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ABSTRACT: Identifying animal foraging habitat can help prioritise areas for conservation and
enable better predictions of how populations respond to environmental change. Recent reduc-
tions in the size of biologging devices now enable fine-scale foraging habitat tracking for very
small seabirds. We investigated the foraging distribution and habitat preferences of Monteiro's
storm-petrel Hydrobates monteiroi, a tiny (<60 g), vulnerable seabird that is endemic to the
Azores Archipelago. We tracked 67 storm-petrels with 108 GPS deployments across 4 consecutive
breeding seasons (2018-2021) to identify important foraging areas and preferences for dynamic
and static features of their mid-ocean environment. We found that static bathymetric features such
as seafloor depth and distance from the nearest seamount were the most important predictors of
foraging location, suggesting that topographic features may provide areas of enhanced biological
productivity in the mid-Atlantic Ocean that are predictable across long timescales. Although
dynamic oceanographic variables (sea surface temperature and chlorophyll a) also helped predict
foraging activity, both the location and environmental characteristics of foraging habitat were rel-
atively stable across 4 consecutive years. This suggests that meso-scale oceanographic dynamics
do not drive strong interannual variation in foraging behaviour in this system. Currently, only
11.4% of Monteiro's storm-petrel foraging locations overlap with designated marine protected
areas. A total of 95 % of unprotected foraging locations fell within the Azores exclusive economic
zone (EEZ), indicating a responsibility of the Portuguese government to increase habitat protec-
tion. Our findings suggest that more comprehensive at-sea conservation for this vulnerable spe-
cies could be focused in predictable geographic areas over the mid-Atlantic ridge and seamounts.
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1. INTRODUCTION

Seabirds are among the most threatened bird
groups on the planet with an estimated 70 % reduc-
tion in their total population since the 1950s (Pa-
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leczny et al. 2015, BirdLife International 2021). On
land, seabirds face a host of intersecting challenges
including predation, light pollution, habitat degrada-
tion and the impacts of increasingly extreme weather
(Croxall et al. 2012, Rodriguez et al. 2017). At sea,
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seabirds are exposed to risks such as climate-induced
changes in habitat and prey availability, bycatch in
fishing gear, competition with fisheries for scarce
prey resources (e.g. Grémillet & Boulinier 2009, Dias
et al. 2019), stranding due to artificial lights of coastal
and offshore structures and drilling (Ronconi et al.
2015) and potentially by deep-sea mining. At-sea
challenges for seabirds are exacerbated by the fact
that during the breeding season they are constrained
to return regularly to the nest for incubation shifts or
to feed chicks. This constraint on their mobility
makes them reliant on the predictability of produc-
tive foraging habitat within a specific distance from
the breeding colony and increases their vulnerability
to changes in local ocean conditions (Carroll et al.
2016) and reduced prey abundance within their for-
aging grounds (Boyd et al. 2017). It is therefore
important to understand how seabirds use the lim-
ited area that is available to them during the breed-
ing season (Sansom et al. 2018) and to understand
which environmental conditions might promote or
reduce foraging opportunities, potentially contribut-
ing to interannual variation in individual condition
and reproductive success (Phillips et al. 2022).

Over the last few decades, tracking technologies
have revolutionised the study of seabird movement
ecology and magnified our understanding of the
oceanographic conditions guiding seabird foraging
behaviour (Bernard et al. 2021). Insights into the geo-
graphic location and habitat characteristics that are
important for seabirds have been central to the pro-
posal and classification of several marine protected
areas (MPAs) to mitigate against at-sea threats
(Oppel et al. 2018). For example, a meta-analysis of
tracking studies recently revealed an oceanic area
shared by over 20 seabird species breeding in 16
countries and accounting for 4.4-5 million individual
birds every year (Davies et al. 2021). However, even
in the best sampled regions our knowledge on the
movements of seabirds remains incomplete, and we
lack a strong understanding of how seabird foraging
is mediated by dynamic and changing oceano-
graphic environments (Bernard et al. 2021). Further-
more, the miniaturisation of biologging devices has
only recently enabled us to begin tracking the very
smallest seabird species, including the elusive storm-
petrels (e.g. Pollet et al. 2014, Rotger et al. 2020,
Bolton 2021, De Pascalis et al. 2021, 2022, Alho et al.
2022, Collins et al. 2022, Medrano et al. 2022, Mauck
et al. 2023). The at-sea behaviour of these tiny birds
remains poorly understood, and many species are
vulnerable to extinction (Dias et al. 2019). Under-
standing their foraging distributions and habitat

preferences will enable a better understanding of
their ecology and inform their at-sea conservation.

The summer-breeding Monteiro's storm-petrel
Hydrobates monteiroi is part of the band-rumped
storm-petrel complex in the northeast Atlantic and is
endemic to the Azores, having recently been split
from the winter-breeding band-rumped storm-petrel
H. castro (Monteiro & Furness 1998, Bolton et al.
2008). The Monteiro's storm-petrel population is esti-
mated at 328-378 breeding pairs (Oliveira et al.
2016), and the species is currently confirmed to
breed on only 3 small islets: Praia, Baixo and Baleia,
all off Graciosa Island in the Azores Archipelago.
The species is classified as 'Vulnerable' by the IUCN
(BirdLife International 2021). Although the species
awaits classification in the new Portuguese Red
Book, as the last one was published before the spe-
cies split (Cabral et al. 2005), its small breeding pop-
ulation, reduced distribution and recent decline in
breeding success mean that the Monteiro's storm-
petrel is likely to meet the Portuguese Red Book's
criteria for '‘Endangered’. The causes of its re-
duced breeding range and low breeding success are
thought to be low availability of introduced-mammal-
free habitat, interspecific competition for nests with
the band-rumped storm-petrel, predation of eggs
and chicks by Madeiran wall lizards Lacerta dugesii
(Neves et al. 2017, 2022) and potentially increased
temperatures that also raise temperature in the nest.
In recent years the number of breeding attempts in
natural and artificial nests has also been decreasing
(V. C. Neves pers. obs.).

