiformes such as albatrosses and gadfly petrels,
do not adopt a “fly-and-forage” strategy, and the number of feeding events is therefore not
clearly correlated with the number of flight bouts.

The proportion of each behaviour was grouped into “day” and “night”, where the day was
defined as the start of civil twilight in the morning to end of civil twilight in the evening
(sun < 6° below the horizon [36]. To compare monthly differences in foraging behaviour we
compared the number of minutes per day spent floating, flying/at the colony, and foraging per
day and night in proportion to the total number of daily daylight and darkness 10 minutes
blocks. To examine daily differences over a 24-hour period we grouped each behavioural cate-
gory into the total number of minutes per hour in proportion to the total number of days dur-
ing the investigated period, and applied the local sunrise and sunset to define day and night.
We also identified days spent in the burrow by the occurrence of complete daytime darkness
in the logger traces, while >4h sustained night-time dryness allowed for the identification of
burrow visits during the night.

Statistical analysis

All data was analysed in R3.2.1 [28] involving the packages dplyr, Rmisc, lattice, and ggplot2
[37, 38, 39, 40]. Distributional normality was tested by plotting the data, applying a qqline, as
well as applying Shapiro-Wilk’s normality tests. We used paired t-tests to compare the overall
differences in time spent foraging, resting, and flying between daylight hours and darkness.
We also used a One-way ANOVA to test if all tracked fluttering shearwaters spent more time
foraging during daylight hours or in darkness. A student s t-test was used to compare location
bathymetry between migratory and resident birds and daily flight distance between migratory
and resident birds. A paired t-test was also used to compare birds with and without loggers to
make sure the devices had no negative effect on the weight of the birds. All results are pre-
sented as the standard deviation of mean (S.D.). P-values <0.05 were considered significant.

Results

Data retrieval and impacts

Out of 17 deployments in 2011, 2012, 2013 and 2015, 13 adult birds with loggers (76%) were
retrieved on Burgess Island, and one logger (100%) on Long Island from one to three seasons
after devices were attached. The single logger deployed on Long Island was recovered in Sep-
tember 2012. Of these 14 loggers, six loggers failed to download data resulting in eight com-
plete datasets from two females, four males and two birds where the sex remained unknown.
One bird was tracked for three consecutive years, one bird for two consecutive years, and six
birds were tracked for one year each. A total of 6099 data locations were obtained, of which an
average of 19 + 8% was excluded, as they did not generate realistic positions (see Material and
methods), leaving 4969 locations for analyses. Birds with loggers did not differ significantly in
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Fig 2. Great circle distance of eight adult geolocator-tracked fluttering shearwaters from their breeding colonies
during the year 2011-2015. Incub. = incubation, chick. = Chick-rearing. Dashed line at 186 km indicates accuracy of
geolocators.

https://doi.org/10.1371/journal.pone.0219986.g002

mass prior to and following logger deployments (ts = 0.44, p = 0.67), indicating that the devices
did not have a negative impact on the birds.

At-sea distribution and migration

We generated kernel density maps for seven birds tracked from Burgess Island and one bird
tracked from Long Island over 2790 days (median: 350 days, range 350-657 days) (Fig 1). Five
(two females, two males, and one bird of unknown sex) out of eight tracked birds stayed close
to their breeding colony year-round (average distance to colony 276 + 225 km) (Fig 2). All
tracked individuals frequently visited their colony at night throughout the year (Fig 3). The
Hauraki Gulf was within the 50% core range year-round for birds breeding on Burgess Island
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Fig 3. Individual phenology of daytime and nighttime traces represented for eight fluttering shearwaters Puffinus
gavia breeding on Burgess Island and Long Island labelled with ring number. The largest proportion of each trace
(dark blue) represents time spent foraging around New Zealand. Pale blue represents time spent foraging along the
coast of E Australia. Active migration over the Tasmanian Sea is represented by yellow. Dark bars represent time spent
on land at the breeding colony (>4 hrs/day or night).

https://doi.org/10.1371/journal.pone.0219986.g003

PLOS ONE | https://doi.org/10.1371/journal.pone.0219986  August 6, 2019 6/15


https://doi.org/10.1371/journal.pone.0219986.g002
https://doi.org/10.1371/journal.pone.0219986.g003
https://doi.org/10.1371/journal.pone.0219986

@ PLOS|ONE

Foraging ecology of the fluttering shearwater

and the Marlborough Sounds was within 50% core range year-round for the bird breeding on
Long Island. The fifty percent core range increased almost four-fold during the non-breeding
season for resident birds increasing from 98,908 km” during chick rearing in November-
December to 369,968 km” in April-May and 386,304 km” in July-August.

