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Abstract
Background

Allochrony can be a cause or consequence of speciation, either creating
temporal reproductive isolation that reduces gene flow between diverging
populations or reinforcing divergence that has already occurred through
geographic isolation. The former appears to apply to band-rumped storm-petrels
(Hydrobates castro) at some breeding sites, where there are genetically
differentiated hot and cool season breeding populations. It is unclear, however,
whether seasonally segregated but genetically similar populations retain the
same habitat preferences or whether divergence in foraging behaviour is
associated with the process of allochronic speciation.

Methods

We quantified the foraging distribution of band-rumped storm-petrels at St
Helena, the largest known breeding colony in the South Atlantic at which hot and
cool season breeders do not appear to be genetically differentiated. Fifty-four
GPS tags were deployed on experienced breeders across two hot and two cool
breeding seasons. We compared foraging trip parameters, foraging effort and
examined whether environmental (oceanographic and atmospheric) conditions
and habitat selection varied between seasonal populations.

Results

Long foraging trips lasted up to 9 days and involved travel distances of up to
3,285 km. The trip durations and distances were similar between the two
seasonal populations, but directions differed markedly, resulting in pronounced
differences in at-sea distributions. Adults breeding in the cool season foraged
across ~619,000 km? southeast of St Helena selecting warmer waters (~23.1 +
0.7°C). In the hot season, adults used a similarly sized area (~600,000 km?2) to

the southwest, but selected cooler waters (~21.2 = 0.4°C) even though overall



conditions at unused but available locations were warmer (~23.7 = 0.7°C) than
in the cool season (~20.6 + 0.5°C).

Conclusions

Seasonal differences in oceanographic conditions likely force hot season
breeders to select cool nutrient-rich waters, whereas cool season breeders may
select wind or temperature conditions that minimise travel or thermoregulatory
costs. This clear segregation in foraging range and habitat selection suggests
that the divergence in at-sea distributions between two genetically similar
seasonal breeding populations may contribute to allochrony and ultimately to
sympatric speciation in the band-rumped storm-petrel at St Helena and

elsewhere.

Keywords: Hydrobates castro, St Helena, Seabird, Foraging, Distribution,

Allochrony

Introduction

The mechanisms of population differentiation and speciation are complex. A
commonly invoked mechanism for speciation is that geographical barriers to
dispersal limit gene flow between populations (1,2). One increasingly discussed
alternative or complementary mechanism is termed allochronic speciation, which
refers to populations that become separated by breeding time; these seasonal
populations can eventually become reproductively isolated (3,4). In seabirds, the
timing of breeding is generally determined by seasonal fluctuations in the
abundance or availability of food that coincide with periods of greatest demand
during reproduction (5). However, in temperate or tropical waters that lack
pronounced seasonal fluctuations, seabirds can rear chicks at different times of

the year and the timing of breeding is much more variable. In extreme examples



of allochrony, two seasonally-segregated populations diverge sufficiently to be
classified as separate species, e.g., band-rumped storm-petrels (Hydrobates
castro, sensu /ato) in the Galapagos Islands (6) and the Azores Islands (7,8). It is
unclear whether these seasonally segregated populations retain similar foraging
preferences and exploit the same resources or retain preferences for the same
areas at sea (albeit at different times of the year), or whether their diet, foraging
behaviour and distribution have also diverged, thus offering a further barrier

beyond allochrony that restricts gene flow.

The miniaturisation of reliable high-resolution global positioning system (GPS)
devices has created new opportunities for tracking small pelagic seabird species,
greatly improving our understanding of their foraging ecsiogy and distribution,
and the effects of a changing environment (9,10). Here, we use this technology
to shed light on the foraging distributions of two seasonally segregated

populations.

The band-rumped storm-petrel species complex includes several cryptic species,
including some that aire endemic to a single island group (11), as well as
allochronic populations at various stages along the continuum towards full
speciation. In the central South Atlantic Ocean, the band-rumped storm-petrel is
strongly differentiated from conspecifics in other regions in terms of
mitochondrial DNA and single nucleotide polymorphism markers from reduced
representation sequencing (11). It breeds only at two island groups, St Helena
and Ascension Island. Breeders from these two island groups are only weakly
genetically differentiated from each other, and there is some evidence of gene
flow between them (11). However, each group holds two seasonally segregated
populations: one of these breeds in the austral summer (late September to late

December, hereafter referred to as the “hot season”), and the other breeds in



the austral winter (hereafter referred to as the “cool season” (12,13)). These two
seasonal populations show limited differences in morphology and vocalisations
(14) and insufficient genetic differentiation to be considered cryptic species
(3,11). Other seabird species on both islands (e.g. red-billed tropicbirds
(Phaethon aethereus) (15), Ascension frigatebirds (Fregata aquila) (16), and
masked boobies (Sula dactylatra) (17)) breed throughout the year, and storm-
petrels are the only species that have segregated into mutually exclusive

seasonal populations.

The overall aim of this study was to compare the at-sea spatial distribution and
foraging habitat preferences of the seasonal populations of band-rumped storm-
petrels at St Helena to determine whether these play a roie in the extreme
breeding allochrony. If foraging and habitat preferences are largely fixed, we
expect that the two seasonal populations would use either geographically or
oceanographically similar foraging areas, aibeit at different times of the year.
However, if foraging behaviour is a piastic trait, i.e., birds respond to current
conditions, and those change between the two seasons, we expect that the
foraging areas may differ substantially in either space or oceanographic
conditions. We therefore used tracking data and remotely sensed oceanographic
information to test (1) whether foraging areas were spatially segregated
between the two seasonal populations; and (2) if any spatial differences in
foraging areas could be explained by seasonal changes in environmental
conditions and hence resource availability (18). Our study is the first detailed
examination of mechanisms that might contribute to, or maintain allochrony
between seasonal populations at St Helena, contributing to our understanding of

sympatric speciation.

Methods



Fieldwork

Fieldwork was carried out on Egg Island (15957'57’'S, 5246'39'W), a small islet off
the northwest coast of St Helena that hosts the largest known breeding
population of band-rumped storm-petrels in the South Atlantic Ocean. The islet
has an established array of artificial nest chambers that are used readily by both

seasonal breeding populations (13).

Over three calendar years, encompassing two hot seasons (late September to
late December 2017 and 2018) and two cool seasons (late March to early July
2018 and 2019), breeding band-rumped storm-petrels were equipped with small
GPS devices (0.95 g, 20 x10 x 4.5 mm; NanoFix-GEO mini, Pathtrack Ltd., Otley,
UK). These were set to record a position at 120-minute intervals during
incubation and 60-minute intervals during chick rearing. Three narrow strips of
waterproof TESA Tape (Beiersdorf, Germany) were used to attach the GPS device
to the four central rectrices. Birds were recaptured and the device removed after
periods of 2-12 days. The mass of the device and attached material was 1.1 g,
corresponding to 1.9-2.9% cf the body mass of the tagged birds at deployment.
To minimise the risk of nest-desertion, we tracked only ringed birds that had
previously bred at least once. All successfully tracked birds had feather samples

taken for molecular sexing (using primers 2550F/2718R), following (19).