The at-sea distribution of Monteiro's storm-petrel,
and thus its overlap with at-sea threats, remains
virtually unknown. For most storm-petrels, fisheries
bycatch does not seem to present a major threat at
the population level (Dias et al. 2019), but this group
is among the most affected by bright lights at coastal
and offshore industrial sites (Gjerdrum et al. 2021),
strandings which may represent a significant source
of mortality in some species. There is a pressing need
to study the foraging ecology and spatial distribution
of Monteiro's storm-petrel to identify possible at-sea
threats and ensure its protection.

Here we studied the at-sea distribution, foraging
trip characteristics, habitat selection and inter annual
variability in foraging habitat selection of Monteiro's
storm-petrel. We used miniaturised GPS data loggers
to track the distribution and foraging movements of
incubating (2018-2021) and chick-rearing (2018-
2020) individuals of different sexes. We assessed the
spatial and environmental niches of foraging birds to
understand which geographic locations and oceano-
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graphic features are important predictors of foraging
activity and constructed generalised additive mixed
models (GAMMs) to predict the distribution of suit-
able at-sea foraging habitat. Finally, we overlapped
the species' suitable habitat with current MPAs
within the Azores Marine Park.

The main objectives of this work are therefore to
(1) identify which places and features of the oceanic
environment represent important foraging habitat
for breeding Monteiro's storm-petrels; (2) determine
whether foraging distribution is consistent between
years, and (3) assess the level of protection offered by
existing MPAs to estimate the extent to which the
Monteiro's storm-petrel is currently protected from
activities including fishing, drilling, and other indus-
trial activities. By better understanding the foraging
distribution of this vulnerable species, we hope to
motivate efforts to increase conservation of impor-
tant offshore habitat in the mid-Atlantic.

2. MATERIALS AND METHODS
2.1. Study site
Fieldwork was conducted at Praia Islet (39°03'N,
27°57'W, 0.12 km?, 1650 m of coastline and max. alti-
tude of 52 m), which is located about 1.3 km off Gra-

ciosa Island, one of the 9 main islands of the Azores
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Archipelago in the North Atlantic Ocean (Fig. 1A).
All Azorean islands are of volcanic origin as the
archipelago lies above the junction of 3 tectonic
plates — the North American Plate, the Eurasian Plate
and the African Plate. Oceanic waters are known to
be of low productivity, but the tectonic arrangement
around the Azores provides a high number of sea-
mounts, which can promote upwelling (Whittaker &
Likens 1973, Monteiro et al. 1996). Moreover, the
Azorean oceanographic conditions are influenced
by the Gulf Stream (Monteiro et al. 1996), which
branches off below the Azores Archipelago as the
Azores Current ~34°N (Juliano & Alves 2007) and
passes above the archipelago as the North Atlantic
Current at ~50-52°N (Rossby 1996). The Azorean
climate is subtropical with only minor fluctuations in
temperature, high precipitation rates and high
humidity (Borges et al. 2010). Praia Islet has been
designated as a Special Protection Area (SPA) under
European legislation, as an Important Bird Area
(IBA) by BirdLife and it is also classified as a Nature
Reserve under the framework of Graciosa Natural
Park (Azores Government).

2.2. Study species

The Monteiro's storm-petrel Hydrobates monteiroi
is a small seabird, endemic to the Azores Archipel-

MW

60° 40° 20°W 0°
Longitude

20°E 40°W  35° 30° 25° 20° 150 10°

Longitude

Fig. 1. (A) Study region, with a red diamond indicating the location of the colony where Monteiro's storm-petrels were tracked

from Praia Islet, near Graciosa Island, in the Azores Archipelago. The red circle has a radius equal to the maximum distance

travelled by a Monteiro's storm-petrel during this study (1154 km) and is the area considered in foraging habitat models. (B)

All locations (black points) recorded by GPS units attached to foraging Monteiro's storm-petrels over 4 years (2018-2021). Red

points highlight locations identified as 'foraging’ by a 2-state hidden Markov model. Red diamond indicates the study colony
at Praia Islet; the red circle is the same as in (A), indicating the foraging area considered in habitat models
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ago, and breeds on only 3 small, mammal-free islets:
Praia, Baixo and Baleia Islets, all off Graciosa Island,
Azores Archipelago. Its population size is estimated
at 328-378 breeding pairs, from which about half of
the population (178 pairs) breed at Praia Islet
(Oliveira et al. 2016). Around 164 artificial nest boxes
have been installed at Praia Islet (Bolton et al. 2004:
150 nests, V. C. Neves unpubl.: 14 new nests in-
stalled in 2015), providing an ideal setting to investi-
gate the ecology of this species. Like all procellari-
iforms, the Monteiro's storm-petrel is a long-lived
seabird and is socially monogamous (Warham 1990).
Between late April and early July females lay a sin-
gle egg, and chicks hatch between late May and
early August; the latest chicks fledge by early Octo-
ber (Bolton et al. 2008). Both parents participate in
incubation and chick-rearing (Warham 1990). They
come to the breeding colony at night either to under-
take an incubation shift or to feed their chick.