Of the seven birds breeding on Burgess Island, three birds (one female, one male and one
bird of unknown sex) conducted a non-breeding migration to the coast of eastern Tasmania
and Australia, while four individuals remained close to the breeding areas year-round, indicat-
ing two different winter migration strategies. The bird breeding on Long Island remained con-
fined to New Zealand waters year-round.

Migratory individuals showed a lack of synchrony on departure from breeding grounds leav-
ing on 14 April, 1 July and 2 July, and they returned on 12 August, 14 September and 22 August,
respectively (Figs 2 and 3). The bird that arrived in Australia in mid-April foraged in coastal
waters around eastern Tasmania and Bass Strait before shifting its distribution northwards
along coastal waters of New South Wales before reaching southern Queensland in late July to
early August where it stayed confined to waters around Fraser Island until its departure back to
New Zealand. The two other birds arriving in Australia in July were foraging almost entirely in
coastal waters along northern New South Wales and southern Queensland close to Fraser
Island. The bird that migrated back to New Zealand in mid-September did not breed this fol-
lowing season. These birds spent 115, 86 and 46 days along the Australian coast, while the
migration over the Tasman Sea was rapid and with no stopovers, lasting 2-3 days (Figs 2 and 3).

We found that resident birds travelled on average 289 km/day and migratory birds as much
as 492 km/day, the latter being influenced by the crossing of the Tasman Sea. Because of the
inherent error associated with light-logging (186 + 114 km [25]), we suggest future studies to
use GPS loggers in order to get more reliable data.

Habitat utilization

We found that 29.6% of geolocator positions were recorded over land and 35.6% over waters
shallower than 1000 meters (Fig 4). Although the spatial accuracy for geolocator data is low
(186 + 114 km [25], and inland trips are highly unlikely this result indicates that fluttering
shearwaters forage very close to land over shallow waters, but occasionally also over pelagic
shelf waters around 2000 meter in depth (Fig 4). Average foraging depth was 946 m where
migrating birds tend to forage over significantly deeper waters (average 1157 m) than resident
birds (738 m; t-test: ty940 = 10.416, p<0.00; Fig 4).

Activity patterns

We found that fluttering shearwaters frequently visited the colonies at night throughout the year
(Fig 3). Three birds, which undertook migrations to Australia, stopped visiting their burrows
between one and three months before crossing the Tasman Sea. Night-time visits commenced
immediately following pre-breeding migration arrival to the Hauraki Gulf in August (Fig 3).
Fluttering shearwaters spent a significantly greater proportion of time foraging during daylight
hours (61 + 8%) than in darkness (13.7 + 5%) (F(; 47) = 5.479; p = 0.0235). We found no signifi-
cant difference in foraging behaviour between migrating and resident birds (Fig 5, Table 1).

Discussion
At-sea distribution

Five of our eight tracked fluttering shearwaters remained remarkably restricted to inshore
waters close to the breeding colonies on Burgess Island and Long Island year-round. These
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findings are supported by at-sea sightings of this species along the coast of north eastern New
Zealand and the Cook Strait [41]. The fluttering shearwater is one of only a few mainly non-
migratory Puffinus species [42]. The oceanic features of the Hauraki Gulf region and the Cook
Strait are influenced by a high primary production enhanced by nearshore upwelling [43], and
it is possible that the outstanding oceanographic features in these areas allow the fluttering
shearwaters to successfully forage in New Zealand waters year-round. Why fluttering shearwa-
ters stay confined to these waters year-round remains to be investigated. A potential explana-
tion indicated by our tracking and bathymetry data (Figs 1 and 4) as well as by at-sea

observations is that the fluttering shearwater, in contrast to most other Procellariforms species,
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Fig 5. Mean monthly activity metrics during daylight (dotted lines) and nighttime (solid lines) for seven fluttering
shearwaters tracked with geolocator immersion loggers from Burgess Island. Open squares represent three birds
that migrated to the coast of eastern Australia and closed triangles presents four birds that stayed confined in New
Zealand waters year-round.

https://doi.org/10.1371/journal.pone.0219986.g005
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Table 1. Activity patterns in % of daylight hours (day) and dark hours (night) (observed mean + SD). Test statistics (tqr and p-values) given for resident (n = 5) and
migrating (n = 3) individuals in April, July and December, respectively.