Statistical analysis

All statistical analyses were carried out in the program R 3.5.1 (20). Generalised
linear mixed models (GLMMs) were implemented in the /me4 package (21) using
the 'glmer' function, the ftests were implemented in the stats package (22), and
the likelihood-ratio tests (LRTs) in the /mtest package (23). The circular ANOVAs
were generated using the 'aov.circular' function in the circu/ar package (24).

Random forest models were implemented in the R package ‘ranger’ (25).



Significant effects in all final models were plotted using the ggp/ot2 R package

(26). Values are presented as the mean = SD unless otherwise stated.

Assessment of the effect of tagging

To test for possible effects of the devices, we compared body mass at
deployment and retrieval using a £test, and breeding success between nests
where an adult was tracked with an equal number of randomly selected control
nests of established adult breeders each season using two logistic exposure
GLMMs (27,28). Body mass of all breeding adults encountered during the study
were also compared between hot and cool seasons using a ftest, to check for

differences in body condition between the seasonal populations.

Comparison of trip metrics and foraging effort

Location data from GPS loggers were downloaded using Pathtrack Archival GPS
Logger software (V1.5, Pathtrack Ltd., UK). Inaccurate GPS locations were
identified by visual inspection of each track, and any points requiring an
unrealistic travel speed (>50 km h-1 sustained over 2 hours) were removed (<1%
of locations). Foraging trips were delineated using using the 'tripsplit’' function in
the trackZKBA R package (29). Many Procellariiformes exhibit frequent and
extended periods of egg neglect during incubation (30), which is considered a
widespread adaptive response among Hydrobates species (31,32). Therefore,
two trip categories were distinguished; short and long trips. Short trips were
temporary excursions by adults on incubation duty who temporarily neglected
the egg hereafter referred to as ‘short neglect trips’), and these trips were
determined through nest monitoring and/or GPS data from the partner. Long
trips during incubation or chick rearing were foraging trips that included a series
of >5 locations where the bird travelled at least 20 km from the colony. We

considered long trips to be complete if the tracked bird returned to within 30 km



of the colony, even if no GPS positions were obtained upon return to the colony
due to battery failure. Foraging trip parameters (total distance travelled,
maximum distance from the colony and trip duration) were calculated using the
'tripdistance' function in the £rip R package (33,34). The total distance travelled
was calculated as the sum of all distances between consecutive GPS locations,
assuming straight-line travel. To quantify the general direction of foraging, we
calculated the great circle bearing from the colony to the most distal point

during each trip using the ‘bearing’ function in the R package geosphere (35).

We used first passage time (FPT) (the time taken to cross a circle of a given
radius; (36)) to identify regions of area restricted search (ARS) during long
foraging trips. Each trip was converted to a trajectory, interpolated and
discretized to hourly locations, and FPT analyses were implemented using the
'fpt' function in the adehabitatL TR package (37). Individual ARS values were
calculated, and the peak in the variance of log values for each independent trip
was used to define a mean search scale for the population. Original locations
where the FPT value was higher than the mean FPT value across all trips (i.e., >

1.0) were assumedcd tc be foraging rather than travelling.

Bearings to the distal point of each trip were compared between hot season and
cool season populations using circular ANOVAs (38). Differences in other foraging
trip parameters were examined using GLMMs with a gamma error structure and
log link function. Individual identity (ID) and year were included as a cross-
classified random effect to account for nonindependence of multiple trips by the
same individual and any variation in foraging distances between years. The
models also included sex and breeding stage as fixed effects to account for
these known sources of variation (39). For each foraging trip parameter, we

constructed two GLMMs and compared these models using a Likelihood Ratio



Test (LRT). One model included season (cool versus hot) as our main categorical
variable of interest, as well as sex and breeding stage as fixed effects, and the
corresponding null model included only the fixed effects (sex and breeding
stage), excluding season. Model assumptions were checked using standard

model validation approaches (40).

To investigate whether the proportion of time spent foraging differed between
seasons, we calculated the proportion of time spent foraging per trip from the

binary response (foraging: true/false) identified by the FPT analysis.

Comparison of spatial distribution

To assess whether the size of the areas exploited on foraging trips differed
between seasons, we calculated kernel utilisation distributions (UDs) using the
adehabitatHR package (41). Specifying a 1 x 1 ki @grid resolution, the
"kernelUD" function was used to calculate the 95%, 75% and 50% UDs from all
locations on long trips. The kernel smoothing parameter was chosen using the ad
hoc method (42) and set to 44 km. Overlap in UDs between the two seasons, and
between years for each season were quantified using Bhattacharyya's affinity
index (BA), calculated with the "kerneloverlap" function. This is a nondirectional
statistical measure of affinity that ranges from 0 (no spatial similarity between
distributions) to 1 (identical spatial distributions), and has been used in previous

studies of seabirds (43,44).

Comparison of environmental conditions and habitat selection
Differences in spatial distributions between the two seasonal populations could
indicate a spatial shift in the same preferred habitat or a difference in habitat
preferences (use in relation to availability). We therefore conducted two
complementary analyses to understand whether storm-petrels foraged in similar

environmental conditions in each season. First, we directly compared the



environmental conditions at used foraging locations between the two seasons to
test whether birds targeted equivalent conditions at different times of the year,
even though the distribution of conditions and resources around the breeding

colony may change.

Second, within each season we compared the environmental conditions at used
foraging locations to those at unused locations that would have been available to
storm-petrels in that season, to test whether the selection preferences were
similar between seasons even if the underlying conditions were not. To specify
unused locations that could have been ‘available’, we used the foraging locations
of birds from the opposite season (which indicates that storm-petrels are
physically able to travel to those locations) and assigned those spatial locations
random dates and times drawn from the temporal distribution of foraging
locations of the focal season. This resulted in a set of times and spatial locations
that would have been available but were not used by tracked storm-petrels in a
given season. We present the distribution of these data for each environmental
variable in terms of the mean and standard deviation for both groups (hot vs.
cool season, and used vs. unused in each season), the mean difference and the
upper and lower 95% confidence interval of the mean difference from 10,000
bootstrap random samples of each environmental variable per category (hot,

cold, used and unused) (45).

