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Gadfly petrels (genus Pterodroma) are one of the most threatened groups of birds. They
are exceptionally well adapted to forage over enormous areas to maximize chances of
encountering prey. Their wide-ranging travel, extensive use of oceanic habitats beyond
national jurisdictions (the high seas), and limited information on their at-sea distributions
and foraging ecology pose several management challenges. Here, we examined the
foraging distributions and habitat preferences of three gadfly petrels that breed on Phillip
Island (Norfolk Island Group), in the southwest Pacific Ocean, and tested the ability of
species distribution models (SDMs) to predict important marine habitats. GPS loggers
were deployed in 2018 and 2019 on chick-provisioning black-winged petrels (P.
nigripennis) and white-necked petrels (P. cervicalis) and in 2020 on Kermadec petrels
(P. neglecta), and hidden Markov models (HMMs) were used to estimate behavioral states
across 387 foraging trips. SDMs were built using six algorithms and the predictive
performance of models constructed using conventional random cross-validation (CV)
was compared to those constructed with spatially independent CV. All three species
demonstrated dual-foraging strategies with short trips closer to the colony and longer,
presumably self-provisioning, trips with maximum distances from the colony of several
thousand kilometers for black-winged and white-necked petrels. Foraging areas of each
species were distinctly partitioned across the Tasman Sea during long trips, but there was
high overlap during short trips. Black-winged and white-necked petrels exhibited area-
restricted search foraging behavior throughout their foraging ranges which spanned
almost the entire Tasman Sea and into the western Pacific, whereas the foraging range
of Kermadec petrels was restricted closer to the colony. Approximately half of each
species’ foraging range extended into the high seas. Response curves and variable
importance between the two SDM CV approaches were similar, suggesting that model
fitting was robust to the CV approach. However, evaluation using spatially independent
CV indicated that generalizability of ensemble SDMs to new data ranged from poor to fair
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for all three species. This suggests that the maximal-area foraging strategy of gadfly
petrels (whereby they search opportunistically for resources across expansive oceanic
habitats) results in weak or wide associations with environmental features making
predicting important habitats extremely challenging.
Keywords: seabirds, seabird conservation and management, High Seas, Australia, Pterodroma petrels, at-sea
distribution, foraging behavior, species distribution modeling (SDM)
1 INTRODUCTION

Seabirds are top predators that play important functional roles in
marine and terrestrial ecosystems (Stapp et al., 1999; Sánchez-
Piñero and Polis, 2000; Smith et al., 2011; Graham et al., 2018)
and are widely recognized as valuable bioindicators of changes in
the state of ocean ecosystems (Diamond and Devlin, 2003; Boyd
et al., 2006; Parsons et al., 2008). Despite their ecological
importance, seabirds are among the most threatened groups of
birds with many populations having undergone rapid declines
over recent decades (Croxall et al., 2012; Paleczny et al., 2015).
Seabird conservation is often confounded by a lack of basic
information about life histories and distributions at sea. This is
especially true of seabirds in the tropics and subtropics (Bernard
et al., 2021), regions which support diverse seabird communities,
and which have received little research effort (Mott and Clarke,
2018). There is a particular lack of information about at-sea
distributions for many South Pacific seabird taxa, despite this
region representing the largest expanse of ocean on Earth
(Croxall et al., 2012; Rodrıǵuez et al., 2019). Such fundamental
ecological knowledge is key to achieving effective conservation
and enables researchers and policy makers to more accurately
identify current and future threats (Burger and Shaffer, 2008;
Lescroël et al., 2016; Bernard et al., 2021).

While the lack of information on many seabirds persists,
anthropogenic pressures continue to degrade marine habitats and
transform the integrity and stability of marine ecosystems,
including the extent, availability, and predictability of prey
resources for marine predators (Halpern et al., 2008; Hoegh-
Guldberg and Bruno, 2010; McCauley et al., 2015). Obtaining
information about the foraging distributions of wide-ranging
seabirds has historically been logistically and financially
challenging and biased towards shipboard surveys in coastal or
nearshore habitats. Furthermore, studies using tracking
technologies have been restricted by device sizes that could be
deployed only on larger-bodied species (Burger and Shaffer, 2008).
However, recent advancement in electronic tracking technology
has led to miniaturized devices and transformed what can be
learned about the ecology and distributions of even the smallest
of seabirds (Nathan et al., 2008; Block et al., 2011; Halpin et al.,
2018; Fischer et al., 2021). Furthermore, the advancement of the
biologging field presents new opportunities to investigate the
importance of seabird habitat on the high seas (i.e., marine areas
extending beyond the 200 nautical mile limit of countries’ Exclusive
Economic Zones) (Beal et al., 2021; Davies et al., 2021). Although
the high seas are classically considered important for migratory
seabirds (Harrison et al., 2018), for many wide-ranging species,
in.org 2
particularly those in the order Procellariiformes, the high seas also
represent critical foraging habitat during breeding stages (Ramıŕez
et al., 2013; Clay et al., 2017; Ramos et al., 2017). Although a lack of
global coordination for managing the high seas makes conservation
challenging, growing awareness of the need for a global governance
framework presents opportunities to implement appropriately
planned conservation measures in the near future (Davies
et al., 2021).

Procellariform seabirds in the genus Pterodroma (“gadfly
petrels”) are among the most threatened of all seabirds
(Croxall et al., 2012). Yet, there is often a lack of basic
information about their biology, foraging behavior and at sea
distributions (Rodrıǵuez et al., 2019). Gadfly petrels are colonial-
breeding species that generally nest on isolated oceanic islands
(Warham, 1996; Brooke, 2004). These long-lived, monogamous,
and strongly philopatric seabirds exhibit low fecundity, raising
one altricial offspring per breeding season over an extended
nesting period (Warham, 1996; Brooke, 2004). Gadfly petrels are
highly pelagic, undertaking long foraging journeys over vast
oceanic areas during both reproductive and migratory life
stages (Rayner et al., 2012; Ramıŕez et al., 2013; Priddel et al.,
2014; Rayner et al., 2016; Ramos et al., 2016; Clay et al., 2017;
Ramos et al., 2017; Ventura et al., 2020). Among seabirds, gadfly
petrels have especially high aspect ratio relative to wing loading,
which makes them especially well-adapted for optimal use of
wind conditions, enabling fast and efficient flight with low
energetic costs (Spear and Ainley, 1997; Ventura et al., 2020).
Although there is some evidence that gadfly petrels forage
around oceanographic features such as seamounts (Rayner
et al., 2012) and frontal regions (Rayner et al., 2008), the few
existing studies on gadfly petrels that use high resolution GPS
tracking (e.g., Ventura et al., 2020; Raine et al., 2021) tend to
demonstrate that these species often do not have distinct
preferences for, or rely completely on, one or two static or
dynamic oceanographic features when foraging and make
some of the longest foraging trips in the animal kingdom (Clay
et al., 2019; Taylor et al., 2020; Ventura et al., 2020). Through
optimal use of ocean basin-scale prevailing wind patterns, gadfly
petrels appear to adopt a maximal-area foraging strategy to cover
extremely large areas thereby increasing their chances of
encountering food resources (Adams and Flora, 2010; Ventura
et al., 2020). For example, Ventura et al. (2020) demonstrated
that Desertas petrels (Pterodroma deserta) do not concentrate
foraging in highly productive regions with predictable resources,
and Clay et al. (2017) established that Murphy’s petrels (P.
ultima) do not have clear preferences for oceanographic or
topographic features.
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Here, we present the first Global Positioning System (GPS)
tracking datasets for three species of gadfly petrel: black-winged
petrel (P. nigripennis; IUCN status: Least Concern), white-
necked petrel (P. cervicalis; IUCN status: Vulnerable) and
Kermadec petrel (P. neglecta; IUCN status: Least Concern).
We sought to first identify the hitherto unknown foraging
behavior and at-sea distributions of these species using GPS
loggers over multiple years at a single colony in the South
Pacific Ocean. Second, we constructed ensemble species
distribution models (SDMs) with three main goals: 1) to
determine how these three sympatric species partition the
environment when foraging; 2) to test if foraging habitat of
the gadfly petrels in the present study could be generalized to
new data using a spatially independent model evaluation
approach; and 3) to consider how important foraging areas
can be identified in the event that SDMs poorly predict foraging
habitat in chick-provisioning gadfly petrels.
2 MATERIALS AND METHODS