Flying or on land Foraging Time spent on sea surface

Day Night Day Night Day Night
April
Resident 10.93 +2.94 10.85 + 8.28 67.70 £ 5.93 12.79 + 3.14 22.37 £ 4.08 75.23 £ 8.59
Migrant 11.22 + 3.48 3.13+3.36 68.92 + 6.37 13.15 + 5.09 19.78 + 6.08 83.65+8.18
tia 0.043 0.017 1.22 0.124 0.302 0.424
p 0.846 0.903 0.332 0.741 0.612 0.550
July
Resident 11.80 + 4.47 35.28 + 14.27 65.90 * 3.69 14.56 + 6.26 27.12 + 8.48 49.45 + 16.46
Migrant 10.08 + 5.00 18.23 + 24.56 63.31 £4.95 15.08 + 5.88 26.26 + 6.75 59.56 + 21.63
tya 0.418 0.758 0.494 0.67 0.981 0.67
p 0.553 0.304 0.521 0.459 0.378 0.459
December
Resident 14.32 + 8.53 40.34 + 18.32 61.54 + 543 11.46 + 4.95 29.55+7.93 51.83 +18.69
Migrant 11.80 + 5.64 46.40 + 22.73 59.42 +11.55 16.75 + 1.49 28.55 +13.98 36.56 + 22.54
tia 1.476 2.757 1.332 0.024 1.08 2.101
p 0.291 0.189 0.349 0.884 0.357 0.221

https://doi.org/10.1371/journal.pone.0219986.t001

forages over a wide range of habitats from inshore waters close to and within harbours and
river mouths to pelagic waters far from land ([15, 22, 42], Authors’ pers. obs.). Possibly this
“plastic” foraging behaviour allows this species to access a variable, but predictable, food sup-
ply year-round and subsequently is able to adapt to seasonal variations [44]. Further studies on
seasonal variations in fluttering shearwater diet and trophic niche are required to investigate
this hypothesis.

Migration strategies

Three of the seven individuals breeding on Burgess Island migrated over the Tasman Sea to
forage along the coast of eastern Australia (Fig 1). The movements of fluttering shearwaters
along the coast of Australia are not well understood, perhaps partly due to their similarity with
the closely related Hutton’s shearwater (Puffinus huttoni) that also breeds in New Zealand and
migrates to Australian waters during the non-breeding season ([41, 45], Haas pers. comm.).

The single fluttering shearwater that was tracked for three years between 2012 and 2015
only migrated in 2012, the other two birds migrated in 2014, suggesting that this is a year
dependent effect, rather than a genetic trait, or a movement pattern related to the sex of the
bird (e.g. [32]). We found no significant difference in the foraging intensity between migratory
and resident individuals, which, in this study, contradicts the hypothesis that migration strate-
gies are related to foraging success and individual fitness [46]. Another possible hypothesis is
that the migration strategies of fluttering shearwaters are linked to the breeding success during
the previous season. Catry et al. [47] found that failed breeders of Cory’s shearwaters (Calonec-
tris diomedea) were more likely to remain in local waters year-round, while all successful
breeders migrated to the South Atlantic during the non-breeding season. It remains to be
investigated if the migration strategies of the fluttering shearwater correspond to its breeding
success in the previous year.

We found birds departed from New Zealand waters on 14 April, 1 July and 2 July, and
returned on 12 August, 14 September and 22 August, respectively. We were able to character-
ise the timing of these migrations quite precisely because it involved direct longitudinal
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movements, bypassing the usual latitudinal inaccuracy due to equinoxes [25, 48]. At-sea sight-
ings support that numbers of fluttering shearwaters build up in northern New South Wales
and southern Queensland in August and September [41], which is surprisingly late because
egg-laying peaks around mid-September for fluttering shearwaters breeding in northern New
Zealand [18].

This suggests that a significant proportion of the fluttering shearwaters foraging along the
coast of Australia during late winter and early spring are juvenile, immature or adult birds tak-
ing a sabbatical year from breeding activities. These hypotheses are supported both by ring
recoveries of juvenile birds found along the Australian coast [45], and by our data showing
that adult fluttering shearwaters departing from Australia to New Zealand in mid-September
probably refrained from breeding that year (Fig 3). It is possible, however, that some of the
reported sightings of fluttering shearwaters at sea involve the similar looking Hutton’s
shearwater.