To quantify the environmental conditions, we selected nine variables that may
influence either the availability of prey or the distribution of storm-petrels
directly (31-33). We included atmospheric conditions such as cloud cover, air
temperature and wind that may affect flight (46), and oceanographic variables
such as sea surface temperature and chlorophyll a concentration that may affect

prey availability (47,48, Tables 2, S2). All variables corresponding spatially and



temporally with foraging locations used in a given season, or the unused but
available locations, were downloaded via the Env-Data system in Movebank (49)
(Supplementary Information; Table S2). Wind speed (m/s) and direction
(degrees) were computed at each location from surface wind vectors (zonal and
meridional velocities, daily values at 0.75 degree resolution, obtained from the
European Centre for Medium-Range Weather Forecasts (ECMWF);

https://www.ecmwf.int/).

To test whether used and unused but available locations within each season, and
the foraging locations between the two seasons could be distinguished based on
all environmental variables simultaneously, we used a multivariate random
forest algorithm. A random forest is a machine learning aigorithm based on
ensembles of regression trees that can accommodate many predictor variables
and yields highly accurate predictions (25,50-55), while accounting for complex
interactions. We therefore expected that the random forest model would identify
whether used and unused but available locations could be segregated, and if so,

which variables would most effectively explain that segregation.

We fitted three random forest models; one to compare the environmental
variables at foraging locations between seasons (season as response variable),
and two comparing the used and unused (but available) locations in each
season. The explanatory power of the models was evaluated by calculating the
proportion of the response events that were classified accurately in internal
cross-validation using the function ‘confusionMatrix’ in the R package ‘caret’
(56). To test whether habitat preferences were consistent across seasons, we
used the model trained with data from the cool season to predict foraging

locations in the hot season and vice versa. If this approach yielded highly


https://www.ecmwf.int/

accurate predictions, we could infer that storm-petrels select similar

environmental conditions in each season.

To quantify the relative importance of predictor variables in determining our
response variables, we used a permutation procedure that calculates the loss in
predictive accuracy of the random forest model after randomly permuting a
given variable (53-55). We implemented this assessment using the option
‘permutation’ in the R package ranger(25) and present results as relative
variable importance, with the most important variable (greatest reduction in
accuracy after permutation) assigned a value of 100%. We also present partial
dependence plots for the most important variable to visualise the predicted
response of storm-petrels to that variable in each season. Code and data to
reproduce these analyses are available at:

https://github.com/steffenoppel/StHelena

Results

We carried out 54 GPS logger depioyments on 45 individual band-rumped storm-
petrels (including 12 pairs) on Egg Island. Eight individuals were tagged more
than once (four twice in the same season, three individuals in consecutive years
and one individual three times: twice in one season and in consecutive years).
Six birds with GPS loggers were not re-encountered after deployment. Thirty-
eight individuals were recaptured and their loggers were retrieved from 47
deployments (87%). At retrieval, one bird had lost all four central rectrices to
which the logger had been attached, one logger had failed to record, and one
bird had not left its nest during the deployment (Supplementary Information;
Table S1). Three individuals lost 1-2 central rectrices upon removal of the logger
and tape. Across both seasons, adult body mass did not differ significantly before

and after logger deployment (mean mass at deployment: 52.13 = 3.81 g; mean



mass at retrieval: 51.64 = 4.44 g, t14 = 0.923, P= 0.361, n = 45, mean mass
difference 0.49 = 3.55 g, representing 0.79 £+ 6.86% of body mass). Breeding
adults encountered during the study in the cool season were on average 2 g
heavier (mean mass: 49.09 £+ 4.89 g, n = 219) than those during the hot season
(mean mass: 47.67 £ 5.26 g, n = 198, {0263 = -2.8578, P= 0.004, n= 417,
including birds that were not tracked). There was no significant difference in
hatching success (LRT x42 = 0.2455, P= 0.620), fledging success (LRT Y42 =
1.0625, P = 0.303) or breeding success (LRT y42 = 0.3551, P= 0.551) between
nests where loggers were deployed and control nests (Supplementary

Information; Figure S1).

Comparison of trip metrics and foraging effort

Seventy-five foraging trips were identified from 28 birds tracked (20 female, 18
male), including 52 long trips, and 23 short neglect trips by 14 individuals (Table
1). Departures from the colony occurred at almost all hours (Supplementary
Information; Figure S2, mean 0:39 h GMT), but most adults returned around dusk
(mean 20:05 h GMT). Short neglect trips occurred more frequently during the
cool season, and none extended further than 87.3 km from the colony (Table 1).
Typically, when short neglect trips occurred, the adult left the nest site at dawn,
stayed away for most daylight hours (mean 8.39 h, range 2-18 h), and then
returned at dusk. Short neglect trip direction was usually to the west (mean
bearing £ SD 271 = 71°) and did not differ between seasons (circular ANOVA A

= <0.001, A= 0.993) (Supplementary Information; Figure S3).



Table 1. Characteristics of 75 foraging trips by 38 band-rumped storm-petrels (Hydrobates castro) tracked with GPS loggers

during the hot season (late September to late December) or cool season (late March to early July) at St Helena. Note that

‘short neglect trips’ refer to excursions that leave the egg unincubated for short periods.

Trip characteristic
N \ Short neglect trips
Seaso | Breeding bird | tri Trip duration (h) Max distance from colony (km) Total trip distance (km) Direction
ir ri
n stage P Mean = SD Min Max Mean = SD Min Max Mean = SD Min Max Mean =
s s
SD
Incubatio
Hot 5 7 7.57+x5.83 | 2.00| 16.00 | 18.82+12.15 | 5.51 | 35.04 46.84+36.58 | 10.95 | 95.07 | 265+79°
n
Incubatio
Cool 9 16 8.75+x5.56 | 2.00 | 18.00 | 32.64+21.29 | 9.53 | 87.28 77.51+£54.62 | 19.45 | 188.56 | 285+49°
n
Long trips
Hot | Incubatio 136.00+46.9 | 10.0 | 232.0 | 531.25+255.0 | 25.8 1726.89+727.7 3285.0 | 215+0.78
16 | 20 873.09 58.01
n 4 0 0 4 2 1 2 °
Chick 17.0 269.05+£292.0 | 82.4 237.2 | 1542.2
] 1 4 |38.25+37.36 94.00 697.79 | 619.06+623.88 74+3.77°
rearing 0 9 0 6 0
Cool | Incubatio 17 | 18 117.44+57.9 | 10.0 | 212.0 | 587.47+£305.7 | 26.6 | 1043.6 | 1831.13+£971.2 £9.08 3227.6 | 131+0.92
n 2 0 0 2 5 8 5 ' 3 °
Chick 138.0 | 225.74+243.7 | 43.5 2242.9
] 3 10 | 39.50+41.34 | 5.00 740.55 | 615.48+698.31 | 94.76 76+£2.67°
rearing 0 1 6 3