2.1 Field Methods
2.1.1 Study Site and Species
Fieldwork was conducted on Phillip Island (29°07’S, 167°57’E,
Figure 1). Phillip Island is a small (207 ha) and uninhabited
FIGURE 1 | The location of the Norfolk Island Group in relation to Australia, New Ze
of flow of the East Australian Current (EAC), the Tasman Front (TF) and the Subtropic
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subtropical island in the Norfolk Island Group, an Australian
external territory in the South Pacific Ocean. Phillip Island is a
globally important colony for seabirds and supports considerable
diversity with 13 species breeding there annually. The island is
particularly important because it supports breeding populations
of four gadfly petrel species. The most abundant of the four
species is the black-winged petrel (15,000 – 19,000 breeding
pairs; Priddel et al., 2010; N. Carlile, unpublished data). The
colony also supports the only Australian population of white-
necked petrels [20 – 30 breeding pairs (Halpin et al., 2021)]; one
of only two Australian populations of Kermadec petrel [56
breeding pairs (Carlile et al., 2021a; Carlile et al., 2021b)]; and
a remnant population of the formerly abundant providence
petrel [P. solandri; 10 – 100 breeding pairs (Carlile et al.,
2021a; Carlile et al., 2021b)]. Elsewhere, established black-
winged petrel breeding colonies occur in New Zealand on the
Kermadec Islands, Manawatäwhi/Three Kings (Great King,
South West), Motuopao, Motupia, Simmonds, Motukokako
(Piercy), East (Whangaokeno), Portland and Chatham Islands
and on an islet off Cape Brett; in Australia on Lord Howe Island;
in New Caledonia, Tonga and in French Polynesia on the Austral
Islands (Gill et al., 2010; Priddel et al., 2010; Miskelly et al., 2019).
White-necked petrel colonies occur on the Macauley Island
(Kermadec Islands) (Miskelly et al., 2019); and Kermadec
petrel colonies occur on the Kermadec Islands, Lord Howe
aland and New Caledonia. Included are the approximate locations and direction
al Front (STF).
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Island; in French Polynesia on the Austral Islands and Tuamotu
Islands; in Chile on Easter Island, Juan Fernandez Island and San
Ambrosio Island.; and in Mauritius on Round Island (Priddel
et al., 2010; Miskelly et al., 2019).

All gadfly petrels produce a maximum of one offspring per
year per pair. Adult black-winged petrels weigh on average 171 g
(n = 48; this study) and nest predominantly in burrows, but
occasionally deep crevices. Breeding occurs on Phillip Island
from October to May with chicks hatching approximately in late
January and fledging occurring in approximately May (Priddel
et al., 2010). Little is known about white-necked petrel breeding
biology, however, on Phillip Island adults weigh on average 464 g
(n = 27; this study) and generally nest beneath stands of mature
white oak (Lagunaria patersonia) among boulders, in rocky
crevices, artificial cavities, and occasionally on the ground
where dense vegetation cover is present. Breeding occurs on
Phillip Island from approximately November to May or June
(Priddel et al., 2010). White-necked petrel chicks generally hatch
in January and February and fledge approximately in May and
June. Adult Kermadec petrels weigh on average 444 g (n = 52;
this study) and nest on the ground in sheltered areas between
roots of mature white oak trees, or in dense thickets of
introduced African olive (Olea europea). More protracted
breeding occurs in Kermadec petrels with egg laying occurring
from September to May with a peak in November. The
population tracked in the present study is the summer-
breeding group which breeds approximately from September
with chick fledging occurring from March. Black-winged and
white-necked petrels are strongly faithful to their nest sites,
returning to the same nest site each year, but Kermadec petrels
often use different nests within the same general area each year.

2.1.2 Seabird Capture and Sampling
Capture and tracking of gadfly petrels occurred exclusively
during the chick-provisioning period for black-winged and
white-necked petrels from February to April in 2018 and 2019
and in January 2020 for Kermadec petrels. All tracked birds were
provisioning chicks at a similar stage of chick development.
Adult birds were captured by hand in their nests during the early
to middle chick-provisioning periods from February to April in
2018 and 2019 (black-winged and white-necked petrels) and in
January 2020 (summer-breeding Kermadec petrels). Black-
winged petrels, were captured by hand at their nests both
during the day and at night because they exhibit cathemeral
nest site attendance. Due to the unpredictable timing of black-
winged petrel nest attendance, we fitted one-way trapdoors to
their nest entrances and checked for returning adults
approximately every three to four hours while traps were
installed. White-necked petrels, which display strictly
nocturnal colony attendance, were captured by hand at their
nest sites at night. Kermadec petrels, which display crepuscular
colony attendance, were captured by hand at nests from early
dusk to night.

All three study species are sexually monomorphic. To sex
birds we collected 1 – 2 mL of blood from the brachial vein using
a sterile 26-gauge needle and whole blood was then placed onto
FTA classic cards (Whatman International Ltd., Maidstone, UK).
Frontiers in Marine Science | www.frontiersin.org 4
Sex of individuals was determined using PCR reactions following
Griffiths et al. (1998) by DNA Solutions (Wantirna, Victoria,
Australia). Prior to attachment of GPS loggers, birds were
weighed using Pesola scales (± 0.3%, Pesola Präzisionswaagen
AG, Switzerland) and fitted with a metal leg band supplied by the
Australian Bird and Bat Banding Scheme.