Foraging movements in relation to prey

Fluttering shearwaters frequently forage in association with fish shoals together with other sea-
birds, such as Australasian gannets (Morus serrator), fairy prions (Pachyptila turtur) and Bul-
ler’s shearwaters (Ardenna bulleri) (Authors’ pers. obs.). The diet of fluttering shearwaters is
poorly studied, but likely consists of small pelagic planktivorous fish, such as pilchard (Sar-
dinia neopilchardus), sprat (Clupea antipodum) and anchovy (Engraulis australis), as well as
euphausid shrimp caught in inshore waters during daylight hours (Authors’ pers. obs.). Pil-
chard and anchovy spawn in the Hauraki Gulf and the Marlborough Sounds in New Zealand
in mid to late spring in water temperatures of 16°C to 19°C [49, 50] and coincides with flutter-
ing shearwaters’ chick-rearing in November-December [18]. Spawning runs of pilchards along
the Australian south coast, Tasmania and the Bass Strait occurs from mid-spring in October to
late-spring in November [49, 50], and along the coast of Southern Queensland in winter and
early spring [51]. Spawning biomass of pilchard is largest along northern New South Wales
and southern Queensland in August and September [51, 52], which coincides with period
when the numbers of fluttering shearwaters are building up along the eastern coast of Australia
[52, 53, 54]. These observations support the theory that pilchards are an important food supply
and that spawning runs of pilchards influence fluttering shearwaters’ at-sea distribution and
migration phenology.

Implications for conservation management

We found fluttering shearwaters to forage over shallow waters close to the coast (Fig 4). These
areas are also intensively used by fisheries [54], which make the fluttering shearwater vulnera-
ble to fisheries interactions and water pollution. More than 166 birds were reported caught in
a single gillnet at Whangaparaoa Peninsula in the Hauraki Gulf in May 2009, and bycatch inci-
dents continue to remain underreported [55, 56, 57]. Oil spills may also have a profound
impact on fluttering shearwaters [56], and at least 240 individuals were killed by the oil spill
from the stranded container ship Rena in the Bay of Plenty north of the Hauraki Gulf in north-
eastern New Zealand [55, 57]. Further studies based on finer-scale data are required to fully
understand the spatial overlap between birds’ inshore foraging distribution and the use of
gillnets.

The interaction between small pelagic planktivorous fish and seabirds remains poorly
understood in New Zealand waters. Although pilchard fisheries have increased considerably
since 1991, especially along the southern coast Australia, the fisheries at present have likely
had a negligible impact on marine top predators, such as pelagic seabirds [58]. It will, however,
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be critical to ensure that future development in fisheries management remains ecologically
sustainable for pelagic seabirds in this region [19], including fluttering shearwaters.

Conclusions

The present study shows that fluttering shearwaters forage in coastal and productive waters of
New Zealand year-round and frequently visit their breeding colonies throughout the year. All
tracked birds predominately foraged during daylight hours over different habitats from oce-
anic waters beyond the continental shelf to shallow waters close to the shore. Three out of
eight tracked individuals crossed the Tasman Sea to forage along the coast of eastern Tasma-
nian and Australia during the non-breeding season. These movements overlapped spatially
and temporally with the spawning runs of pilchard. Threats at sea remain poorly understood
and require further study, but the species is likely vulnerable to gillnet fisheries in inshore
waters. Although additional studies of inter-colony variation in different life stages will be
important to fully understand the migration strategies and life history of fluttering shearwa-
ters, our study is the first to characterise the year-round foraging behaviour and at-sea distri-
bution of one of New Zealand’s least studied bird species. We hope this new information will
help towards a better conservation management of this species as well as to support future eco-
logical studies.

Supporting information

S1 File. Activity budgets for fluttering shearwaters from Burgess Island (n =9).
(CSV)

S2 File. GLS-locations for fluttering shearwaters from Burgess Island and Long Island
(n=28).
(CSV)

Acknowledgments

We thank Ngati Rehua for supporting this study on Pokohinu and Jim Foye at Maritime New
Zealand for permission to use their facilities for accommodation. We are grateful for the hard
work and dedication of many field assistants, particularly Jonas Kotlarz, Jesper Wadstain,
Kajsa Svensson, Leon Berard and Jemma Welch. We also thank James Ross and Piers Barney
for logistic support and transport to the island in variable weather conditions. Thanks to
Northern New Zealand Seabird Trust and Auckland Museum for support with field equip-
ment. We are also grateful to two anonymous reviewers for helpful comments on the submit-
ted version of this paper. This is a report from the Centre for Animal Movement Research
(CAnMove) at Lund University.

