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Abstract

In the oligotrophic tropical marine environment resources are usually more patchily distrib-
uted and less abundant to top predators. Thus, spatial and trophic competition can emerge,
especially between related seabird species belonging to the same ecological guild. Here we
studied the foraging ecology of two sympatric species—brown booby (BRBO) Sula leucoga-
ster (breeding) and red-footed boobies (RFBO) Sula sula (non-breeding)—at Raso islet
(Cabo Verde), across different seasons. Sexual segregation was only observed during Jun-
Oct, when RFBO were present, with larger females BRBO remaining closer to the colonies,
while males and RFBO travelled further and exploited different habitats. Overall, species
appeared to prefer areas with specific oceanic features, particularly those related with oce-
anic currents and responsible for enhancing primary productivity in tropical oceanic areas
(e.g. Sea Surface Height and Ocean Mixed Layer Thickness). Female BRBOs showed high
foraging-site fidelity during the period of sympatry, while exploiting the same prey species
as the other birds. However, during the months of co-existence (Jun.-Oct.), isotopic mixing
models suggested that female BRBO would consume a higher proportion of epipelagic fish,
whereas female RFBO would consume more squid compared to the other birds, possibly
due to habitat-specific prey availability and breeding energy-constraints for BRBO. We con-
clude that divergent parental roles, environmental conditions, habitat preference and com-
petition could be mechanisms simultaneously underlying sexual segregation for BRBO
during a period of co-existence, while inter-specific foraging differences appear to be more
affected by habitat preference and different breeding stages. These results support previous
statements that BRBO can adapt their foraging ecology to different circumstances of envi-
ronmental conditions and competition, and that marine physical features play an important
role in foraging decisions of boobies.

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021

1/27


https://orcid.org/0000-0002-1302-3944
https://orcid.org/0000-0002-9533-987X
https://doi.org/10.1371/journal.pone.0253095
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0253095&domain=pdf&date_stamp=2021-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0253095&domain=pdf&date_stamp=2021-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0253095&domain=pdf&date_stamp=2021-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0253095&domain=pdf&date_stamp=2021-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0253095&domain=pdf&date_stamp=2021-06-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0253095&domain=pdf&date_stamp=2021-06-21
https://doi.org/10.1371/journal.pone.0253095
http://creativecommons.org/licenses/by/4.0/
http://www.seabirdtracking.org

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

funded by the MAVA foundation (MAVA17022;
http://en.mava-foundation.org), through its
strategic plan for West Africa (2017-2022). NA is
also most thankful to MAVA foundation for the
granted PhD fellowship which allowed to develop
this work. This study also benefitted from funding
by the strategic program of MARE, financed by FCT
(UID/MAR/04292/2020), through national funds.
The funders had no role in study design, data
collection and analysis, decision to publish, or
preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Introduction

Competition for food resources occurs naturally between organisms living in communities
[1], and between close-related species sharing the same geographic area (sympatry) for breed-
ing and/or foraging [2,3]. Higher levels of competition may occur particularly when resources
are scarce [4,5], which is the likely scenario in oligotrophic tropical seas [6-9]. As an evolution-
ary strategy to avoid high levels of competition, allowing species and populations to thrive and
co-exist in the same environment, adaptations between and within species are expected to
exist, displacing each other in such a manner that each takes possession of a certain niche, in
which it has an advantage over its competitor [2,3].

Intra-specific competition can exist in large seabird colonies, especially during breeding
seasons when adult seabirds are constrained by central place foraging [4,10], with breeders of
some species segregating sexually. This type of segregation can usually be explained by three
factors: (1) Anatomic differences between males and females (sexual dimorphism) [11-14],
most frequently related to size of seabird species [12,14], influencing flight speed, foraging
range and flapping frequency, as well as diving depth and duration induced by body mass [15];
(2) Divergent parental roles, influencing nest fidelity; and (3) nutritional requirements [13].
Thus, some sulids exhibit Reversed Sexual Dimorphism (RSD), where the bigger females are
the main chick provisioners and the smaller males invest more in nest attendance and defence
[13-18]. Here, size difference, when present, work as a limiting factor, by excluding the smaller
gender from productive areas closer to the colony or competing for better resources. Although
many RSD sulid species show sexual segregation, this is not always the case [14,19-21], per-
haps due to harsher environmental conditions at their colony surroundings, resulting in fish
stock depletion, or when broods are larger and demand a higher foraging effort [19].