2.3. Nest occupancy

Fieldwork was carried out between June and
August during the years 2018-2020 and in June-July
during 2021. At the start of each field season, all arti-
ficial nest boxes were checked to determine breed-
ing attempts and to identify both breeding partners
of each nest. The ring number of each adult was
noted, and unmarked birds were ringed. In each
nest, one of the birds was marked with a blue dot on
its head using a waterproof Edding® marker (Edding
GmbH) to make identification of the partners possi-
ble in subsequent nest visits without the need to re-
move the bird to check the ring number, thus reduc-
ing disturbance (Schafer 2019). Occupied nests were
monitored every other day to determine the length of
incubation shifts, to predict the probability of a shift
change for the following night and to determine the
hatching date of the chicks.

2.4. GPS tracking

High accuracy GPS loggers (n = 36, model nano-
Fix®Geo Mini, Pathtrack) were used to determine the
at-sea distribution during the incubation and chick-
rearing portions of the breeding season. The devices
weighed less than 1 g, which represents approxi-
mately 2.1 % of the mean body mass of the Monteiro's
storm-petrels (47.6 = 3.8 g, n = 108), below the recom-
mended 3 % threshold (Kenward 2001, p. 9). The sam-
pling interval of GPS devices was set between 30 min

and 3 h, with most tracks (90.2 %) being recorded at
<1 h intervals. Table S1 in the Supplement (www.int-
res.com/articles/suppl/m716p107_supp.pdf) shows the
percentage of deployments for each time resolution
in different years. During incubation, birds with a
higher probability of leaving the colony that night (i.e.
had been incubating for 3 or more days) were cap-
tured at the nest during the day. During chick-rearing
we targeted birds with a chick older than 10 d and
captured them at night, when adults were coming to
the colony to feed their chick. If necessary, we used
door traps to catch the adult during their short night
visits. After deployment, birds were returned to their
nests immediately. Birds that were incubating an egg
when the logger was attached but had a hatched
chick when the logger was retrieved were classified
as 'incubating’. The captured birds were equipped
with the loggers attached to the 4 central tail feathers
with waterproof TESA® tape (TESA SE), ~0.5 cm
downwards from the uropygial gland. The first 9 de-
ployments were made on the 2 central tail feathers
only, but after the loss of 4 devices (44 % loss rate) we
attached all the following devices to the 4 central tail
feathers to increase stability, and all the devices were
retrieved except for one device. In that case the
device was not lost, but it was not possible to retrieve
the bird in the nest as the chick was close to fledging
and the adult was visiting the nest rarely and for very
short times. This individual was observed breeding in
the colony in the following year. During tracking,
nests were monitored daily, and devices were re-
moved from the birds after a single foraging trip (in-
cubation) and after a minimum of 4 d (chick-rearing).
All birds were weighed upon GPS retrieval after the
logger was removed.

Our data ensured both a high tracking effort (108
deployments on 67 individuals; see Table S2 for
details on dates of deployment per year and per
breeding stage) and a good coverage of the breeding
population (50 % of accessible colonies).

To determine the sex of birds where these were not
known from previous studies, blood samples were
taken by puncturing the brachial vein with a sterile
disposable cannula tip (0.40 x 20 mm). The blood was
either collected with a microhaematocrit capillary
tube (75 mm, Hirschmann Laborgerdate) or collected
directly on filter paper. After sampling, the puncture
was shortly compressed with a piece of cottonwool to
stop bleeding. Blood was stored in 100 % ethanol or
kept dry in filter paper. Sexing (n = 56 ind.: 33 in
2018, 5 in 2019, 14 in 2020 and 4 in 2021) was con-
ducted using molecular methods, following Fri-
dolfsson & Ellegren (1999).
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2.5. GPS data processing

Raw GPS tracks were manually divided into
unique foraging trips in cases where the bird per-
formed more than one trip during a deployment
(usually during chick-rearing). The start and end
location of each trip was the midpoint of Praia Islet
(39.056326° N, 27.955567°W). To account for differ-
ent GPS sampling frequencies during device deploy-
ments, all tracks were regularised to 1 h intervals
using linear interpolation (90.2% of tracks were
recorded at intervals <1 h). Low quality tracks with
few locations were removed after visual inspection,
and all locations within 1 km of the colony were fil-
tered from the dataset prior to analysis. To identify
at-sea locations associated with foraging, a 2-state
hidden Markov model was developed to classify loca-
tions into foraging-type movements (characterised
by wide turning angles and small step lengths) and
transiting-type movements (characterised by narrow
turning angles and large step lengths). Step length
frequency distributions were fitted using a gamma
distribution, and relative turning angles were fit
using a von Mises distribution in the R package
moveHMM (Michelot et al. 2016). Only locations
associated with foraging-type movements were used
in further habitat selection analyses to focus on eluci-
dating the locations and characteristics of important
feeding areas at sea, rather than areas that the birds
transited through.