Author Contributions

Conceptualization: Martin Berg, Jannie F. Linnebjerg, Graeme Taylor.

Data curation: Martin Berg, Jannie F. Linnebjerg, Graeme Taylor, Mike Bell, Chris P. Gaskin.
Formal analysis: Martin Berg.

Funding acquisition: Martin Berg, Susanne Akesson, Matt J. Rayner.

Investigation: Martin Berg.

Methodology: Martin Berg, Matt J. Rayner.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219986  August 6, 2019 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219986.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219986.s002
https://doi.org/10.1371/journal.pone.0219986

@ PLOS|ONE

Foraging ecology of the fluttering shearwater

Project administration: Martin Berg, Graeme Taylor, Stefanie M. H. Ismar-Rebitz, Mike Bell,
Chris P. Gaskin, Susanne Akesson, Matt J. Rayner.

Resources: Martin Berg, Graeme Taylor.
Software: Martin Berg, Jannie F. Linnebjerg.

Supervision: Jannie F. Linnebjerg, Stefanie M. H. Ismar-Rebitz, Susanne Akesson, Matt J.
Rayner.

Validation: Martin Berg, Jannie F. Linnebjerg, Matt J. Rayner.
Visualization: Martin Berg, Jannie F. Linnebjerg.
Writing - original draft: Martin Berg, Jannie F. Linnebjerg.

Writing - review & editing: Martin Berg, Jannie F. Linnebjerg, Graeme Taylor, Stefanie M.
H. Ismar-Rebitz, Mike Bell, Chris P. Gaskin, Susanne Akesson, Matt J. Rayner.

References

1. Ramos R, Ramirez |, Paiva VH, Militao T, Biscoito M, Menezes D, et al. Global spatial ecology of three
closely-related gadfly petrels. Scientific Reports. 2016; 6;23447. https://doi.org/10.1038/srep23447
PMID: 27001141

2. Rayner MJ, Hauber ME., Steeves TE, Lawrence HA, Thompson DR, Sagar PM, et al. Contemporary
and historical separation of transequatorial migration between genetically distinct seabird populations.
Nature Communications. 2011; 2:332. https://doi.org/10.1038/ncomms1330 PMID: 21629265

3. Weimerskirch H, Bishop C, Jeanniard-du-Dot T, Prudor A, Sachs G. Frigatebirds track atmospheric
conditions over months-long transoceanic flights. Science. 2016; 353(6294):74—78. https://doi.org/10.
1126/science.aaf4374 PMID: 27365448

4. Barbraud C, Weimerskirch H. Climate and density shape population dynamics of a marine top predator.
Proceedings: Biological Science. 2003; 270:2111-2116.

5. Chastel O, Weimerskirch H, Jouventin P. Influence of body condition on reproductive decision and
reproductive success in the blue petrel. Auk. 1995; 112(4): 964—972.

6. DauntF, Reed TE, Newell M, Burthe S, Phillips RA, Lewis S, et al. Longitudinal bio-logging reveals
interplay between extrinsic and intrinsic carry-over effects in a long-lived vertebrate. Ecology. 2014;
95(8):2077—2083. PMID: 25230460

7. Frederiksen M, Harris M, Daunt F, Rothery P, Wanless S. Scale-dependent climate signals drive breed-
ing phenology of three seabird species. Global Change Biology. 2004; 10(7);1214—1221.

8. Bogdanova Ml, Daunt F, Newell M, Phillips RA, Harris MP, Wanless S. Seasonal interactions in the
black-legged kittiwake, Rissa tridactyla: links between breeding performance and winter distribution.
Proceedings of the Royal Society B. 2011; 278:2412-2418. https://doi.org/10.1098/rspb.2010.2601
PMID: 21208952

9. Chapman BB, Bronmark C, Nilsson JA, Hansson LA. The ecology and evolution of partial migration.
Oikos. 2011; 120;1764-1775.

10. Newton |. The migration ecology of birds. Academic Press, London, UK. 2008.

11.  Croxall JP, Butchart SHM, Lascelles B, Stattersfield AJ, Sullivan B, Symes A, et al. Seabird conserva-
tion status, threats and priority actions: A global assessment. Bird Conservation International. 2012;
22(1):1-34.