The maximum distance travelled, duration and range of foraging trips during
incubation were 3,285 km, 9 days and 1,043 km, respectively (Table 1, Fig. 1A).
Foraging trips were in nearly all directions when pooled across seasons (Fig. 1B),
but during the incubation period, those in the cool season were usually to the
southeast (mean 131 = 68° SD, n = 18), and those in the hot season were
usually to the southwest (215 * 47°, n= 20; / = 27.69, P<0.001, Fig. 1B).
There were no differences between seasons in the mean foraging trip duration,
total distance travelled or maximum distance from the colony (all 7= 0.05,
Supplementary information; Table S3). During chick rearing, trips were shorter
overall, and directions did not appear to differ (Table 3), but our sample size was

too small for robust inference.
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Fig. 1. Long foraging trips of band-rumped storm-petrels (Hydrobates castro) (n
= 52) tracked with GPS loggers from St Helena between 2017 and 2019 during
the cool (blue) or hot (orange) breeding seasons. A) Individual tracks. The black
diamond indicates the location of St Helena Island, and the black circle indicates
a 200 nautical mile marine protected area for scale reference. B) Frequency of
the foraging trip direction. The arrows indicate the mean trip direction per
season. The height of the segments reflects the number of trips in each 22.5-

degree sector. C) 95% (dark), 75% (medium), and 50% (light) utilisation



distributions in the cool season. D) 95% (dark), 75% (medium), and 50% (light)

utilisation distributions in the hot season.

Comparison of spatial distribution

The 95% UD for long trips during the cool season was 619,000 km?2 and centred
to the southeast of St Helena (Fig. 1C). Although the 95% UD during the hot
season was similar in size (600,000 km?2), it was centred to the southwest (Fig.
1D). The two seasonal distributions had a moderate overlap, with a
Bhattacharyya affinity index (BA index) of 0.502. This value was lower than the
overlap in UDs between years in the same season: BA = 0.811 between the 2017

and 2018 hot season, and BA = 0.670 between the 2018 and 2019 cool season.

Comparison of environmental conditions and habitat selection
On long trips, adults spent considerably more of their time foraging during the

hot season than during the cool seascn (mean 49% vs. 29% of time foraging).

Based on comparisons between foraging locations that were used and those that
were unused but potentially available within a given season, birds in the hot
season used areas with cooler air temperatures and cooler sea surface
temperatures than were unused but available at alternative locations. In
contrast, birds in the cool season used warmer air and warmer waters than were
unused but available at alternative locations (Table 2 & 3). The net effect of
these differences was that cool season breeders foraged in warmer waters
(23.1°C) than hot season breeders (21.3°C, despite overall conditions at unused
but available locations being cooler (20.6°C) than in the hot season (23.7°C,
Table 2 & 3). Tracked birds in the cool season were also more likely to forage at
locations where the wind was more easterly than at alternative unused locations,

whereas birds tracked in the hot season used foraging locations with a more



southerly wind component than at alternative locations. There was no evidence
that used and unused but available foraging locations during the cool season
differed in chlorophyll a concentration (95% CI -0.01-0.00, Table 3), because
chlorophyll @ concentration was relatively high everywhere, but during the hot
season, when concentrations were lower overall, the tracked birds selected
foraging locations with higher chlorophyll a concentrations than at alternative

locations (95% CI 0.02-0.03, Table 3).

Our random forest model distinguishing foraging locations in the hot and cool
season achieved 100% accuracy in cross-validation because these locations
showed virtually no overlap in sea surface temperatures. Consequently, sea
surface temperature was the most important variable distinguishing foraging
locations in both seasons (Table 4). The two models within each season also
achieved perfect segregation between used and unused but available foraging
locations: the hot season model accurately predicted 100% of 1227 hot season
locations, but only 4% of the 712 cocl season locations. Likewise, the cool season
model accurately predicted 100% of cool season locations, but only 8% of hot
season locations. The most important variable in both models was sea surface
temperature (Table 4). The poor model transferability between seasons was due
to contrasting habitat selection, because storm-petrels selected cooler water for

foraging during the hot season and warmer water during the cool season (Fig. 2).
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represent raw data points of known foraging locations (1) or unused but

available locations (0). Raw data are scattered vertically for better visibility.



Table 2. Comparison of mean values (= 1 SD) of environmental variables at locations used within a season for foraging and

the mean difference (with 95% bootstrapped confidence interval) between seasons.

Environmental variable Type Mean cool Mean hot Mean difference (lcl, ucl)
season season

Air temperature (°C) Atmospheric  21.68 £ 1.06 20.36 = 0.52 -1.33 (-1.45, -1.20)
Total cloud cover (0-1) Atmospheric 0.55 £ 0.28 0.79 £ 0.21 0.24 (0.20, 0.28)
Rain (mm) Atmospheric 0.07 £ 0.12 0.13+0.12 0.05 (0.03, 0.03)
Wind direction () Atmospheric 302.10 = 331.93 =

62.90 10.13 29.68 (23.41, 36.90)
Wind speed (m/s) Atmospheric 6.67 = 2.29 7.73 +1.30 1.06 (0.79, 1.33)
Chlorophyll a concentration (mg Oceanographic 0.09 = 0.04
m~™-3) 0.10 = 0.02 -0.01 (-0.01, 0.00)
Sea surface temperature (°C) Oceanographic 23.12 £ 0.73 21.27 £ 0.39 -1.85 (-1.94, -1.76)
Wave direction (2) Oceanographic 174.19 + 148.24 =

25.25 23.21 -25.97 (-29.55, -22.50)
Wave height (m) Oceanographic  2.29 = 0.58 2.15 + 0.39 -0.14 (-0.21, -0.06)

Table 3. Comparison of mean values (+ 1 SD) of environmental variables at used foraging locations versus unused but

available locations, and the mean difference (with 95% bootstrapped confidence interval) between used and unused

locations.
Cool season
Environmental variable Type Mean used Mean unused Mean difference (Icl, ucl)
Air temperature (°C) Atmospheric 21.68 = 1.06 19.93 = 0.55 1.76 (1.63, 1.88)
Total cloud cover (0-1) Atmospheric 0.55 £ 0.28 0.66 £ 0.22 -0.11 (-0.15, -0.08)

Rain (mm) Atmospheric 0.07 £ 0.12 0.01 = 0.02 0.05 (0.04, 0.07)



Wind direction (2) Atmospheric 302.10 =
62.90 327.45 £ 9.24 -25.31 (-32.12, -19.1)