2.6. Environmental data

A suite of environmental covariates was down-
loaded to assess the habitat preferences of foraging
Monteiro's storm-petrels. Two dynamic oceano-
graphic features were chosen that we hypothesised
might influence the location and abundance of prey
between years: sea surface temperature (SST; °C; UK
Met Office Global Ocean OSTIA Sea Surface Tem-
perature analysis product; native resolution 0.05° x
0.05° daily, downloaded from marine.copernicus.eu),
and chlorophyll a (chl a mg m~3; Copernicus-Glob-
Colour; native resolution 4 x 4 km daily, downloaded
from marine.copernicus.eu). We also included 2
static environmental variables that we hypothesised
might indicate relative productivity or prey accessi-
bility on longer timescales: seafloor depth (m;
ETOPO1 Global Relief Model, 1 arc-minute native
resolution downloaded from www.ngdc.noaa.gov/
mgg/global/), and distance from the nearest sea-
mount (km; seamount coordinates downloaded from

the GEBCO Undersea Feature Names Gazetteer
www.ngdc.noaa.gov/gazetteer/).

2.7. Statistical analyses

All statistical analyses were conducted in R (R Core
Team 2020). Significance of all statistical tests was
determined at the p < 0.05 level and all values are
mean =+ standard error.

2.7.1. Foraging distribution

Due to the recent splitting of Monteiro's storm-
petrel from the band-rumped storm-petrel, and the
relatively recent ability to track tiny seabird species
with small dataloggers, little is known about the
basic foraging ecology of this species. For this rea-
son, we describe the effects of breeding stage, sex
and year on maximum straight-line distance from the
colony (km), total distance covered on a foraging trip
(km), and trip duration (d). Based on a previous study
on Monteiro's storm-petrels, we expected a sexual
foraging segregation during the breeding period,
particularly during the incubation (Paiva et al. 2018).
To explore these relationships, we used generalised
estimating equations (GEESs) to analyse the popula-
tion effects of breeding stage, sex and year while
allowing for correlations among clusters of repeated
samples of individual birds (Liang & Zeger 1986).
Response variables were log-transformed and fit
with Gaussian error structures. Because only 2 chick-
rearing birds were tracked in 2020 and none were
tracked in 2021, these 2 years were excluded from
comparisons of foraging distribution during chick-
rearing.

To assess consistency in the locations of core for-
aging areas between years, we estimated 75 % ker-
nel densities using the R package adehabitatHR
(Calenge 2006) and calculated pairwise overlap be-
tween years.

2.7.2. Habitat models

To provide information on the full suite of environ-
mental conditions available to foraging petrels, we
generated 10 pseudo-absence points for every forag-
ing location, matched to the dates and times of
observed foraging locations. Pseudo-absence points
were selected randomly from within 2 circular
buffers around the colony corresponding to the max-
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imum foraging displacements observed during each
breeding stage (radius 1154 km during incubation
and 611 km during chick-rearing). This ‘background
sampling’ approach allows wide sampling across all
habitat conditions theoretically available to foraging
animals, given the constraints of breeding. This en-
ables an understanding of the broad characteristics
of preferred foraging habitat by this species and
allows the development of high-performing models
for prediction (Hazen et al. 2021). Observations of
each environmental covariate were extracted at
the locations and times of presences and pseudo-
absences to assess how preferred foraging habitat
differs from non-preferred habitat.

To explore the effects of non-environmental covari-
ates on foraging location, we first built a ‘null’ model.
We tested the inclusion of breeding stage and sex as
categorical fixed effects, distance from colony as a
continuous fixed effect, and year and individual ID
(bird ring number) as random effects. The null model
was compared with 6 candidate environmental
models: 4 single covariate models testing the relative
importance of (1) seafloor depth, (2) distance to the
nearest seamount, (3) SST and (4) chl a, then 2 addi-
tional models: (5) seafloor depth and seamount dis-
tance, and (6) seafloor depth, seamount distance,
SST and chl a. This final model configuration tested
the combined importance of static environmental
variables and had the additional benefit of including
dynamic features that change through time.

All habitat models were built as binomial gener-
alised additive mixed models (GAMMs) in the R
package mgcv (Wood 2011). Models were compared
using Akaike's information criterion (AIC), and
model performance was assessed using adjusted R?
and deviance explained. Estimates of the probability
of storm-petrel presence from the best model were
predicted onto a 0.1° x 0.1° grid encompassing the
observed foraging range. We overlapped the loca-
tions of existing MPAs around the Azores Archipel-
ago onto foraging locations to assess the current
extent of protection of Monteiro's storm-petrels at
sea both within and outside of the Azores exclusive
economic zone (EEZ).

2.8. Data accessibility

Tracking data is stored both in Movebank Data Re-
pository (Movebank.org, Monteiro's storm-petrel H.
monteiroi, Hydrobatidae, Azores, study ID 1751846326)
and in the Seabird Tracking Database managed by
BirdLife International (www.seabirdtracking.org).