We fitted petrels with custom Pathtrack Nanofix© archival
GPS loggers (Pathtrack Ltd., Otley, United Kingdom)
programmed to record position data every ten minutes and
attached them to the two central rectrices using Tesa© tape
(4651, Tesa Tape Inc., Charlotte, NC, USA). We fitted GPS
loggers to 27 black-winged petrels in 2018 and 25 in 2019. In
2018, one GPS logger failed to record data, one was lost from
the bird, and one was not retrieved before our departure from
the colony. In 2019, one GPS logger was not retrieved before
our departure from the colony. In 2018 we fitted 13 GPS loggers
to white-necked petrels and 16 in 2019. One GPS logger in each
year was not retrieved before our departure from the colony. In
2020 we deployed 9 GPS loggers on Kermadec petrels. All GPS
loggers were retrieved. GPS loggers weighed an average of
3.23 ± 0.07 (g ± SD; range: 3.1–3.38 g; n = 34). Average
percentages of body mass for GPS loggers were 1.88% for
black-winged petrels (range: 1.22–2.32%; n = 48), 0.70% for
white-necked petrels (range: 0.59–0.88%; n = 27), and 0.72% for
Kermadec petrels (range: 0.64–0.88%; n = 9), lower than the 3%
threshold that is thought to negatively affect procellariform
seabirds (Phillips et al., 2003). The average duration (days ± sd)
between GPS logger attachment and removal on individuals
was 14.6 ± 9.2, 27.9 ± 11 and 12.1 ± 4.9, respectively, for black-
winged, white-necked and Kermadec petrels.
2.2 Data Processing and Analysis
2.2.1 GPS Tracking Data
All data were processed in the R programming language, version
4.1.2 (R Core Team, 2021), and spatial measurements were
calculated on the World Geodetic System (WGS 1984)
ellipsoid. Maps were produced in ArcGIS Pro (version 2.4.0;
ESRI Inc., CA, United States) and data were projected in the
Lambert Azimuthal Equal Area projection, centered on the
breeding colony. GPS data were filtered to remove erroneous
locations where successive relocations would require flight
velocities exceeding 27.8 m.s-1 (100 km.h–1) (Lascelles et al.,
2016). GPS tracks were linearly interpolated using the package
adehabitatLT (version 0.3.25; Calenge, 2006) by resampling all
locations to an equal 10 min interval. We gap-filled GPS tracks
except when periods of more than 1 hour occurred between
location fixes.

2.2.2 At-Sea Distribution and Behavior
To determine foraging characteristics, we split tracking data into
individual foraging trips originating from and returning to the
colony using the ‘tripSplit’ function in the package, track2KBA
(version 1.0.1; Beal et al., 2021). For each complete foraging trip,
we used the ‘tripSummary’ function in track2KBA to calculate
the duration (days) from departure to return to the colony and
the maximum distance from the colony (foraging range, km).
June 2022 | Volume 9 | Article 853104
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We tested for differences in foraging trip duration and maximum
distance from the colony between species in complete foraging
trips using linear mixed effects models in the lme4 package (Bates
et al., 2015) and a post-hoc Tukey’s HSD test for multiple
comparisons. To account for repeated trips made by the same
individual we included individual identity as a random effect. We
considered that sex-related differences in foraging behaviors
would be highly unlikely because birds were tracked exclusively
during chick-provisioning. Gadfly petrels share parental duties
equally, with sex-related differences in foraging absent in chick-
provisioning adults (Pinet et al., 2012; Clay et al., 2017).
Nonetheless, we tested for intraspecific sex-related differences
in maximum foraging range and trip duration using linear mixed
effects models using the package lme4 with individual identities
as random effects to account for repeated trips made by the
same individual.

To identify important at-sea areas for each species, we first
calculated the spatial scale of area-restricted search (ARS)
using the function ‘findScale’ in the package track2KBA
(Lascelles et al., 2016; Beal et al., 2021) for black-winged
petrels (18 km), white-necked petrels (17 km) and Kermadec
petrels (18 km). We then computed 50% kernel utilization
Frontiers in Marine Science | www.frontiersin.org 5
distributions using the R package adehabitatHR (Calenge,
2006) and used the scale of each species’ ARS as the kernel
smoothing parameter (h). Following previous studies, we
define the 50% utilization distribution as the ‘core’ foraging
area where birds spent 50% of their time (Ford and Krumme,
1979; Soanes et al., 2013; Lascelles et al., 2016). We estimated
the representativeness of each species’ core foraging area as a
function of sample size to ensure that data were sufficiently
representative of the foraging distributions of the colony-level
populations. To do this we used the bootstrapping approach
described in Lascelles et al. (2016) using the function
‘repAssess’ in the track2KBA package (Beal et al., 2021). We
classified foraging trips according to whether they were short
or long. To do this, we first qualitatively determined the
distance classifications for each species by examining
histograms of the frequency distribution of maximum trip
distances (Figure 2). We then classified short trips as those
with a maximum distance from the colony of < 1000 km for
black-winged petrels; < 500 km for white-necked petrels and <
200 km for Kermadec petrels. We then produced a map of the
short and long trips to demonstrate bimodal foraging strategies
exhibited by each species.
FIGURE 2 | Frequency distributions of maximum foraging range (km; upper row), duration of foraging trips (days; center row) and total distance traveled (km; lower
row) for short trips (yellow) and long trips (blue) for black-winged petrels (left column), white-necked petrels (center column) and Kermadec petrels (right column). The
dashed lines represent the mean of the frequency for short trips (yellow) and long trips (blue).
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To distinguish the behavioral states of individuals during
their foraging trips, we used hidden Markov models (HMMs).
For each species, we fitted a three-state HMM to the interpolated
GPS tracks using the momentuHMM package (version 1.5.4;
McClintock and Michelot, 2018). Following Clay et al. (2020), to
determine choice of initial values for step length and turning
angle distributions, we selected these values randomly 100 times
from within a range of biologically plausible values, then
determined the most appropriate values as those that were
closest to the most frequent estimation. We then estimated
three behavioral states in the GPS tracks using two input
variables: step lengths and turning angles. We considered
directed flight (i.e., travel) to be associated with high flight
speeds and shallow turning angles, area-restricted search (i.e.,
foraging) to be associated with moderate flight speeds and
moderate to wide turning angles; and rest associated with low
speeds and shallow to moderate turning angles. We used a
gamma distribution for step lengths and a von Mises
distribution for turning angles. We used the Viterbi algorithm
in the package momentuHMM to estimate the most likely
sequence of behavioral states from fitted models (Rabiner,
1989). Performance of the HMM behavioral state assignment
was assessed by examining histograms of step lengths and
turning angles for each species (Supplementary Figures 1–3),
and each track was then visually assessed to ensure that state-
space assignments were plausible. For each trip we calculated the
percentage of time (% ± SD) that birds spent in each behavioral
state and averaged the proportion across all trips to understand
activity budgets. To test for differences between species in the
proportion of time spent in ARS, we performed a one-way
ANOVA test and a post-hoc Tukey’s HSD test for multiple
comparisons. For each trip we also calculated the average
duration (hours ± SD) that birds spent in each behavioral state
before switching to another state during a foraging trip. To
determine whether nocturnal foraging might be an important
feature of the species we tracked, we tested for differences in the
proportion of time that each species spent foraging in daylight
versus darkness using Student’s t-tests.