12. Cury PM, Boyd IL, Bonhommeau S, Anker-Nilssen T, Crawford RJM, Furness RW, et al. Global seabird
response to forage fish depletion—one-third for the birds. Science. 2011; 334(6063):1703—1706.
https://doi.org/10.1126/science.1212928 PMID: 22194577

13.  Weimerskirch H, Akesson S, Pinaud D. Postnatal dispersal of wandering albatrosses Diomedea exul-
ans: implications for the conservation of the species. Journal of Avian Biology. 2006; 37(1);23—28.

14. Gonzalez-Solis J, Croxall J, Wood A. (2000). Sexual dimorphism and sexual segregation in foraging
strategies of northern giant petrels, Macronectes halli, during incubation. Oikos. 2000; 90(2):390—-398.

15. Guilford T, Meade J, Willis J, Phillips RA, Boyle D, Roberts S, et al. Migration and stopover in a small
pelagic seabird, the Manx shearwater Puffinus puffinus: Insights from machine learning. Proceedings of
the Royal Society B-Biological Sciences. 2009; 276(1660):1215-1223.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219986  August 6, 2019 13/15


https://doi.org/10.1038/srep23447
http://www.ncbi.nlm.nih.gov/pubmed/27001141
https://doi.org/10.1038/ncomms1330
http://www.ncbi.nlm.nih.gov/pubmed/21629265
https://doi.org/10.1126/science.aaf4374
https://doi.org/10.1126/science.aaf4374
http://www.ncbi.nlm.nih.gov/pubmed/27365448
http://www.ncbi.nlm.nih.gov/pubmed/25230460
https://doi.org/10.1098/rspb.2010.2601
http://www.ncbi.nlm.nih.gov/pubmed/21208952
https://doi.org/10.1126/science.1212928
http://www.ncbi.nlm.nih.gov/pubmed/22194577
https://doi.org/10.1371/journal.pone.0219986

@ PLOS|ONE

Foraging ecology of the fluttering shearwater

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.

Pinet P, Jaquemet S, Pinaud D, Weimerskirch H, Phillips RA, Le Corre M. Migration, wintering distribu-
tion and habitat use of an endangered tropical seabird, Barau’s petrel Pterodroma baraui. Marine Ecol-
ogy Progress Series. 2011; 423:291-302.

Rayner MJ, Taylor GA, Thompson DR, Torres LG, Sagar PM, Shaffer SA. Migration and diving activity
in three non-breeding flesh-footed shearwaters Puffinus carneipes. Journal of Avian Biology. 2011; 42
(3):266—-270.

Berg M, Linnebjerg JF, Ismar SM, Gaskin CP, Rayner MJ. Breeding biology of Fluttering Shearwaters
(Puffinus gavia) on Burgess Island in northern New Zealand. Emu-Austral Ornithology. 2018; 118
(2):173-182.

Gaskin C, Rayner MJ. Seabirds of the Hauraki Gulf: natural history, research and conservation. The
Hauraki Gulf Forum. New Zealand. 2013.

Robertson C, Bell B. (1984). Seabird status and conservation in the New Zealand region. Status and
Conservation of the World’s Seabirds. (Eds), ICBP Technical Publication. 1984; 2:573-586.

Waugh SM, Tennyson A, Taylor G, Wilson K. Population sizes of shearwaters (Puffinus spp.) breeding
in New Zealand, with recommendations for monitoring. Tuhinga. 2003; 24:159-204.

Rayner MJ, Hauber ME, Clout MN, Seldon DS, Van Dijken S, Bury S, et al. Foraging ecology of the
Cook’s petrel Pterodroma cookii during the austral breeding season: A comparison of its two popula-
tions. Marine Ecology Progress Series. 2008; 370:271-284.

Phillips RA, Xavier J, Croxall J. Effects of satellite transmitters on albatrosses and petrels. Auk. 2003;
120(4):1082-1090.

Fridolfsson A. K., Ellegren H. A simple and universal method for molecular sexing of non-ratite birds.
Journal of Avian Biology. 1999; 30:116-221.

Phillips RA, Silk J, Croxall J, Afanasyev V, Briggs D. Accuracy of geolocation estimates for flying sea-
birds. Marine Ecology Progress Series. 2004; 266:265-272.

Frederiksen M, Moe B, Daunt F, Phillips RA, Barrett RT, Bogdanova M, et al. Multicolony tracking
reveals the winter distribution of a pelagic seabird on an ocean basin scale. Divers Distrib 2012;
18:530-542.