3. RESULTS
3.1. GPS retrieval

Our overall GPS recovery rate was 95 %, and data
was downloaded from 89% of retrieved devices
(Table S2). A total of 84 foraging trips from 53 adults
were recorded during the incubation period and 54
foraging trips from 21 adults during the chick-rear-
ing period (Table S2). Out of the 108 deployments, 5
loggers were lost, and 11 deployments failed (loggers
stopped working) or provided incomplete or low-
quality tracks. A total of 142 foraging trips, from 94
deployments (70 during incubation and 24 during
chick-rearing) on 61 birds, were included in analyses
of foraging habitat selection after application of the
Hidden Markov model (Fig. 1B). During incubation,
birds gained on average 3.98 + 3.15 g in body mass
between logger deployment and retrieval (range:
-5.1 to 11.6 g; n = 63); during chick-rearing the
weight increment was lower at 0.68 + 3.70 g (range:
-7.0 to 6.3 g; n = 27). The lower mass gain during
chick-rearing is likely due to adults having already
fed the chick upon arrival at the nest, before logger
retrieval and measurements of body mass were per-
formed. We did not include weight measurements
when adults were incubating an egg upon GPS
deployment and had a small chick by the time the
GPS unit was retrieved because in those cases, we
only retrieved GPS units during the day, several
hours after adults returned to the nest.

3.2. Foraging distribution

As expected, Monteiro's storm-petrels travelled
greater distances on longer foraging trips during
incubation compared to during chick-rearing (Fig. 2).
GEEs showed that after accounting for the effects of
sex, year, and individual, Monteiro's storm-petrels
travelled approximately 1.94 times further from the
colony during incubation than during chick-rearing
(Table S2, incubating = 384.5 + 28.9 km, chick-rear-
ing = 156.56 + 16.86 km; GEE coefficient = 1.94 =
1.15, Wald test, W=19.79, p < 0.001). Incubating birds
also travelled 2.07 times greater total distances (incu-
bating = 1095.0 + 69.2 km, chick-rearing = 457.5 +
45.6 km; 2.07 + 1.11, W= 25.68, p < 0.001) and spent
1.97 times more days away from the colony on a trip
(incubating =4.10 + 0.37 d; chick-rearing =2.2 £ 0.3 d;
GEE coefficient = 1.97 + 1.13, W= 32.14, p < 0.001).

Contrary to expectations there were no significant
sex differences in maximum distance travelled from
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Fig. 2. Differences in the (A) maximum distance from the
colony (km); (B) total distance covered (km); and (C) trip dura-
tion (d) by foraging Monteiro's storm-petrels during the in-
cubation and chick-rearing periods. Bar: median; box: inter-
quartile range; whiskers: non-outlier range; points: outliers

the colony, (female = 324.5 + 28.3 km; male = 262.1 +
23.8 km; GEE coefficient =0.95+ 1.11, W=0.211,p =
0.646), total distance covered (female = 901.9 =+
81.2 km; male = 772.9 + 66.1 km; GEE coefficient =
091 = 1.10, W = 0.88, p = 0.348) or trip duration
(female = 3.3 = 0.2 d; male = 3.39 + 0.44 d; GEE coef-
ficient = 0.93 + 1.13, W= 0.54, p = 0.464).

Despite some variability in foraging location
between years, there were no significant differences
in trip distance or duration between years after
accounting for breeding stage and sex, based on a
multiple comparison of GEE estimates using Tukey
tests with single-step adjusted p-values (Table S3).

Most birds foraged to the north of the Azores
Archipelago during both incubation and chick-rear-
ing. The core foraging area (75% kernel utilisation
distribution [UD]) was similar in all 4 years, with
birds concentrating foraging activity to the immedi-
ate northeast of the colony during chick-rearing
(approximately 38-40° N and 26-28° W), and in 2 con-
nected core foraging locations to both the northeast
(approximately 38-42° N and 26-29° W; Fig. 3A), and
northwest during incubation (approximately 40-43°N
and 29-31°W; Fig. 3B). Kernel UD overlap values
between years ranged from 47-92 % during incuba-
tion (2018-2021; mean = 71.6 + 3.7 %) and 34-100 %
during chick-rearing (2018-2019; mean = 67 + 33 %;
Table S4).

3.3. Habitat models

Monteiro's storm-petrels selected foraging habi-
tat that was much shallower and closer to sea-
mounts than would be expected if they used for-
aging habitat in proportion to its availability
(Fig. 4A). Birds tended to forage along the rela-
tively shallow waters of the mid-Atlantic ridge
(mean depth = 1425.5 = 9.1 m; Fig. 4B) within
100 km of the nearest seamount (mean distance =
98.1 £ 0.9 km; Fig. 4C). Monteiro's storm-petrels
selected waters that were slightly more productive
than mean available habitat in all years (Fig. S1;
mean chl a = 0.11 + 0.01 mg m™), and with
slightly cooler temperatures than the mean avail-
able habitat in most years (Fig. S2; mean SST =
20.9 + 0.1°C). These relationships with dynamic
oceanographic features and the general locations
of foraging activity did not change greatly across
the 4 study years in response to different oceano-
graphic conditions, indicating that birds had inter-
annual fidelity to relatively stable foraging habitat
at the population level.
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Fig. 3. Locations and 75 % kernel utilisation distributions of foraging Monteiro's storm-petrels. (A) Overlap between distri-

butions of incubating birds in each year. Grey circle is the maximum foraging range during incubation (radius 1154 km).