Lastly, to evaluate the extent of foraging across the species’
ranges we mapped the occurrence of locations inferred to be
foraging (i.e., area-restricted search) by the HMMs on a 50 x 50
km grid cell size for each year of tracking and, for black-winged
and white-necked petrels, which were tracked in more than one
year, we overlaid gridded rasters to produce maps showing
repeated grid cell use between years.

2.2.3 Species Distribution Modelling
We used SDMs to both characterize important foraging habitats
for gadfly petrels and to assess the generalizability of models
between spatial regions. We modeled the foraging locations
identified by the HMMs against a suite of environmental
predictors (Table 1). Environmental predictors were selected
based on ecological knowledge of the drivers of subtropical
pelagic seabirds’ foraging activity (Ballance et al., 2006;
Hyrenbach et al., 2006; Ramos et al., 2015; Clay et al., 2017;
Miller et al., 2018; Waugh et al., 2018). We used three static
environmental predictors and seven dynamic environmental
Frontiers in Marine Science | www.frontiersin.org 6
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predictors in our models (Table 1). Static predictors were: 1) the
bathymetric slope, represented in degrees, and 2) distance (km)
to seamounts and knolls as indicative of shelf-breaks and
bathymetric features that could represent productive areas of
upwelling; and 3) transit distance (km) from the colony as a
proxy for the importance of accessibility to foraging habitat
given that all birds were centrally-placed (i.e., had an intrinsic
requirement to regularly return to the colony to provision
nestlings). The seven dynamic oceanographic variables were:
1) sea surface temperature (°C), and 2) sea surface temperature
fronts measured by calculating the standard deviation of the sea
surface temperature (°C) within a 10 km buffer of the original 1
km resolution of the sea surface temperature grid as an indicator
of frontal regions; 3) sea level anomaly (m) as an indicator of
mesoscale eddies and ridges; 4) wind speed (m.s-1) as an
indicator of optimal transit conditions for gadfly petrels (i.e.,
Ventura et al., 2020); 5) chlorophyll a concentration (mg.m-3) as
a proxy for ocean productivity; 6) the finite-size Lyapunov
exponent (FSLE; days-1) to test the preference of birds for
foraging in sub-mesoscale transport fronts; and 7) the depth
of the thermocline layer (m). FSLE is based on Lagrangian
reanalysis of satellite altimetry-derived surface currents
(d’Ovidio et al., 2004; Cotté et al., 2015). Further information
on the original spatial resolution and sources of environmental
variables is provided in Table 1. Predictor variable rasters were
scaled to a 1 × 1 km grid cell resolution using bilinear
interpolation and were projected in the Lambert Azimuthal
Equal Area projection centered on the breeding colony.
Predictor variables were standardized using the ‘scale’
function in the raster package (Hijmans and van Etten, 2021)
to improve the spread of the data. We applied a variance
inflation factor test to ensure that predictor variables were not
collinear and found no collinearity problems among the ten
predictor variables.

We used a multi-model ensemble approach to test whether
the environmental features could predict gadfly petrel foraging
habitat. Using the biomod2 package (version 3.5.1; Thuiller et al.,
2009; Thuiller et al., 2021) we fitted six algorithm types: Artificial
Neural Networks (ANN), Classification Tree Analysis (CTA),
Generalized Additive Models (GAM), Generalized Boosted
Models (GBM), Multiple Adaptive Regression Splines (MARS)
and Random Forests (RF). We used the default model
parameters in biomod2 for all models except GBM where the
bag fraction was set to 0.75 and maximum number of trees was
set to 3000 (e.g., Elith et al., 2008). GAMs were specified to use
Restricted Maximum Likelihood (REML); and the number of
learning trees in Random Forests was set to 1000. We modeled
the GPS locations that were inferred by HMMs to be foraging
behavior as the response variable. For each foraging location we
randomly sampled a single matched pseudo-absence because a
ratio of 1:1 presence:pseudo-absence is most suited to the
learning algorithms that we used to model the characteristics
of foraging habitat (Barbet-Massin et al., 2012). Pseudo-absences
were generated within foraging extents, which we separately
defined for each species, by computing a minimum convex
polygon around all available tracking locations.
Frontiers in Marine Science | www.frontiersin.org 7
To evaluate the ability of the models to predict the probability
of foraging on new data, we compared two approaches, 1)
conventional random K-fold cross-validation (CV) with 80% of
each species’ data for model fitting and the remaining 20% for
testing (Elith et al., 2008) and 2) spatially independent K-fold CV
(Roberts et al., 2017) using the blockCV package (Valavi et al.,
2019). The latter approach to assessing model predictive
performance is more robust because it ensures spatial
independence of testing and training data thereby accounting
for spatial structure in cross-validation data. Conventional
random selection of training and testing folds that are not
spatially independent commonly leads to underestimated error
in spatial predictions and overestimated model performance and
predictive power (Telford and Birks, 2009; Roberts et al., 2017;
Hao et al., 2019; Valavi et al., 2019). Five folds were specified for
both approaches. Spatially-independent CV used a spatial
blocking size of 800 km for black-winged and white-necked
petrels but had to be reduced to 250 km for Kermadec petrels due
to their much smaller range size. Spatial blocks were randomly
assigned using 200 iterations to find evenly dispersed folds and
were generated based on the extent of each species’ foraging
range. Block size was chosen as the approximate range over
which observations become spatially independent and was
determined by constructing empirical variograms using the
function ‘spatialAutoRange’ in the package blockCV. Predictive
performance of both approaches was then evaluated using the
True Skill Statistic (TSS) and Area Under the Receiver Operating
Characteristic curve (AUCROC). AUCROC is a widely used
measure of a model’s predictive performance and its ability to
differentiate presence and absence locations (Lobo et al., 2008).
AUCROC values and associated performance evaluations range
from 0 to 1, with excellent AUCROC: > 0.90; good AUCROC: >
0.80 ≤ 0.90; fair AUCROC: > 0.70 ≤ 0.80; poor AUCROC: > 0.60 ≤
0.70; very poor AUCROC: > 0.50 ≤ 0.60; and AUCROC: ≤ 0.50
indicating predictive performance that is no better than random
(Hosmer et al., 2013). We averaged the respective TSS and
AUCROC values across model folds for each algorithm type
and model. Due to the robust spatial independence of the
blocked cross-validation approach we took the model
evaluation metrics of this method as superior to those of
conventional K-fold random CV models. We therefore
interpreted the AUCROC values of the spatially blocked models
as the more statistically credible approximation of model
generalizability to new data for gadfly petrels.