Boobies and gannets are suitable species to study intra- and inter-specific competition,
because most of the colonies around the world are very numerous, reaching numbers as high
as 750 000 individuals in some places [22]. Additionally, these species are often found breeding
and/ or co-existing in mixed colonies with conspecifics [8,14,17,23,24]. Although this co-exis-
tence could lead to inter-specific competition, this may also be an opportunity for foraging
information exchange [25,26] to locate ephemeral prey patches in tropical areas, as happens
with other conspecifics [18,27]. This could be a potential foraging strategy for individuals to
contour their patchily distributed prey, because studies of penguins in different sized colonies,
confirmed foraging overlap between individuals of smaller colonies, while individuals from
larger colonies segregated in their foraging areas [28], possibly after causing prey depletion
[29]. The proposed [30] ‘Halo hypothesis’, suggested that tropical and other seabirds popula-
tions are regulated by food supply, creating prey-depleted “halos” near the colonies which
affect breeding success. These same density-dependent effects that shape seabird colonies [30],
were observed in Cape gannets (Morus capensis) and Masked boobies (Sula dactylatra) from
larger colonies which exhibited a higher foraging effort, translating into higher levels of com-
petition when compared to individuals from smaller colonies [31,32].

Some sulid species can exhibit high repeatability in foraging behaviour [33,34], especially
adult breeders, in terms of spatial and trophic ecology [35,36], which is dependent on oceanic
physical structures such as fronts, shelf edges, seamounts and other processes that are related
to marine productivity [37-39]. However, most studies on marine tropical realms, have con-
nected the occurrence of tropical seabirds, such as boobies, with the presence of sub-surface
predators in a ‘facilitated foraging behaviour’ [6], which could translate into low foraging site
fidelity due to prey unpredictability [24,40].

At Raso Islet, Cabo Verde, RSD brown boobies (hereafter termed BRBO) Sula leucogaster
breed and inhabit the islet year-round. Between June-October of each year, a recently
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established population of red-footed boobies (hereafter termed RFBO) Sula sula also inhabit
the islet for moulting [41]. This sets the ideal scenario to investigate spatio-temporal foraging,
trophic and dietary segregation within and between closely-related species, during different
periods of the year, using GPS tracking and stable isotope analysis. Studies between sympatric
boobies have long been performed around the world in tropical waters, with results being
influenced by colony and species size [17,23,24], productivity and environmental conditions
of surrounding waters [21,24,42], fish stock distributions and reproductive behaviour
[21,42,43]. Most of these studies, however, have worked with sympatric breeding boobies,
because it is much harder to retrieve tracking devices from non-breeding species.

Overall, we expect to observe (1) inter-sexual behavioural and spatial segregation of bigger-
sized female BRBO and RFBO performing shorter trips and foraging near the colony, while
smaller males should forage at a greater distance, driven by RSD size-based competition; (2)
inter-species behavioural and spatial segregation when co-occurring at Raso Islet, due to dif-
ferences in size and breeding stage, with RFBO being more pelagic and with lower repeatability
in foraging behaviour given the absence of breeding duties; (3) the foraging activity of RFBO
to be triggered by gradients in environmental predictors (e.g. gradient in depth), which are
known to depict oceanic frontal regimes likely occurring in pelagic areas that they might
exploit in the absence of breeding duties, while BRBO should rely on local-scale changes of
marine productivity patterns (e.g. Sea Surface Temperature), occurring in the colony sur-
roundings, to frequently return to the colony for chick provisioning; (4) broader isotopic
niches and a more diverse diet composition of RFBO when compared to BRBO individuals,
which may be a reflection of a more generalist and pelagic diet.

Methods

Study site and logger deployment

Our study took place in Raso Islet (16°36°40.63” N, 24°35’15.81” W) (Fig 1), located at ~16km
from S. Nicolau Island, on the Cabo Verde archipelago. With 5.76 km?® of area, it is the biggest
islet of the archipelago, located among the northern islands of “Barlavento” and belonging to the
Integral Natural Reserve (Natural Reserves, Decree Law 3/I1/03 of February 24) that also includes
Santa Luzia Island and Branco Islet [44]. The islet holds two established colonies of BRBO, with
~289 breeding individuals, and one small population of RFBO, with ~133 non-breeding individ-
uals occurring between June and October (Biosfera, unpublished data). The BRBO breeds
throughout the year, but a peak in breeding numbers occurs in December-January.