(B) Overlap between distributions of chick-rearing birds. Grey circle is the maximum foraging range during chick-rearing
(radius 610 km). Red diamond indicates study colony

GAMMs all included breeding stage, distance important habitat attribute that influenced the

from colony, year and individual ID. The inclusion location of foraging by Monteiro's storm-petrels
of sex led to lower parsimony according to AIC, and (Table 1). The single covariate model (null model +
the term was therefore dropped from final models. depth) explained 51% of the variation in foraging

GAMMs showed that seafloor depth was the most location (AAIC from null model = 20610.29; Table 1),
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Fig. 4. (A) Foraging locations of Monteiro's storm-petrels (grey) and the location of seamounts (orange) shown with seafloor

depth. Red diamond indicates study colony. Grey circle represents potential foraging range and has a radius of 1154 km (max.

foraging range) from the center of the colony. (B) Distribution of seafloor depths associated with foraging locations (purple)

and random pseudo-absence locations (grey). (C) Distribution of distances to the nearest seamount associated with foraging
locations (purple) and random pseudo-absence locations (grey)
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Table 1. Candidate generalised additive mixed model (GAMM) configurations in R mgcv explaining the occurrence (binomial
presence/absence) of Monteiro's storm-petrels. All models contain fixed effects for breeding stage and distance from colony, and
random effects (bs = 're’) for year and bird ID. The best performing model according to adjusted R?, deviance explained (dev.
expl.), and Akaike's information criterion (AIC) was the full model containing both static (seafloor depth + seamount distance)
and dynamic (chlorophyll a and sea surface temperature [SST]) environmental covariates. edf: estimated degrees of freedom

Model name GAMM formula edf R%adj. Dev.expl. AIC AAIC
(%)
Null model gam(occurrence ~ breeding stage + s(distance from 3.0 0.01 0.1 47704.1 26465.1
colony, k =5) + s(year, bs = 're') + s(ID, bs = 're’),
family = ‘binomial’)
Chl a gam(occurrence ~ s(chl a, k = 5) + breeding stage + 35.8 0.04 6.7 44559.2 23320.2
s(distance from colony, k = 5) + s(year, bs = 're') +
s(ID, bs = ‘re'), family = ‘binomial’)
SST gam(occurrence ~ s(SST, k = 5) + breeding stage + 26.9 0.03 6.8 44488.9 23249.9
s(distance from colony, k = 5) + s(year, bs = 're') +
s(ID, bs = 're’), family = ‘binomial’)
Seamount gam/(occurrence ~ s(distance from seamount, k = 5) + 524 0.15 227 369939 15754.9
distance breeding stage + s(distance from colony, k = 5) +
s(year, bs = 're') + s(ID, bs = 're’), family = 'binomial’)
Seafloor gam(occurrence ~ s(depth, k = 5) + breeding stage + 70.8 0.38 46.6 24943.0 3704.0
depth s(distance from colony, k = 5) + s(year, bs = 're') +
s(ID, bs = ‘re'), family = ‘binomial’)
Static gam(occurrence ~ s(depth, k = 5) + s(seamount distance, 74.4 0.44 51.3 22754.8 1515.8
features only k =5) + breeding stage + s(distance from colony, k= 5) +
s(year, bs = 're') + s(ID, bs = 're’), family = 'binomial’)
Static + dynamic gam(occurrence ~ s(depth, k = 5) + s(seamount distance, 84.2 0.48 54.6  21239.1 0
features k=5)+ s(SST, k=5) + s(chl a, k =5) + breeding stage +
s(distance from colony, k = 5) + s(year, bs = 're') +
s(ID, bs = ‘re'), family = ‘binomial’)

and modelled response curves showed that the high-
est probability of foraging occurred at the shallowest
depths (Fig. 5A). Adding distance from the nearest
seamount, SST and chl a improved this model mod-
estly, with the full model performing best (AAIC from
null model = 24338.44; Table 1) and explaining 61 %
of the variation in foraging location (Table 1).
Response curves showed that the probability of for-
aging was highest closest to seamounts, at relatively
low chl a concentration, and at SST between 17 and
23°C (Fig. 5B,C,D).

3.4. Predictions of suitable foraging habitat

Final model predictions of the location of suitable
foraging habitat for Monteiro's storm-petrels around
the Azores highlighted areas that were relatively
shallow and close to seamounts (Fig. 6). The model
aligned well with observed foraging locations but
also predicted foraging areas south of the Azores
Archipelago where the storm-petrels were not ob-
served to forage during the 4 yr study period. Exist-
ing MPAs each encompassed some suitable foraging

habitat (Fig. 6). However, many foraging areas re-
main unprotected by the Azores MPA network, with
only 11.4 % of observed foraging locations (16 % dur-
ing incubation; 5% during chick-rearing) falling
within the boundaries of an existing protected area
(Fig. 6).

4. DISCUSSION
4.1. Overview

This is the first study to describe the fine-scale for-
aging movements and habitat preferences of the
Monteiro's storm-petrel. Over 4 consecutive summer
breeding seasons, birds from Praia Islet foraged
almost exclusively in regions north of the Azores
Archipelago and strongly preferred foraging in rela-
tively shallow waters along the mid-Atlantic ridge
and near oceanic features like seamounts. Dynamic
oceanographic features including SST and chl a con-
centration were secondarily important predictors of
foraging in the best model, but observed interannual
variation in these parameters did not drive large dif-
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Fig. 5. Generalised additive mixed model (GAMM) partial response curves (+SE; rug plots indicate observational data) de-
picting relationship between Monteiro's storm-petrel foraging location and (A) depth, (B) distance to the nearest seamount,
(C) chl a concentration, (D) sea surface temperature (SST)

ferences in foraging location between years. Con-
trary to a study on Monteiro's storm-petrel using
coarse scale data from light-level geolocators (Paiva
et al. 2018), male and female birds did not show any
distinct differences in the duration or maximum dis-
tance of their foraging trips, but similarly to previous
studies on other storm-petrel species (e.g. Alho et al.
2022, Collins et al. 2022) the birds flew longer dis-
tances and spent longer at sea during incubation
than during chick-rearing in all years. The informa-
tion gathered in this study gives new insight into the
ecology of this vulnerable and cryptic seabird that
may be useful for understanding at-sea behaviour
and aid in strategically increasing overlap between
key foraging habitat and MPAs.