Total consensus ensemble models were constructed based on
all models for each CV method (so that fair comparisons between
the performance of formal and ensemble models could be made).
The conventional CV ensemble was built with an evaluation
metric threshold applied such that models with AUCROC < 0.8
were excluded, but no evaluation metric threshold was applied to
the spatial blocking ensemble due to the inherently low AUCROC

values. Species-specific ensemble model response curves were
constructed from the spatially blocked models and calculated as
the median response across 10 replicate model runs within the
biomod2 package using the algorithm-independent evaluation
strip method following Elith et al. (2005), which facilitates direct
June 2022 | Volume 9 | Article 853104
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comparison of predicted responses from different statistical
approaches on the same data.

We used multivariate environmental similarity surfaces
(MESS; Elith et al., 2010) to check that differences in behavior
of Kermadec petrels were not likely to have been caused by
divergent environmental conditions in the year that they were
tracked (January 2020) versus the years that black-winged and
white-necked petrels were simultaneously tracked (February to
April in 2018 and 2019). We computed MESS grids for each
dynamic predictor for each month in which black-winged and
white-necked petrels were tracked and used the overall MESS
grid to assess the percentage of cells with negative values (cells
with negative values represent those with conditions outside of
the range present in the reference time period).
3 RESULTS

Over three breeding seasons, we obtained 387 complete foraging
trips from 80 individuals of three species of sympatrically
breeding gadfly petrels (Table 2). Core foraging areas (i.e., 50%
utilization distributions) used by the sampled individuals
were estimated to be highly representative of the core foraging
areas of the respective colony-level populations for black-winged
petrels (87.5%) and white-necked petrels (93.5%), but
representativeness was lower for Kermadec petrels (68.5%) due
to the lower sample size.
3.1 Foraging Characteristics
We found no sex-related differences in maximum foraging
ranges and durations of trips made by black-winged petrels
(foraging range: F122 = 0.738, p = 0.541; trip duration: F122 =
0.613, p = 0.462), white-necked petrels (foraging range: F208 =
0.533, p = 0.595; trip duration: F208 = 0.198, p = 0.843) and
Kermadec petrels (foraging range: F6.1 = -0.773, p = 0.469; trip
duration: F5.8 = -0.59, p = 0.577). Therefore, we pooled the data
from both sexes within each species. When accounting for
random effects of individuals making repeated trips, maximum
foraging ranges differed between black-winged and white-necked
petrels and black-winged and Kermadec petrels (Tukey’s post-
hoc test: p < 0.001 for both relationships; Table 2), but not
between white-necked and Kermadec petrels (Tukey’s post-hoc
test: p = 0.098). Similarly, the duration of foraging trips was
different between black-winged and white-necked petrels
(Tukey’s post-hoc test: p = 0.0105) and between black-winged
and Kermadec petrels (Tukey’s post-hoc test: p < 0.001), but not
between white-necked and Kermadec petrels (Tukey’s post-hoc
test: p = 0.0679). Tracking data also indicated that all three
species exhibited bimodal foraging strategies, alternating
between short and long foraging trips (Figures 2, 3).

Behavioral state space modeling revealed that although all three
species demonstrated area-restricted search foraging behavior
throughout the entire range of their breeding distributions, they
tended to concentrate foraging activity nearer (< 500 km) the
colony (Figures 4–6). On average all species spent more than half
of their time traveling, and a relatively small proportion of their
Frontiers in Marine Science | www.frontiersin.org 8
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Halpin et al. Foraging Habitats of Gadfly Petrels
time resting during foraging trips (Table 3). We found significant
between-species differences in the proportion of time spent in ARS
behavior (F2 = 10.98, p = < 0.001). Black-winged petrels spent
proportionally less time in ARS than white-necked (p < 0.001, 95%
Frontiers in Marine Science | www.frontiersin.org 9
C.I. = [0.02 – 0.09]) and Kermadec petrels (p < 0.001, 95% C.I. =
[0.04 – 0.14]), but there was no difference between white-necked
and Kermadec petrels (p = 0.2, 95% C.I. = [-0.08 – 0.01]). We
found no significant difference in the proportion of time spent
FIGURE 3 | Maps demonstrating the short (black) and long (grey) foraging trips of black-winged petrel (A), white-necked petrel (B) and Kermadec petrel (C)
bimodal foraging strategies. The colony location is indicated by a red circle. The number of trips in each category are detailed in Table 2.
A B

D E F

C

FIGURE 4 | At-sea distribution and locations of foraging behavior in chick-provisioning black-winged petrels (Pterodroma nigripennis). Grid cells (50 x 50 km) depict
the number of foraging locations in 2018 (A; n = 24 individuals) and 2019 (B; n = 24 individuals) and combined number of foraging locations in 2018 and 2019 (C).
Number of individuals foraging in each grid cell in 2018 (D) and 2019 (E); and the combined number of individuals foraging in each grid cell in both 2018 and 2019
(F). Polygonised cells in C and F represent grid cells in which birds foraged in both years. The location of the breeding colony is represented by a white circle. Black
polygons around the foraging areas (A, B, D, E) represent the home range (99% utilization distribution). The approximate location of the Subtropical Front is
represented by a dashed blue line.
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A B

FIGURE 6 | At-sea distribution and locations of foraging behavior in chick-provisioning Kermadec petrels (Pterodroma neglecta). Grid cells (50 x 50 km) represent
the number of foraging locations in each cell in 2020 (A; n = 9 individuals) and the number of individuals foraging in each grid cell in 2020 (B). The location of the
breeding colony is represented by a white circle. Black polygons around the foraging areas represent the home range (99% utilization distribution).
A B

D E F

C

FIGURE 5 | At-sea distribution and locations of foraging behavior in chick-provisioning white-necked petrels (Pterodroma cervicalis). Grid cells (50 x 50 km) represent
the number of foraging locations in 2018 (A; n = 12 individuals) and 2019 (B; n = 15 individuals) and combined number of foraging locations in 2018 and 2019 (C).
Number of individuals foraging in each grid cell in 2018 (D) and 2019 (E); and the combined number of individuals foraging in each grid cell in both 2018 and 2019 (F).
Polygonised cells in C and F represent grid cells in which birds foraged in both years. The location of the breeding colony is represented by a white circle. Black
polygons around the foraging areas (A, B, D, E) represent the home range (99% utilization distribution). The approximate location of the Subtropical Front is
represented by a dashed blue line.
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foraging during daylight and darkness in black-winged petrels
(daylight: 30.4 ± 14.2, darkness: 28.6 ± 17.1; t-test: t(258) = -0.986,
p = 0.325) and Kermadec (daylight: 37.9 ± 17.7, darkness: 37.8 ±
20.8; t-test: t(102) = -0.013, p = 0.989), but found that white-necked
petrels spent proportionally more time foraging during daylight
(daylight: 40.4 ± 15.4, darkness: 28.5 ± 21.2; t-test: t(400) = -6.72,
p < 0.001).