Wind speed (m/s) Atmospheric 6.67 = 2.29 7.84 = 1.45 -1.17 (-1.45, -0.89)
Chlorophyll a concentration (mg Oceanograph
m~™-3) ic 0.10 £ 0.02 0.10 £ 0.06 -0.01 (-0.01, 0.00)
Sea surface temperature (°C) Oceanograph

ic 23.12 £ 0.73 20.56 £ 0.47 2.56 (2.47, 2.66)
Wave direction (2) Oceanograph 174.19 =

fe 25.35 149.90 = 9.24 24.29 (21.12, 27.44)
Wave height (m) Oceanograph

[e 2.29 + 0.58 2.11 + 0.38 0.18 (0.11, 0.25)

Hot season
Air temperature (°C) Atmospheric  20.36 = 0.52 22.20 £ 0.91 -1.85 (-1.93, -1.76)
Total cloud cover (0-1) Atmospheric 0.79 £ 0.21 0.54 £ 0.28 0.24 (0.22, 0.27)
Rain (mm) Atmospheric 0.13 £0.12 0.02 = 0.06 0.11 (0.10, 0.12)
Wind direction (2) Atmospheric 331.93 = 308.69 + 68.29 23.2 (17.97, 28.76)
16.12

Wind speed (m/s) Atmospheric 7.73 £ 1.30 6.06 = 2.47 1.68 (1.45, 1.89)
Chlorophyll a concentration (mg Oceanograph  0.05 = 0.04 0.07 £ 0.02 0.02 (0.02, 0.03)
m~”™-3) ic
Sea surface temperature (°C) Oceanic:g,raph 21.27 £ 0.39 23.65 = 0.74 -2.38 (-2.45, -2.32)
Wave direction (2) Oceariograph 148.24 + 168.77 = 29.98 -20.52 (-23.52, -17.57)

ic 23.21
Wave height (m) Oceanograph  2.15 £ 0.39 2.11 £ 0.60 0.05 (-0.01, 0.10)

ic




Table 4. Relative variable importance in three random forest models explaining
differences in environmental conditions at foraging locations of storm-petrels
around St Helena. The three models explored (i) differences between seasons, or
the differences between used and unused but available foraging locations within
(ii) the hot and (iii) the cool season, respectively. Note that variable importance

is derived from a permutation procedure and scaled to 100% for each model.

Environmental variable Between Hot Cool
Sea surface temperature (°C) 100.0 100.0 100.0
Air temperature (°C) 21.4 18.6 18.8
Wave direction (2) 18.3 6.5 9.0
Wind direction () 14.9 3.0 4.6
Wind speed (m/s) 5.4 8.3 3.1
Chlorophyll a concentration (mg

m-3) 3.4 2.7 1.1
Total cloud cover (0-1) 3.2 0.7 0.4
Wave height (m) 3.1 1.4 0.9
Rain (mm) 1.6 2.6 2.4

Discussion

We show that the seasonal breeding populations of the band-rumped storm-
petrel at St Helena exhibit consistent differences in the direction of foraging
trips, spatial distribution and habitat preferences. This divergence in seasonal
behaviour may have contributed to sympatric speciation in this species complex

(e.g., 57).

The tracked band-rumped storm-petrels at St Helena directed their foraging trips
in each season with respect to sea surface temperature and selected relatively
cool areas in the hot season and relatively warm areas during the cool season.
The band-rumped storm-petrels exhibited a highly pelagic foraging strategy,

travelling up to 3,285 km during incubation and 2,243 km during chick rearing,



which are among the longest trips recorded for any breeding Hydrobates species

(58-63).

Although trips by storm-petrels from the two seasonal populations were similar in
terms of duration, maximum distance from the colony, and total travel distance,
they differed in direction and there was limited overlap in at-sea distributions.
Moreover, each population was faithful to its foraging area between years, which
is typical of pelagic seabirds (64). The birds breeding in different seasons
therefore appear to have diverged in terms of their habitat preferences (61) to
exploit the most profitable areas in each season, which also resulted in seasonal
differences in wind direction. During the hot season when marine primary
productivity was lower (Table 3), band-rumped storm-petiels may have selected
foraging areas to the southwest of the island to select cooler waters with higher
productivity. Conversely, during the cool season the higher overall productivity
of the marine environment may have giveri storm-petrels the opportunity to
select foraging areas that optimised either travel or thermoregulation costs.
Procellariiform seabirds frequently orient with crosswinds to maximise flight
speeds (47,65), but further study is needed to understand whether storm-petrels
during the cool season direct foraging trips according to wind direction or for

other benefits.

A higher abundance or quality of prey during the cool season (66) is supported
by our finding that adults spent a lower proportion of their time foraging during
the cool season than the hot, yet were on average 2 g heavier. This suggests
that storm-petrels during the cool season were able to maintain body condition
with less effort. However, despite the supposedly higher availability of prey, and
the smaller population size during the cool season (14) they used a larger

foraging area. Larger population sizes typically lead to greater competition for



food resources and larger foraging ranges (67-69). The larger foraging area of
storm-petrels during the cool season despite a smaller breeding population could
be caused by competition with non-breeders at sea. Very little is known about
the distribution of storm-petrels outside their breeding season and birds
breeding in the cool season may still interact or compete with other storm-
petrels at sea that nest at a different time of the year. In addition, other life-
history stages (juveniles, immatures and deferring breeders) can represent up to
81% of individuals in long-lived seabird populations (70), and these may also
compete with breeders for prey. Other storm-petrel populations have larger non-
breeding than breeding ranges (61,71), but we currently have no information on
the distribution of adult band-rumped storm-petrels from either the hot or cold
season population at St Helena in the nonbreeding season. if they use the same
foraging areas identified here for breeding birds, then the differences in space
use between the allochronic populations may be to reduce intraspecific
competition (72-74). Besides competition, finer-scale processes such as prey
patchiness may affect prey availability and the foraging range exploited in each
season (75). Future research using higher resolution oceanographic data,
detailed prey availability assessments and tracking of birds outside the breeding
seasons may offer more insights into the underlying causes of the differences in

the spatial distribution of storm-petrels.

The differences in the at-sea distributions between seasonal populations may
reflect inherited habitat preferences that have led to the seasonal segregation
(cause), or the seasonal populations may have evolved preferences for
marginally different environmental conditions that provide optimal foraging
conditions in each season as a result of allochrony (consequence). Together with
the temporal segregation of the two populations (13), the spatial differences in

foraging distribution may eventually lead to sympatric speciation through



allochrony (3,76). However, this segregation process appears to be at an early
stage of divergence given the limited genetic differentiation between the
seasonal populations on St Helena (11). As storm-petrels can live for more than
30 years (77), genetic drift is slow, and genetic divergence is expected to lag
behind ecological differentiation (78). Hence, the segregation in foraging ranges
between seasons could represent changes that are too recent or too temporally
unstable to have left strong signals of population genetic structure. In contrast,
Townsend’s and Ainley’s storm-petrels (H. socorroensis and H. cheimomnestes)
are sufficiently distinct genetically that they are considered separate species, yet
show limited spatial overlap during the nonbreeding period (79). Our study only
tracked breeding birds during the breeding season, and the spatial distribution of
birds outside the breeding season is unknown. Future comparisons of
nonbreeding distributions of the seasonal populations of band-rumped storm-

petrel in the Atlantic may offer further insights.