4.2. Spatial distribution and habitat selection

The Azores Archipelago is located in the mid-
Atlantic Ocean, where most available foraging habi-
tat is over the deep abyssal plain (>4000 m depth). In
this environment, Monteiro's storm-petrels preferen-
tially foraged in the shallowest available habitat,
with most foraging occurring in waters <2500 m
depth (mean = 1500 m). Foraging was associated
with the higher density of seamounts to the north of
the archipelago (Morato et al. 2008a) and over shelf-
breaks along the mid-Atlantic ridge. Topographic
features such as seamounts and ridges interact with
ocean currents to produce nutrient upwelling and
enhance local productivity (Lewison et al. 2012, No-
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gueira et al. 2012). Seamounts are known to aggre-
gate both prey and predators (Morato et al. 2008b,
Amorim et al. 2009, Paiva et al. 2010), creating bio-
logical hotspots and enhanced feeding opportunities
for predators in the otherwise featureless open ocean
(Cascao et al. 2020).

Monteiro's storm-petrels feed primarily on small
myctophid fish and squid (Carreiro et al. 2022) and
perform shallow dives to exploit their prey at the
near-surface (<5 m). Other studies have shown that
prey from the deep scattering layer including myc-
tophids can be enhanced at the near-surface (~10 m
depth) in proximity to seamounts, matching an
observed increase in seabird density (Haney et al.
1995). This suggests that these features may increase
either the total abundance or the accessibility of ver-
tically migrating prey species to surface-feeding and
shallow-diving predators including seabirds. Similar

foraging locations and behaviour to those observed
in Monteiro's storm-petrels have been described for
Cory's shearwaters (Magalhaes et al. 2008, Paiva et
al. 2010) suggesting that subsurface features such as
seamounts and shelf breaks in the northern mid-
Atlantic may provide relatively predictable foraging
habitat for other near-surface feeding seabirds
breeding at the Azores Archipelago.

Monteiro's storm-petrels preferred foraging north
of the Azores Archipelago despite the availability of
some shallow foraging habitat and seamounts to the
south of the breeding colony. Their habitat selection
appeared in part related to the presence of cooler,
more productive waters available near the northern
edge of the petrels' foraging range. This represents a
dynamic area dominated by eddies and meanders
originating from the Gulf Stream, which forms a tran-
sition zone as it passes through the region as the
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North Atlantic drift. Despite some variation in SST
and chl a concentration between years, there was no
dramatic difference in core foraging location or habi-
tat preference resulting from oceanographic changes
at the interannual scale. This mirrors findings in a
smaller congener, the European storm-petrel Hydro-
bates pelagicus, which also showed highly consistent
usage of foraging areas across both years and breed-
ing stages (Bolton 2021).

There was greater variability in the distance trav-
elled from the colony and total distance covered by
birds across years than in the duration of foraging
trips. This suggests that despite having relatively
tight constraints on the amount of time birds can
leave their partners (incubation) or offspring (chick-
provisioning), petrels have greater flexibility in the
locations that they can visit by increasing the amount
of ocean covered on a foraging trip. Inter-annual
oceanographic variability has been shown to influ-
ence nest fidelity (Robert et al. 2014), reproductive
performance, and survival of the Monteiro storm-
petrel (Robert et al. 2012, 2015), and the links
between these parameters and foraging effort and
prey availability both within and outside of the
breeding season deserve further investigation.

4.3. Differences between sexes
and breeding stages

We found no significant inter-sexual segregation
within foraging trip characteristics of Monteiro's
storm-petrels including trip duration, or maximum dis-
tance. A slight sexual size dimorphism in Monteiro's
storm-petrels, with females having longer wings than
males has been described (Nava et al. 2017, Schéafer
2019). A previous study on Monteiro's storm-petrel at-
sea distribution using global location sensors (GLSs)
found inter-sexual habitat segregation (Paiva et al.
2018), but our data does not support this hypothesis.
The lack of differences in foraging trip characteristics
between males and females might be a result of equal
investment in parental care (Warham 1990).

Monteiro's storm-petrels made longer foraging
trips and covered larger foraging distances during
incubation than during chick-rearing. That the birds
travelled to more remote foraging areas during the
incubation period may be because adults only have
to provide for themselves. In contrast, during the
chick-rearing period, foraging effort must meet the
energy requirements of both parent and offspring.
Then, the birds have to come more frequently to the
colony to feed their chick and are therefore limited in

the distance they can travel to reach more desirable
foraging areas.