Both sulid species (BRBO and RFBO) were captured using a long pole and net, and CatLog2
devices (Perthold Engineering LLC) were attached to their four central tail feathers. Devices
were secured using Tesa®) tape, programmed to record locations every 5 minutes, and retrieved
5-7 days after deployment (see Table 1 for details on sampling numbers). Each GPS weighed
19 g, well below the 3% body weight (BRBO weight: 1246 + 227 g; weight: RFBO weight: 1041 +
178 g) threshold recommended to avoid causing negative effects on the bird foraging and feed-
ing success [45]. GPS-loggers’ deployment and retrieval were carried out after dark at the colony
sites, and biometric data (wing-length, tarsus-width, body mass) were collected during logger
deployment. At logger retrieval, data on body mass was collected once again to assess individual
body condition, and blood (1ml) was drawn from the wing s brachial vein and used for stable
isotope analysis. Bird handling time did not exceed 10 minutes to avoid added stress to the ani-
mal. Body Condition Index (BCI) was obtained from the residuals of the linear regression of
body weight on wing length—a measure of structural size [46]. BCI is, therefore, a measure of
mass corrected for size and is considered an indicator of energetic reserves in seabirds [47].
Both species sex was identified using chest feather analysis with molecular markers, collected
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Fig 1. Kernel Utilization Distributions (UDs) of female (blue) and male (red) brown (BRBO) and red-footed (RFBO) boobies, tracked between November 2018 -
October 2019 at Raso Islet (star), Cabo Verde. Bathymetric relief in the background (max. 4012m). Shaded area highlights the period when BRBO and RFBO co-occur
in sympatry.
https://doi.org/10.1371/journal.pone.0253095.9001

during field work [12,20]. Chick-rearing BRBO were tracked between September 2018 and
August 2019, and non-breeding RFBO in September—October 2018 and June-August 2019,
when this species inhabits Raso Islet (see further details on S1 Table).

Characterization of at-sea behaviours

To define individual behavioural modes from movement trajectories of foraging trips we used
the Expectation Maximisation binary Clustering (EMbC) R package [48]. This is a robust non-
supervised multi-variate clustering algorithm leading to meaningful local labelling of each

GPS location that can be easily linked to biological interpretations [49]. Two input variables
(speed and turn angle) were used from successive individual locations to assign 4 behaviours
by the EMbC algorithm: high velocity/low turning angle (HL), high velocity/high turning
angle (HH), low velocity/low turning angle (LL) and low velocity/high turning angle (LH)

[50]. Following [48], the behaviours were described as: (1) Resting, when locations showed low
speed and low turn value (LL), indicating that the bird is resting at the sea surface; (2) Intensive
foraging, representing Low speed while searching and High turn value (LH), when patches of
prey are spotted; (3) Travelling, showing High speed and Low turn value (HL); and (4) Relo-
cating, reflecting High turns at High speed (HH) as a change between restricted areas of inten-
sive foraging. This technique has been previously used to interpret ecologically meaningful
behaviours from movement data in sulids [20,42,51].

Habitat use

GPS locations labelled as ‘Intensive Foraging’ were used to generate Kernel Utilization Distri-
butions (Kernel UD) estimates, considering the 50% kernel UD contours as the core foraging

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 4/27


https://doi.org/10.1371/journal.pone.0253095.g001
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

Table 1. Summary statistics (mean+SD, range in brackets) of trip characteristics, spatial distribution, trophic ecology and body condition of tracked brown
(BRBO) and red-footed (RFBO) boobies from Raso Islet, Cabo Verde.

Species
Season
Sex
N tracks [N birds]
Mass (kg)

Trip duration (h)
Max. dist. colony
(km)

Prop. Travelling (%)
Prop. Foraging (%)
Prop. Resting (%)
Distal latitude (°)
Distal longitude (*)
Distal bearing (*)
Plasma 6 >C (%o)

Plasma & >N (%o)

Body Condition
Index (BCI)

https://doi.org/10.1371/journal.pone.0253095.t001

June-October

Brown booby
Nov-May
female male female
136 [22] 189 [29] 175 [17]
1.38 +0.12 (1.26- 1.19 +0.17 (1.00- 1.44 +0.20 (1.28-
1.54) 1.42) 1.69)
4.08 £ 0.11 (3.87- 3.12 £0.34 (2.76- 4.11 £ 0.42 (3.52—
4.34) 3.98) 4.60)
24.7 + 3.21 (20.42- 31.17 £3.32 (21.67- 22.83 +£3.93 (21.55-
33.11) 34.65) 32.09)
0.30 + 0.32 (0.13- 0.31 +0.20 (0.13- 0.29 +0.20 (0.07-
0.49) 0.69) 0.65)
0.24 + 0.15 (0.08- 0.27 £ 0.11 (0.13- 0.26 + 0.24 (0.08-
0.65) 0.59) 0.69)
0.22 +0.25 (0.12- 0.23 £ 0.35 (0.11- 0.19 + 0.40 (0.07—
0.54) 0.74) 0.78)
17.14 + 1.06 (15.69- 17.27 +0.82 (15.55- 16.04 + 1.01 (15.67-
17.98) 17.86) 17.06)
-24.49 + 1.26 (-25.78 | -24.26 +1.01 (-25.15 -24.60 + 0.50 (-25.09
~-23.94) ~-24.08) --24.01)
45.92 +2.98 (13.21- 56.60 + 1.83 (49.43- | 181.36 + 1.72 (179.31-
59.43) 58.04) 184.23)
-17.51 £ 0.09 (-17.94 -17.4+0.12 (-18.19 -16.59 +0.17 (-17.42
--16.35) --16.10) --14.71)
11.70 £ 0.10 (10.61- 11.5 £ 0.14 (10.50— 10.93 £ 0.08 (10.03-
12.87) 12.53) 12.13)
0.23 +£0.02 (0.17- 0.20 + 0.01 (0.18- 0.20 + 0.03 (0.17-
0.28) 0.25) 0.27)