Conclusions

We show that seasonal populations of band-rumped storm-petrels breeding at St
Helena use foraging areas in different directions from the colony and that this
seems to result from trade-offs that may relate to seasonally varying abundance
or distribution of prey. Further work is needed to understand the mechanisms
leading to this seasonal divergence, and whether these spatial differences
contribute to the behavioural isolation that may eventually result in allochronic

speciation.

Acknowledgements

The authors express their gratitude for the assistance of colleagues, volunteers
and collaborators with fieldwork, namely St Helena Government, St Helena

Nature Conservation Group (SNCG) and St Helena National Trust (SHNT), and to



the anonymous reviewers for their helpful comments on a previous version of the
manuscript. Special thanks to Johnny Herne and his crew of the vessel Enchanted

Isle for logistical support and safe passage to and from the islet.

Author contributions

AB, SO, and LH conceived ideas for the study and designed the methodology
with input from RP. AB, AS and LH collected the data. AB and SO analysed the
data. FH and RJT supervised the analysis. AB led writing the manuscript with
support from FH, RJT, SO and RP. All authors read and approved the final

manuscript for publication.

Ethics approval

The work reported in this manuscript was approved by the St Helena
Government Environmental Management Division, in accordance with the 2016
Environmental Protection Ordinance. All individuals were tagged under a special
methods licence from the British Trust for Ornithology (BTO, permit number

S$5526).

Consent for publiication

Not applicable.

Competing interests

The authors declare no competing interests.

Funding

Funding for this work was provided by the UK’s Darwin Plus Initiative for the
project “Oceanographic influences on the Saint Helena pelagic ecosystem

(DPLUSO70)".



Data availability

The GPS dataset is available in the BirdLife Seabird Tracking Database and

Movebank (ID 964155864).

References

1.

Friesen VL, Burg TM, McCoy KD. Mechanisms of population differentiation

in seabirds. Mol Ecol. 2007;16:1765-85.

Coyne JA, Orr AH. Speciation. Sinauer Associates; 2004. 545 p.

Friesen V, Smith A, Gémez-Diaz E, Bolton M, Furness R, Gonzdlez-Solis J, et
al. Sympatric speciation by allochrony in seabird. Vo!. 104, Proceedings of
the National Academy of Sciences of the United States of America. 2007.

18589-18594 p.

Taylor RS. Parallel divergence dy allochrony and cryptic speciation in two
highly pelagic seabird species complexes (Hydrobates spp.). Queen’s

University Kingston, Ontario, Canada; 2017.

Hamer KC, Schreiber EA, Burger J. Breeding biology, life histories, and life
history-environment interactions in seabirds. In: Schreiber E., Burger |,

editors. Biology of Marine Birds. CRC Press; 2001. p. 271-261.

Smith AL, Friesen VL. Differentiation of sympatric populations of the band-
rumped storm-petrel in the Galapagos Islands: an examination of genetics,

morphology, and vocalizations. Mol Ecol. 2007;16:1593-603.

Monteiro LR, Furness RW. Speciation Through Temporal Segregation of
Madeiran Storm Petrel (Oceanodroma Castro) Populations in the Azores?

Philos Trans Biol Sci. 1998;353(1371):945-53.



10.

11.

12.

13.

14.

15.

Bolton M, Smith AL, Gomez-Diaz E, Friesen VL, Medeiros R, Bried J, et al.
Monteiro’s Storm-petrel Oceanodroma monteiroi: a new species from the

Azores. Ibis. 2008;150(4):717-27. doi: 10.1111/j.1474-919X.2008.00854.x

Kays R, Crofoot MC, Jetz W, Wikelski M. Terrestrial animal tracking as an
eye on life and planet. Science. 2015;348(6240):aaa2478. doi:

10.1126/science.aaa2478

Clark BL, Carneiro APB, Pearmain EJ, Rouyer M-M, Clay TA, Cowger W, et al.
Global assessment of marine plastic exposure risk for oceanic birds. Nat

Commun. 2023;14(1):3665. doi: 10.1038/s41467-023-38900-z

Taylor RS, Bolton M, Beard A, Birt T, Deane-Coe P, Raine AF, et al. Cryptic
species and independent origins of allochronic popuiations within a seabird
species complex (Hydrobates spp.). Mol Phyloaenet Evol.

2019;139:106552.

Bennett E, Bolton M, Hilton G. Temporal segregation of breeding by storm
petrels Oceanodroma castro (sensu /ato) on St Helena, South Atlantic. Bull

Br Ornithol Club. 2009;129(2):92-7.

Beard A, Thomas R}, Clingham E, Henry L, Medeiros R, Oppel S, et al.
Increasing use of artificial nest chambers by seasonally segregated
populations of Band-rumped Storm Petrels Hydrobates castro at St Helena,

South Atlantic Ocean. Mar Ornithol. 2023;96(51):85-96.

Bolton M, Beard A, Henry L, Clingham E, Westerburg K, Miles W, et al. Two
new species of storm-petrel in the Atlantic and Pacific Oceans revealed by

phylogenetics, morphology and vocalisations (in prep.).

Beard A, Medeiros R, Clingham E, Henry L, Thomas R}, Hailer F. Breeding

ecology, population size and nest site preferences of Red-billed Tropicbirds



16.

17.

18.

19.

20.

21.

22.

23.

at St Helena, South Atlantic Ocean. Emu - Austral Ornithol.

2023;123(3):185-94. doi: 10.1080/01584197.2023.2205595

Ratcliffe N, Pelembe T, White R. Resolving the population status of
Ascension Frigatebird Fregata aquila using a ‘virtual ecologist’ model. Ibis.

2008;150:300-6.

Oppel S, Beard A, Fox D, Mackley E, Leat E, Henry L, et al. Foraging
distribution of a tropical seabird supports Ashmole’s hypothesis of
population regulation. Behav Ecol Sociobiol. 2015;69(6):915-26. doi:

10.1007/s00265-015-1903-3

Pascalis F De, Pala D, Pisu D, Morinay J, Benvenuti A, Spano C, et al.
Searching on the edge: dynamic oceanographic features increase foraging
opportunities in a small pelagic seabird. Mar Ecol Prog Ser. 2021;668:121-

32. doi: 10.3354/meps13726

Fridolfsson A-K, Ellegren H. A Simple and Universal Method for Molecular

Sexing of Non-Ratite Birds. ] Avian Biol. 1999;30(1):116-21.