A bimodal provisioning strategy of alternating long
and short foraging trips is known in many procel-
lariiform species, e.g. sooty shearwaters Ardenna
grisea, wandering albatrosses Diomedea exulans
or Cory's shearwaters Calonectris diomedea (Badu-
ini & Hyrenbach 2003, Magalhaes et al. 2008). In
Leach's storm-petrels H. leucorhous and European
storm-petrels H. pelagicus unimodal foraging strate-
gies have been described (Baduini & Hyrenbach
2003, Mauck et al. 2023). In some cases, Leach's
storm-petrels may show some degree of bimodality,
as found by Collins et al. (2022), but with no obvious
pattern, with short trips being equally likely in incu-
bation and chick-rearing.

The Monteiro's storm-petrels seem to pursue a uni-
modal strategy like their close relatives; although
chick-rearing birds occasionally conducted longer
trips, the majority were close to the colony, and the
core foraging range was much more constrained rel-
ative to incubating. However, there was some inter-
individual variation in the foraging trip duration dur-
ing incubation with 2 adjoining core ranges, one with
a slightly closer maximum extent to the northeast of
the colony, and one that extended slightly further to
the northwest. Additionally, birds seemed to de-
crease the foraging trip duration towards the end of
the incubation period, similar to what was found for
Leach's storm-petrels (Mauck et al. 2023), probably
to ensure that they can be at the nest to feed their
chick soon after hatching (Weimerskirch 1998,
Gonzalez-Solis 2004).

4.4. Overlap with MPAs

Tracking can provide a useful tool to inform marine
conservation planning by enabling the spatial over-
lap of species and their threats (Lascelles et al. 2016).
Amongst seabirds, storm-petrels seem to be the least
impacted by bycatch, being more vulnerable to ter-
restrial threats, especially invasive alien species and
problematic native species (Dias et al. 2019). How-
ever, they are amongst the most impacted by artifi-
cial lights at coastal and offshore industrial sites
(Gjerdrum et al. 2021). In addition, a recent review of
at-sea threats to these groups (Hydrobatidae and
Oceanidae) identified pollution, energy production
and mining and climate change as other potential
threats (Dias et al. 2019).

The high mobility of megafauna reduces the effec-
tiveness of static area-based management (Hilborn et
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al. 2022), but in this study we found a high consistency
in the foraging areas used across 4 consecutive breed-
ing seasons, driven by a preference for environmental
features including seafloor depth and distance to
seamounts that did not change through time. In addi-
tion, the Monteiro's storm-petrel is a vulnerable spe-
cies, and its annual breeding success can, in some
years, be very low (Neves et al. 2017). Therefore, pro-
tecting the main foraging areas, by restricting the ac-
tivities with a potential impact on storm-petrels, could
contribute to ensuring the viability of the species.

Currently, the foraging locations of this vulnerable
species are poorly covered by MPAs, especially dur-
ing chick-rearing. Recently, the European Commis-
sion has committed to designating 30 % of EU waters
as protected areas by 2030 (30 x 30 target), with at
least one-third of these MPAs classified as ‘strictly
protected' (EU Biodiversity Strategy for 2030). Al-
though it is reported that more than 50% of the
cumulative breeding range of procellariiform sea-
birds are covered by IBAs and SPAs within the EU
(Ramirez et al. 2017), only 11.4 % of Monteiro's storm-
petrel foraging locations overlapped with the sites of
existing MPAs. Two current MPAs are important for
the birds tracked in this study, namely the ‘Nature
Reserve of Monte Submarino Sedlo’ northeast of the
colony and the 'mid-Atlantic ridge north of the
Azores' (MARNA).

During incubation, 16 % of the foraging locations
were within MPA zones and during chick-rearing
that value was only 5 %. This is particularly concern-
ing, as foraging during the chick-rearing stage is cru-
cial for breeding success, when the Monteiro's storm-
petrels must provide for both themselves and their
chicks (Orians & Pearson 1979). Therefore, it seems
important to characterise threats facing Monteiro's
storm-petrels at sea and to use this information com-
bined with information on distribution and habitat
selection to designate further MPAs for the conserva-
tion of this vulnerable species.

Based on the analyses performed in this paper, a
strong candidate area for enhanced protection could
be the area around and to the south of the Sedlo
Seamount. This area was an important core foraging
habitat in both breeding stages. Additionally, the birds
foraged extensively along the mid-Atlantic ridge, but
mainly south of the MARNA MPA closer to the archi-
pelago, another important candidate area to be con-
sidered for protection. A total of 95% of the unpro-
tected foraging locations (91% during incubation,
98 % during chick-rearing) of the Monteiro's storm-pe-
trels were located inside the boundaries of the EEZ of
the Azores, and therefore, it is the responsibility of the

Portuguese government to designate new MPAs. Al-
though Portugal was a pioneer in establishing MPAs
(Ramirez et al. 2017), the waters covered by IBAs and
SPAs currently represent less than 3% of the Por-
tuguese EEZ. The designation of new MPAs protecting
the core foraging areas of the Monteiro's storm-petrel
and other breeding seabirds may be a good opportu-
nity to increase the proportion of protected Portuguese
waters and fulfil the 30 x 30 target.

Ideally, a larger analysis should combine tracking
and modelling data for other species of the Azores-
breeding seabird community using a multi-model
predictive approach to identify biological hotspots
for enhanced protection. Of particular importance
would be the inclusion of data on foraging areas and
habitat suitability of the Monteiro's storm-petrel's
sibling species, the more abundant winter breeding
band-rumped storm-petrel H. castro. By combining
habitat modelling with studies on the diet of Azores
storm-petrels, it would be possible to assess their vul-
nerability to changes in prey resources caused by
fishing and environmental change.
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