3.2 At-Sea Foraging Distribution
Foraging ranges extended over vast oceanic areas including, for
black-winged (Figure 4) and white-necked petrels (Figure 5),
almost throughout the entirety of the Tasman Sea and, to a lesser
extent, at the southern limits of the Coral Sea at its 30° south
limit. Approximately 55%, 35% and 42%, respectively, of black-
winged, white-necked and Kermadec petrel area-restricted
search foraging locations occurred in international waters
(outside of EEZs). All three species foraged broadly within the
warm waters of the wind-driven, southward flowing East
Australian Current (EAC) and to the southern extent of the
eastward-flowing Tasman Front (TF), which separates the Coral
Sea to the north and the Tasman Sea to the south and flows from
the east coast of Australia into the western Pacific Ocean. Black-
winged petrels made use of areas bordering the Subtropical
Frontal Zone in the south of the Tasman Sea and foraged over
an area of almost 4 million km2, white-necked petrels over
approximately 5 million km2 including to the east of New
Zealand bordering the Subtropical Frontal Zone, but Kermadec
petrels (Figure 6) remained relatively close to the colony with a
foraging range that spanned almost 0.5 million km2. Grid cell
analysis of foraging behavior revealed that gadfly petrels engaged
in area-restricted search behavior throughout their entire
foraging ranges. However, most grid cells occupied by foraging
black-winged petrels on long trips were concentrated in the
south of the Tasman Sea (Figure 4). Foraging ranges of both
black-winged and white-necked petrels were larger in 2018 than
in 2019 (Figures 4, 5). There was a high degree of overlap in
foraging ranges of all three species, but black-winged petrels
appeared to concentrate their long foraging trips considerably
further south than the other species (Figures 4–6).
3.3 Species Distribution Modeling
Evaluation metrics for habitat models constructed with spatially
independent CV were substantially poorer (AUCROC of 0.55 –
0.77; Table 4) than of models fit using conventional random CV
(AUCROC of 0.93 – 0.95; Table 4). Despite these apparent
differences in model performance, response curves and relative
importance of predictor variable contributions of conventional
CV and spatially independent CV ensemble models were similar
(Supplementary Figures 4 , 5) indicating consistent
environmental relationships, regardless of the CV method.
Both methods are likely to have poor generalizability to new
spatial and temporal environment data because the spatially
independent CV method is specifically designed to evaluate
how well model predictions transfer to new environmental
contexts. Ensemble model predictive performance for black-
winged petrels was approximately equivalent to random
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classification (AUCROC = 0.55; TSS = 0.19), and performance
was fair for white-necked (AUCROC = 0.71; TSS = 0.39) and
Kermadec petrels (AUCROC: = 0.77; TSS = 0.48) (Araujo et al.,
2005; Hosmer et al., 2013). Distance from the colony (Figure 7)
was the most important predictor, with all three species
demonstrating a high probability of foraging closer to the
colony. All species showed a preference for foraging in warmer
sea-surface temperatures, and for black-winged and white-necked
petrels SST was the second most important environment variable
for predicting the location of foraging. Black-winged and white-
necked petrels preferred to forage in areas with higher wind speeds
(albeit wind speed had only low (3.1%) variable importance for
white-necked petrels), but Kermadec petrels preferred lower wind
speeds (Figure 7). Models presented some evidence that black-
winged petrels expressed preference for foraging in areas with
shallower thermocline depths (i.e., 9.9% variable importance;
Figure 7), whereas white-necked petrel foraging was associated
with deeper thermocline depths (i.e., 6% variable importance;
Figure 7). Thermocline depth had weaker contribution to the
Kermadec petrel models (i.e., 3.1% variable importance) with no
obvious preference for foraging in waters with shallow or deep
thermocline layers.

We found no evidence of any of the species showing
preferences for foraging close to seamounts. Conversely, the
probability of foraging was uniformly higher among all species
at greater distances from seamounts; and birds did not appear to
target bathymetric slopes. Kermadec petrels demonstrated some
preference for foraging in areas with higher chlorophyll a
concentration compared to black-winged and white-necked
petrels. Additionally, for all three petrels, species distribution
models could not determine any clear preferences for foraging
near sub-mesocale sea-surface temperature fronts, nor transport
fronts (i.e., areas with lower FSLE values that represent the outer
parts of transport fronts) or areas with higher sea level anomalies.
However, black-winged petrels appeared to make some general
use to the north of the Subtropical Frontal Zone (Bostock et al.,
2015; Figure 4) during long foraging trips. In 2019, only two
white-necked petrels traveled to the east of New Zealand,
possibly making use of productive waters to the north of the
Subtropical Frontal Zone (Figure 5).
Frontiers in Marine Science | www.frontiersin.org 12
MESS grids indicated that only 0.04 ± 0.08% (mean ± SD) of
the foraging area during the time period when Kermadec petrels
were tracked had environmental conditions outside the range of
those during the time period when black-winged and white-
necked petrels were tracked (Supplementary Figure 6).
4 DISCUSSION

4.1 Foraging Characteristics
Our tracking data and analyses demonstrate that summer-
breeding gadfly petrels from the Norfolk Island Group use
waters of the East Australian Current and the Subtropical
Frontal Zone. Behavioral state-space modeling demonstrated
that while they do use some oceanographic features, they also
travel very widely, foraging throughout most of the Tasman Sea,
apparently opportunistically exploiting resources as they travel
(e.g., Ventura et al., 2020). These results support the hypothesis
that, while gadfly petrels do make some broad use of
oceanographic features, they also use a maximal-area foraging
strategy, travelling over large areas to maximize chances of
encountering unpredictable resources in relatively unproductive
marine ecosystems (e.g., Clay et al., 2017; Ventura et al., 2020).