R Development Core Team. R: A language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing; 2021.

Available from: http://www.r-project.org/

Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models

Using Ime4. | Stat Softw. 2015;67(1):1-48.

R Core Team and contributors worldwide. The R stats Package. R Core

Team; 2021. Available from: R-core@r-project.org

Zeileis A, Hothorn T. Diagnostic Checking in Regression Relationships. R

News. 2002;2(3):7-10. Available from: https://cran.r-project.org/doc/Rnews/



24.

25.

26.

27.

28.

29.

30.

31.

32.

Agostinelli C, Lund U. R package “circular”: Circular Statistics. 2017.

Available from: https://r-forge.r-project.org/projects/circular/

Wright MN, Ziegler A. ranger: A Fast Implementation of Random Forests for
High Dimensional Data in C++ and R. ] Stat Softw. 2017 Mar 31;77(1 SE-
Articles):1-17. Available from:

https://www.jstatsoft.org/index.php/jss/article/view/v077i01

Wickham H. ggplot2: Elegant graphics for data analysis. 2nd ed. Springer-
Verlag: New York; 2016. 276 p. Available from:

https://ggplot2.tidyverse.org

Shaffer TL. A unified approach to analyzing nest success. Auk.

2004;121(2):526-40.

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, et
al. Generalized linear mixed modeis: a practical guide for ecology and

evolution. Trends Ecol Evol. 2009;24(3):127-35.

32. Beal M, Steffen O, Maria D, Mark M, Phillip T, Virginia M-P, et al.
Identifying Impcrtant Areas from Animal Tracking Data. 2021. p. 26.

Available from: github.com/BirdLifelnternational/track2kba

Boersma P, Wheelwright NT. Egg Neglect in the Procellariiformes:
Reproductive Adaptations in the Fork-Tailed Storm-Petrel. Condor. 1979

May 1;81:157-65.

Quillfeldt P, Masello JF, Lubjuhn T. Variation in the adult body mass of
Wilson’s storm petrels Oceanites oceanicus during breeding. Polar Biol.

2006;29(5):372-8.

Boersma PD. Why Some Birds Take so Long to Hatch. Am Nat.

1982;120(6):733-50.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sumner MD. The tag location problem. University of Tasmania; 2011.

Sumner MD, Wotherspoon SJ, Hindell M. Bayesian estimation of animal

movement from archival and satellite tags. PLoS One. 2009;4.

Hijmans, Robert J. geosphere: Spherical Trigonometry. R; 2024. p. 1-20.

Available from: https://github.com/rspatial/geosphere

Fauchald P, Tveraa T. Using first-passage time in the analysis of area-

restricted search and habitat selection. Ecology. 2003;84(2):282-8.

Calenge C. The package “adehabitat” for the R software: A tool for the
analysis of space and habitat use by animals. Ecol Modell. 2006;197(3-
4):516-9. Available from:
http://www.sciencedirect.com/science/article/B6VY3S-4JRVD9D-

B/2/29fc8f286b7bc7b47d4e23052952ec04

Pewsey A, Neuhduser M, Ruxton GD. Circular statistics in R. Oxford: OUP

Oxford; 2013. 173 p.

Phillips RA, Lewis S, Gonzalez-Solis J, Daunt F. Causes and consequences of
individual variability and specialization in foraging and migration strategies

of seabirds. Mar Ecol Prog Ser. 2017;578:117-50.

Thomas R, Lello J, Medeiros R, Pollard A, Robinson P, Seward A, et al. Data
Analysis with R Statistical Software: A Guidebook for Scientists. 2nd ed.

Eco-explore; 2017. 166 p.

Calenge C. The package adehabitat for the R software: tool for the analysis

of space and habitat use by animals. Ecol Modell. 2006;197:1035.

Kie JG. A rule-based ad hoc method for selecting a bandwidth in kernel

home-range analyses. Anim Biotelemetry. 2013;1(1):13. doi:



43.

44.

45.

46.

47.

48.

49.

50.

10.1186/2050-3385-1-13

Fieberg J, Kochanny CO. Quantifying home-range overlap: the importance
of the utilization distribution. ] Wildl Manage. 2005;69(4):1346-59. doi:

10.2193/0022-541X(2005)69[1346:QHOTIO]2.0.CO

Wakefield ED, Cleasby IR, Bearhop S, Bodey TW, Davies RD, Miller PI, et al.
Long-term individual foraging site fidelity—why some gannets don’t change

their spots. Ecology. 2015;96(11):3058-74. doi:10.1890/14-1300.1

Hall P. The Bootstrap and Edgeworth Expansion. Berlin: Springer-Verlag;

1992. 353 p.

Thorne L., Clay T., Phillips R., Silvers L., Wakefield E. Effects of wind on the
movement, behavior, energetics, and life history of seabirds. Mar Ecol Prog

Ser. 2023;723:73-117.

Weimerskirch H, Le Corre M, Tew Kai E, Marsac F. Foraging movements of
great frigatebirds from Aidabra Island: Relationship with environmental
variables and inteiractions with fisheries. Prog Oceanogr. 2010;86(1-

2):204-13.

Peron C, Delord K, Phillips RA, Charbonnier Y, Marteau C, Louzao M, et al.
Seasonal variation in oceanographic habitat and behaviour of white-
chinned petrels Procellaria aequinoctialis from Kerguelen Island. Mar Ecol

Prog Ser. 2010;416:267-84.

Dodge S, Bohrer G, Weinzierl R, Davidson S, Kays R, C. Douglas D, et al.
The Environmental-Data Automated Track Annotation (Env-DATA) System:
Linking Animal Tracks with Environmental Data. Mov Ecol. 2013;1. Breiman

L. Random forests. Mach Learn. 2001:45(1):5-32.

Breiman L. Random forests. Mach Learn. 2001;45(1):5-32.



51.

52.

53.

54.

55.

56.

57.

58.

59.

Cutler DR, Edwards TC, Beard KH, Cutler A, Hess KT, Gibson J, et al.
Random Forests for classification in ecology. Ecology. 2007;88(11):2783-

92. doi: 10.1890%2F07-0539.1

Hochachka WM, Caruana R, Fink D, Munson ART, Riedewald M, Sorokina D,
et al. Data-mining discovery of pattern and process in ecological systems. |

Wildl Manage. 2007;71(7):2427-37. doi: 10.2193%2F2006-503

Strobl C, Boulesteix A-L, Kneib T, Augustin T, Zeileis A. Conditional variable

importance for random forests. BMC Bioinformatics. 2008;9(1):307.