Calenge C. The package adehabitat for the R software: a tool for the analysis of space and habitat use
by animals. Ecological Modelling. 2006; 197:516-519.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/. 2016.

Brummelen V, Robert G. Heavenly Mathematics: The Forgotten Art of Spherical Trigonometry. 2013.
Princeton University Press.

Pante E, Simon-Bouhet E. marmap: A Package for Importing, Plotting and Analyzing Bathymetric and
Topographic Data in R. Plos One. 2013; 8(9): €73051. https://doi.org/10.1371/journal.pone.0073051
PMID: 24019892

McKnight A, Irons DB, Allyn AJ, Sullivan KM, Suryan RM. (2011). Winter dispersal and activity patterns
of post-breeding black-legged kittiwakes Rissa tridactyla from prince William Sound, Alaska. Marine
Ecology Progress Series. 2011; 442:241-253.

Shaffer S, Weimerskirch H, Costa D. Functional significance of sexual dimorphism in wandering alba-
trosses, Diomedea exulans. Functional Ecology. 2001; 15(2):203-210.

Dias MP, Granadeiro JP, Catry P. (2012). Do seabirds differ from other migrants in their travel arrange-
ments? On route strategies of Cory’s shearwater during its trans-equatorial journey. Plos One. 2012; 7
(11):e49376. https://doi.org/10.1371/journal.pone.0049376 PMID: 23145168

Gutowsky SE, Gutowsky L. FG, Jonsen ID, Leonard ML, Naughton MB, Romano MD, et al. Daily activ-
ity budgets reveal a quasi-flightless stage during non-breeding in Hawaiian albatrosses. Movement
Ecology. 2014; 2:23. https://doi.org/10.1186/s40462-014-0023-4 PMID: 25709832

Rayner MJ, Carlile N, Priddel D, Bretagnolle V, Miller MGR, Phillips RA, et al. Niche partitioning by three
Pterodroma petrel species during non-breeding in the equatorial Pacific Ocean. Marine Ecology Prog-
ress Series. 2016; 549;217-229.

Mackley EK, Phillips RA, Silk JRD, Wakefield ED, Afanasyev V, Fox JW, et al. Free as a bird? Activity
patterns of albatrosses during the nonbreeding period. Marine Ecology Progress Series. 2010;
406:291-308.

Hope R. Rmisc: Rmisc: Ryan Miscellaneous. R package version 1.5. 2013.

Sarkar D. Lattice: Multivariate Data Visualization with R. Springer, New York. 2008.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. 2009.

Wickham H, Francois H. (2016). dplyr: A Grammar of Data Manipulation. R package version 0.5. 2016.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219986  August 6, 2019 14/15


https://www.R-project.org/
https://doi.org/10.1371/journal.pone.0073051
http://www.ncbi.nlm.nih.gov/pubmed/24019892
https://doi.org/10.1371/journal.pone.0049376
http://www.ncbi.nlm.nih.gov/pubmed/23145168
https://doi.org/10.1186/s40462-014-0023-4
http://www.ncbi.nlm.nih.gov/pubmed/25709832
https://doi.org/10.1371/journal.pone.0219986

@ PLOS|ONE

Foraging ecology of the fluttering shearwater

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

eBird Basic Dataset. Version: EBD_relNovember-2016. Cornell Lab of Ornithology, Ithaca, New York.
November 2016.

Onley D, Scofield P. Albatrosses, petrels, and shearwaters of the world. Christopher Helm, London.
2007.

Bradford JM, Heath RA, Chang FH, Hay CH. The effect of warm-core eddies on oceanic productivity off
northeastern New Zealand. Deep Sea Research Part A. Oceanographic Research Papers. 1982; 29
(12): 1501-1516.

Zeldis J., Willis K. Biogeographic and trophic drivers of mesozooplankton distribution on the northeast
continental shelf and in Hauraki Gulf, New Zealand. New Zealand Journal of Marine and Freshwater
Research. 2015: 49(1): 69-86.

Reid TA, Hindell MA, Eades DW, Newman M. Seabird atlas of south-eastern Australian waters. Birds
Australia Monograph 4. Birds Australia, Melbourne. 2002.