Among seabirds, gadfly petrels undertake some of the most
extensive foraging movements during breeding when they must
travel repeatedly to and from their nests to incubate eggs or
provision themselves and their altricial offspring (Clay et al., 2019;
Taylor et al., 2020). The three species we studied all demonstrated
bimodal foraging strategies (e.g., Weimerskirch et al., 1994)
whereby birds made both short and long foraging journeys.
Concentrated foraging around seabird colonies depletes local
resources, which forces individuals to journey further in search
of food: a phenomenon known as ‘Ashmole’s halo’ (Ashmole,
1963; Oppel et al., 2015; Weber et al., 2021). Seabirds exhibiting
bimodal foraging strategies do so in response to near-colony
resource depletion, whereby short foraging trips are used to
provision their dependent young, whereas parents need to travel
to more distant foraging grounds to meet their own energetic
requirements (Weimerskirch et al., 1994; Oppel et al., 2015; Weber
et al., 2021). Gadfly petrels appear exceptionally well suited to
TABLE 4 | Number of presences and pseudo-absences used to build ensemble species distribution models (SDM) and the average values of fivefold conventional
random cross-validation and spatially independent cross-validation for the two calculated model evaluation measures including true skill statistic (TSS) and area under
the receiver operating characteristic curve (AUCROC).

Species Presences Pseudo-absences Evaluation measures (ensemble models)

Conventional random cross-validation Spatially independent cross-validation

TSS AUCROC TSS AUCROC

Black-winged petrel
Pterodroma nigripennis

20,513 20,512 0.70 0.93 0.19 0.55

White-necked petrel
Pterodroma cervicalis

28,002 28,082 0.73 0.94 0.39 0.71

Kermadec petrel
Pterodroma neglecta

4,456 4,437 0.78 0.95 0.48 0.77
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making long-distance self-provisioning journeys due to their
unique morphological adaptations for fast, and energy efficient
flight relative to other seabirds (Spear and Ainley, 1997; Ventura
et al., 2020).

4.2 At-Sea Foraging Distributions
Tracking data collected over multiple years highlighted that
some areas experience more intensive foraging than others.
This is true for both the number of individuals foraging in a
given region as well as the intensity of foraging activity of
individuals within that region. All three species had high
foraging activity immediately surrounding the colony, with
other hotspots of foraging activity relatively diffusely spread
over the remaining large foraging extent, which is typical of
other central place foraging seabirds that display dual foraging
strategies (Magalhães et al., 2008; Raine et al., 2021). Hotspots of
black-winged petrel foraging activity occurred between
approximately 40°S – 47°S. The large spatial area over which
gadfly petrels foraged encompasses areas of the Exclusive
Economic Zones (EEZs) of Australia and New Zealand with a
large proportion of foraging ranges encompassing the high seas, a
“global commons” for which no country holds sovereign
jurisdiction. In this study, approximately 55%, 35% and 42%,
respectively, of black-winged, white-necked and Kermadec petrel
foraging locations occurred outside of EEZs, which highlights the
importance of internationally coordinated efforts to conserve
gadfly petrel foraging habitat (e.g., Davies et al., 2021).

We demonstrated a large degree of spatial overlap in foraging
areas among all three species, suggesting that competition for
resources may be mediated over finer spatial scales through
differences in prey acquisition methods, presumably as a result of
morphological differences (e.g., body size), instead of large-scale
spatial or habitat segregation (Spear et al., 2007). Diet diversity in
pelagic tropical seabirds is generally low (Diamond, 1983) with
most species restricted to foraging on squid and flying fish, which
results in high diet overlap (Ashmole andAshmole, 1967; Harrison
et al., 1983; Ballance et al., 1997). Indeed, observations of stomach
regurgitations and of parents feeding young during fieldwork of the
Frontiers in Marine Science | www.frontiersin.org 13
present study suggest that the three species provisioned chicks with
unidentified squid (Decapodiformes) and flying fish (Exocoetidae)
and, in black-winged petrels, unidentified zooplankton (L. Halpin,
personal observations, 2018-2021). Kermadec petrels are reported
to be partially kleptoparasitic (Spear and Ainley, 1993). That
Kermadec petrels foraged closer to the colony and spent on
average proportionally more time in area-restricted search
behavior may be indicative of a kleptoparasitic foraging strategy,
whereby birds do not need to travel far tofindprey, but insteadmay
harassother species close to the colony thathave acquired food.This
species also demonstrated preferences for foraging in areas with
higher chlorophyll a concentration, suggesting that within their
smaller foraging range, which encompasses more oligotrophic
areas, they may need to seek patches with higher productivity to
obtain sufficient prey resources. All three species intensively used
the areas surrounding the colony in short foraging trips, but during
long trips black-winged petrels tended to forage in cooler waters
much further south than white-necked petrels. This may be
indicative of black-winged petrels having increased flight
proficiency relative to white-necked petrels thus enabling them to
exploit resources further afield.

4.3 Foraging Habitat
Model predictive performance was generally poor to fair as is
often the case for habitat generalists that lack strong affinity to a
particular habitat type or feature (Elith et al., 2006; Andrew and
Fox, 2020). We believe that the poor predictive performance was
due in part to the behavioral characteristics (i.e., more generalist
habitat requirements) of gadfly petrels rather than factors such as
the choice of environmental variables used to predict foraging
habitat. Furthermore, the response curves and relative
importance of the predictor variables to model predictions were
very similar between conventional cross-validation and spatially
independent cross-validation approaches, demonstrating that
birds have weak or wide preferences for available habitat,
regardless of the cross-validation method. While the predictive
performance of the Kermadec petrel species distribution model
was within range of what is generally considered acceptable, we
FIGURE 7 | Response curves of scaled predictors and associated predictor importance in the spatially independent cross-validation ensemble models of black-
winged (left), white-necked (center) and Kermadec (right) petrel foraging preferences. Predictor variables include chlorophyll a concentration (chl-a), distance from the
colony (Dist col), distance from seamounts (Dist sea), sea-surface temperature fronts (SST front), Finite-sized Lyapunov Exponent (FSLE), thermocline depth
(Thermocline), sea level anomaly (SLA), bathymetric slope (Slope), sea-surface temperature (SST) and wind speed (Wind).
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suggest that the performance of this model should be taken with
caution due to the lower representativeness of the sample size
(68.5%) to foraging movements of the colony-level population.
MESS grids indicated a general similarity in environmental
conditions experienced by Kermadec petrels compared to the
other two species. We therefore do not believe that differences
between the foraging characteristics of Kermadec petrels
compared to the other two species were driven by differences in
environmental conditions due to the different time periods in
which the species were tracked.