Janitza S, Strobl C, Boulesteix A-L. An AUC-based permutation variable
importance measure for random forests. BMC Bioinformatics.

2013;14(1):119. doi: 10.1186/1471-2105-14-119

Hapfelmeier A, Hothorn T, Ulm K, Strob! C. A new variable importance
measure for random forests with missing data. Stat Comput.

2014;24(1):21-34. doi: 10.1007/s11222-012-9349-1

Kuhn M. Building predictive models in R using the caret package. ) Stat

Softw. 2008;25(5):1-26.

Taylor RS, Bailie A, Gulavita P, Birt T, Aarvak T, Anker-Nilssen T, et al.
Sympatric population divergence within a highly pelagic seabird species
complex (Hydrobates spp.). J Avian Biol. 2018;49(1). doi:

10.1111/jav.01515

Oppel S, Bolton M, Carneiro AP, Dias M, Green J, Masello J, et al. Spatial
scales of marine conservation management for breeding seabirds. Mar

Policy. 2018;98:37-46.

Bolton M. GPS tracking reveals highly consistent use of restricted foraging

areas by European Storm-petrels Hydrobates pelagicus breeding at the



60.

61.

62.

63.

64.

65.

66.

largest UK colony: implications for conservation management. Bird Conserv

Int. 2020/09/01. 2020;31(1):35-52.

Rotger A, Sola A, Tavecchia G, Sanz-Aguilar A. Foraging Far from Home:
GPS-Tracking of Mediterranean Storm-Petrels Hydrobates pelagicus
melitensis Reveals Long-Distance Foraging Movements. Ardeola.

2020;68:3.

Medrano F, Militdao T, Gomes |, Sarda-Serra M, de la Fuente M, Dinis HA, et
al. Phenological divergence, population connectivity and ecological
differentiation in two allochronic seabird populations. Vol. 9, Frontiers in

Marine Science. 2022. p. 975716.

Medrano F, Saldahna S, Hernandez-Montoya J, Bedoila-Guzman Y,
Gonzalez-Solis ). Foraging areas of nesting Ainley’s Storm Petrel

Hydrobates cheimomnestes. Mar Ornithel. 2022;50:125-7.

Neves VC, Carroll G, Schafer WC, Hereward HFR, Quillfeldt P. Consistent
foraging habitat use by a vulnerable breeding seabird highlights potential
areas for protection in the mid-Atlantic Ocean. Mar Ecol Prog Ser.

2023;716:107-21.

Beal M, Catry P, Phillips RA, Oppel S, Arnould JPY, Bogdanova M, et al.
Quantifying annual spatial consistency in chick-rearing seabirds to inform

important site identification. Biol Conserv. 2023;281:109994.

Spear LB, Ainley DG. Flight behaviour of seabirds in relation to wind
direction and wing morphology. Ibis. 1997 Apr 1;139(2):221-33. doi:

10.1111/j.1474-919X.1997.tb04620.x

Puerta P, Hunsicker ME, Quetglas A, Alvarez-Berastegui D, Esteban A,

Gonzélez M, et al. Spatially Explicit Modeling Reveals Cephalopod



67.

68.

69.

70.

71.

72.

73.

Distributions Match Contrasting Trophic Pathways in the Western
Mediterranean Sea. PLoS One. 2015;10(7):e0133439. doi:

10.1371/journal.pone.0133439

Weber SB, Richardson AJ, Brown J, Bolton M, Clark BL, Godley B]J, et al.
Direct evidence of a prey depletion “halo” surrounding a pelagic predator

colony. Proc Natl Acad Sci. 2021;118(28):e2101325118.

Ashmole NP. The regulation of humbers of tropical oceanic seabirds. Ibis.

1963;103b(3):458-73. doi: 10.1111/j.1474-919X.1963.tb06766.x

Lewis S, Sherratt TN, Hamer KC, Wanless S. Evidence of intra-specific
ccompetition for food in a pelagic seabird. Nature. 2001;412(August):816-

0.

= A

Carneiro APB, Pearmain EJ, Oppel S, Clay TA, Phillips RA, Bonnet-Lebrun A-
S, et al. A framework for mapping the distribution of seabirds by
integrating tracking, demography and phenology. ] Appl Ecol.

2020;57(3):514-25. doi: 10.1111/1365-2664.13568

Rayner MJ, Taylor GA, Gummer HD, Phillips RA, Sagar PM, Shaffer SA, et al.
The breeding cycle, year-round distribution and activity patterns of the
endangered Chatham Petrel (Pterodroma axillaris). Emu. 2012;112(2):107-

16.

Pereira JM, Ramos JA, Almeida N, Araudjo PM, Ceia FR, Geraldes P, et al.
Foraging costs drive within-colony spatial segregation in shearwaters from
two contrasting environments in the North Atlantic Ocean. Oecologia.

2022;199(1):13-26. doi: 10.1007/s00442-022-05109-8

Ceia FR, Paiva VH, Ceia RS, Hervias S, Garthe S, Marques JC, et al. Spatial

foraging segregation by close neighbours in a wide-ranging seabird.



74.

75.

76.

77.

78.

79.

Oecologia. 2015;177(2):431-40. doi: 10.1007/s00442-014-3109-1

Wakefield ED, Bodey TW, Bearhop S, Blackburn J, Colhoun K, Davies R, et
al. Space partitioning without territoriality in Gannets. Science.

2013;341(6141):68-70. doi: 10.1126/science.1236077

Bedolla-guzman Y, Masello JF, Rojas-mayoral AAE. Interannual variation in
breeding performance, chick growth, and feeding parameters in a small
pelagic seabird (Hydrobates melania, Hydrobatidae). Mar Biol.

2025;172(189):1-12.

Taylor RS, Friesen VL. The role of allochrony in speciation. Mol Ecol.

2017;26(13):3330-42. doi: 10.1111/mec.14126

Fransson T, Kolehmainen T, Moss D, Robinson R. EURING list of longevity

records for European birds. 2023.

Welch AJ, Yoshida AA, Fleischer RC. Mitochondrial and nuclear DNA
sequences reveal recent divergence in morphologically indistinguishable
petrels. Mol Ecol. 2011;20(7):1364-77. doi: 10.1111/j.1365-

294X.2011.05008.x

Medrano F, Herndndez-Montoya J, Saldanha S, Bedolla-Guzman Y,
Gonzalez-Solis ). Contrasting migratory ecology of two threatened and
allochronic storm-petrels breeding in the Mexican Pacific . Endanger

Species Res. 2024;54:331-9.