Mitchell GW, Newman AEM, Wikelski M, Norris MRD. Timing of breeding carries over to influence
migratory departure in a songbird: an automated radiotracking study. Journal of Animal Ecology; 2012;
81:1024-1033. https://doi.org/10.1111/j.1365-2656.2012.01978.x PMID: 22471701

Catry P, Dias MP, Phillips RA, Granadeiro JP. Carry-over effects from breeding modulate the annual
cycle of a long-distance migrant: an experimental demonstration. Ecology. 2013; 94(6):1230—-1235.
PMID: 23923482

Guilford T, Wynn R, McMinn M, Rodriguez A, Fayet A, Maurice L, et al. Geolocators reveal migration
and pre-breeding behaviour of the critically endangered Balearic shearwater Puffinus mauretanicus.
Plos One. 2012; 7(3):e33753. https://doi.org/10.1371/journal.pone.0033753 PMID: 22470471

Crossland J. Fish eggs and larvae of the Hauraki Gulf, New Zealand. Fisheries Research Division, New
Zealand Ministry of Agriculture and Fisheries. 1981.

Fletcher WJ, Tregonning RJ. Distribution and timing of spawning by the Australian pilchard (Sardinops
sagax neopilchardus) off Albany, Western Australia. Marine and Freshwater Research. 1992;
43.6:1437-1449.

Hoedt F, Dimmlich W, Dann P. Seasonal variation in the species and size composition of the clupeoid
assemblages in western port, Victoria. Marine and Freshwater Research. 1995; 46(7):1085—-1091.

Neira F, Miskiewicz A, Tait S. Development and ecology of larvae of the monotypic Australian fish family
Dinolestidae. Australian Journal of Zoology. 1999; 47(1):37—45.

Ward T, Staunton-Smith J. Comparison of the spawning patterns and fisheries biology of the sardine,
Sardinops sagax, in temperate south Australia and sub-tropical Southern Queensland. Fisheries
Research. 2002; 56(1):37—49.

Ward EJ, Jannot JE, Lee Y, Ono K, Shelton AO, Thorson JT. Using spatiotemporal species distribution
models to identify temporally evolving hotspots of species co-occurrence. Ecological Applications.
2015; 25(8):2198-2209. PMID: 26910949

Hauraki Gulf Forum. State of our Gulf 2014. Retrieved from http://www.aucklandcouncil.govt.nz/EN/
environmentwaste/coastalmarine/Documents/stateofourgulf2014.pdf (Accessed: 2016-11-20). 2014.

Taylor GA. Action plan for seabird conservation in New Zealand, Part B: Non-threatened seabirds.
Threatened Species Occasional Publication 17. Department of Conservation, Wellington. 2000.

Miskelly C, Tennyson A, Waugh S, Bartle JA, Morgan K, Baylis S, et al. Rena oil spill on New Zealand
seabirds. Museum of New Zealand. Accessible at http://collections.tepapa.govt.nz/publication/3818.
2012.

Goldsworthy SD, Page B, Rogers PJ, Bulmand C, Wiebkin A., McLeay L, et al. Trophodynamics of the
eastern Great Australian Bight Ecosystem: Ecological change associated with the growth of Australia’s
largest fishery. Ecological Modelling. 2013; 255:38-57.

Whiteway, T. 2009 [cited 2019-07-12]. Database: Australian Bathymetry and Topography Grid. https://
ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/67703.

Mitchell, JS, Mackay, KA, Neil, HL, Mackay, E.J, Pallentin, A, Notman P. 2012 [cited 2019-07-12]. Data-
base: Undersea New Zealand, 1:5,000,000. https://www.niwa.co.nz/our-science/oceans/bathymetry.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219986  August 6, 2019 15/15


https://doi.org/10.1111/j.1365-2656.2012.01978.x
http://www.ncbi.nlm.nih.gov/pubmed/22471701
http://www.ncbi.nlm.nih.gov/pubmed/23923482
https://doi.org/10.1371/journal.pone.0033753
http://www.ncbi.nlm.nih.gov/pubmed/22470471
http://www.ncbi.nlm.nih.gov/pubmed/26910949
http://www.aucklandcouncil.govt.nz/EN/environmentwaste/coastalmarine/Documents/stateofourgulf2014.pdf
http://www.aucklandcouncil.govt.nz/EN/environmentwaste/coastalmarine/Documents/stateofourgulf2014.pdf
http://collections.tepapa.govt.nz/publication/3818
https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/67703
https://ecat.ga.gov.au/geonetwork/srv/eng/catalog.search#/metadata/67703
https://www.niwa.co.nz/our-science/oceans/bathymetry
https://doi.org/10.1371/journal.pone.0219986