Our results suggest that black-winged petrels target waters with
shallower thermocline depths, which may indicate a more varied
diet that includes zooplankton since planktivorous species tend to
prefer waters with shallower thermocline depths (e.g., Spear et al.,
2001; Ballance et al., 2006). Conversely, the preference for foraging
in waters with deeper thermoclines expressed by white-necked
petrels may indicate that the species is more piscivorous than
black-winged and Kermadec petrels. That black-winged and
Kermadec petrels spent almost equal proportions of their time
foraging during darkness compared to daylight suggests that
nocturnal foraging is likely to be an important feature of their
behavior. These results are consistent with other studies indicating
that tropical and subtropical seabirds often rely on deep water prey
that perform diel vertical migrations to the sea surface at night (e.g.,
Hays, 2003). Such prey includes mesopelagic squid, fish and
zooplankton (Ashmole, 1971; Imber et al., 1995; Dias et al., 2012).
Similar to a closely related species, the Bonin petrel (Pterodroma
hypoleuca; Harrison et al., 1983), black-winged petrelsmay be well-
adapted for night time foraging and may rely substantially on diel
migrant prey, possibly including bioluminescent squid
(Ommastrephidae; Harrison et al., 1983) and zooplankton.
Kermadec petrels are known to feed on diel migrant squids,
particularly Onychoteuthidae (Imber et al., 1995).

Previous studies have suggested that, unlike many other
pelagic seabirds, gadfly petrels have less clear habitat
preferences, especially when engaged in long foraging trips
during the breeding season (Clay et al., 2017; Clay et al., 2019;
Ventura et al., 2020). Our study provides support for this
hypothesis with evidence to suggest that the foraging strategy
is likely based on opportunistic prey encounters rather than
targeting of specific habitat features. For example, foraging
occurred throughout the species ranges, and travel accounted
for a disproportionately large percentage of time allocation
within foraging trips. Additional support for this hypothesis is
that, across all three species, the most important model predictor
of probability of foraging behavior was the distance from the
colony. From a species distribution modeling perspective, this
suggests that, like other centrally placed foragers, breeding gadfly
petrels’ foraging ranges are mainly constrained by their need to
return to nests to provision chicks.

Possible evolutionary drivers of this lack of habitat specificity
are that (sub)tropical waters and open ocean regions are less
predictable than temperate and polar regions, and inshore
waters. Indeed, it has been hypothesized that as ocean
productivity decreases – which results in reduced prey
abundance – seabird flight proficiency becomes more
Frontiers in Marine Science | www.frontiersin.org 14
important because those with low flight costs will be able to
reach more distant resources (Ballance et al., 1997). Furthermore,
gadfly petrels’ high mobility and large foraging ranges allows
birds to be less reliant on specific oceanographic features
associated with moderate to high productivity, such as fronts
or eddies, which can be ephemeral and are highly dynamic in
marine systems (Weimerskirch, 2007), and instead allows birds
to opportunistically target prey items or patches they encounter
while in flight.

Gadfly petrels tracked in the present study showed no affinity
for foraging near seamounts, similar to Raine et al. (2021).
Several studies (e.g., Haney et al., 1995; Thompson, 2007;
Morato et al., 2008) demonstrate that some seabirds –
including gadfly petrels – occur in higher abundance near
seamounts, particularly in the North Pacific and Atlantic.
However, these studies have generally occurred during gadfly
petrels’ non-breeding stages (i.e., in the austral winter) when
birds are not constrained to routinely return to the colony. Given
the low energetic costs of long-distance travel, it could be that for
chick-provisioning gadfly petrels, targeting foraging at seamount
locations yields lower foraging success than ranging widely
across the Tasman Sea. Furthermore, little is known about
seabird prey distributions in the oceanic Pacific (Ballance et al.,
1997). It is thus also possible that the squid and flying fish prey
targeted by gadfly petrels during chick-provisioning occur in no
higher abundances at accessible seamounts within the species’
foraging ranges than in pelagic waters.

4.4 Implications for Conservation
The opportunistic foraging strategies of gadfly petrels and the
enormous areas over which they forage mean that it may be
challenging or impractical to use traditional approaches to
identifying and protecting key foraging habitats, such as static
marine protected areas (Oppel et al., 2018). Conservation of
gadfly petrel foraging habitat may therefore require focus on
maintaining functional and healthy marine ecosystems and
reducing generalized threats (e.g., commercial fisheries that
cause high seabird bycatch, marine pollution) to birds in these
areas, which will ensure long term food supplies for these oceanic
wanderers. Lack of generalizability of habitat suitability models
poses a challenge for conservation planners. If it is not possible to
predict where suitable habitat is under current environmental
conditions, then spatially dynamic conservation measures, which
have been proposed and enacted in other marine contexts, may
be impossible to implement (Hobday et al., 2011; Maxwell et al.,
2015). However, our analysis of at sea distribution presents some
opportunities. Our tracking dataset identifies some areas of high
foraging activity by multiple individuals between years. This
approach to examining areas with repeated use between years is
likely more useful for determining important foraging areas for
gadfly petrels and other seabirds that may lack predictable
foraging preferences for any static and dynamic oceanographic
features. Moreover, the dual foraging strategy that we identified
also creates potential for different conservation strategies to
provide protection for the different trip types. The short
foraging trips cover a much smaller area, meaning that
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methods such as marine protected areas could be effective at this
spatial scale (Oppel et al., 2018). Some existing protections that
prohibit commercial fishing occur in the Norfolk Island National
Park Zone to the north of the Island (Figure 8), which
encompasses a small portion of the areas used by gadfly petrels
during short trips. Conversely, the vast extent covered during
longer foraging trips by self-provisioning gadfly petrels means
that policy-based methods such as fisheries regulation (e.g.,
quotas and more comprehensive enforcement) or management
of marine plastic pollution will likely represent the best tools for
conserving birds undertaking these long-distance trips (Oppel
et al., 2018). While the risk of interactions with commercial
fisheries is considered low for the small to medium sized gadfly
petrels in our study (Waugh et al., 2012), their populations will
benefit from increased efforts to prevent the degradation of
marine ecosystems through pollution, over-fishing, and climate
change both within and outside of EEZs. Although the
conservation of the high seas is much more challenging than
within EEZs, several large high seas areas of the Tasman Sea –
which are frequented by gadfly petrels in the present study – have
been identified as ecological or biologically significant marine
areas (EBSAs) by Parties to the Convention on Biological
Diversity (Bax et al., 2016). These areas have been the topic of
discussions initiated by a United Nations call to establish marine
protections beyond national jurisdictions. Provided that their
nesting colony on Phillip Island remains free of introduced
Frontiers in Marine Science | www.frontiersin.org 15
predators, conservation efforts for these gadfly petrels should
focus on collaborative multinational cross-border efforts to
conserve and restore marine ecosystem function in the Tasman
Sea and the wider South Pacific.
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Cotté, C., d’Ovidio, F., Dragon, A. C., Guinet, C., and Lévy, M. (2015). Flexible
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Ramıŕez, I., Paiva, V. H., Menezes, D., Silva, I., Phillips, R. A., Ramos, J. A., et al.
(2013). Year-Round Distribution and Habitat Preferences of the Bugio Petrel.
Mar. Ecol. Prog. Ser. 476, 269–284. doi: 10.3354/meps10083

Ramos, R., Carlile, N., Madeiros, J., Ramıŕez, I., Paiva, V. H., Dinis, H. A., et al.
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