male
207 [48]
1.18 £ 0.16 (1.09-
1.49)
5.19 £ 0.21 (4.76~
5.47)
42.60 + 3.20 (35.52—
49.33)
0.39 +£0.13 (0.11-
0.55)
0.29 + 0.62 (0.09-
0.76)
0.17 £ 0.51 (0.10-
0.85)
16.47 +0.82 (15.45-
17.70)

-24.32 +0.69 (-20.22
~-25.69)
146.23 + 2.19 (141.65-
149.23)

-16.31 +0.10 (-17.52
--14.63)

11.03 +0.09 (10.23-
11.97)
0.16 + 0.04 (0.08-
0.24)

Red-footed booby

June-October

female
36 [11]
1.02 +0.11 (0.97-
1.20)
4.99 +0.53 (4.02—
6.16)
63.14 + 4.2 (56.87-
69.11)
0.38 +£0.10 (0.13-
0.59)
0.31 +£0.10 (0.11-
0.45)
0.29 + 0.19 (0.09-
0.49)
16.44 + 1.14 (14.68-
17.53)
-24.20 +0.91 (-25.09
~-21.77)

135.3 +2.87 (131.23-
141.99)
-16.25+0.13 (-16.94
--15.02)

11.77 £ 0.11 (10.49-
13.07)

0.12 + 0.05 (0.04—
0.26)

male
98 [26]
0.95 + 0.25 (0.85-
1.03)
5.70 + 0.23 (5.09-
5.88)
55.73 + 5.14 (51.12-
68.52)
0.39 + 0.35 (0.09-
0.75)
0.32 + 0.33 (0.08-
0.65)
0.31 £ 0.13 (0.09-
0.45)
16.49 +0.94 (14.72-
17.76)

-24.24 +1.76 (-26.10
--22.87)
137.46 + 2.01 (132.01-
139.62)
-16.29 +0.13 (-17.66
--13.70)

11.37 + 0.06 (10.04—
12.44)
0.13+0.02 (0.11-
0.22)

region (FR) and the 95% kernel UD contours as the home range (HR), using the adehabitat
package in R (Calenge, 2006). The most appropriate smoothing parameter (h) was chosen via
least squares cross—validation for the unsmoothed GPS data, and then applied as standard for
the other datasets. Grid size was set at 0.08° to match the grid of environmental predictors.
The extent of within-group foraging region (FR) and home-range (HR) overlap between
(1) sexes of the same species and (2) between species when they co-occur (June-October) was
estimated using the Bhattacharyya’s affinity index (BA) kernel UD overlap index. This is con-
sidered the most appropriate measure of overlapping space use and BA index range from 0 (no
overlap) to 1 (identical UDs) [52]. We used a randomization technique (1000 randomizations
of our dataset) to test the null hypothesis that there was no difference in the spatial distribution
of different groups at test. If the null hypothesis is true, overlap between groups 50% and 95%
kernel UDs should not differ significantly from that calculated if those groups were randomly
assigned. P-values were determined by the proportion of random overlaps that were smaller
than the observed overlap (see [53,54] for similar approaches).

Environmental predictors

To map the environmental conditions of the foraging areas and the surrounding colony, we
used Seafloor depth as our static variable (DEP, blended ETOPO1 product, 0.01° spatial reso-
lution, m), and the following dynamic oceanographic variables: Chlorophyll-a concentration
(CHLA, 0.04°, mgm’3 ), Sea Surface Temperature (SST, 0.04°, °C), Sea Surface Height (SSH,
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0.08°, m), and Ocean Mixed Layer Thickness (OMLT, 0.08°, m). DEP was downloaded from
http://ngdc.noaa.gov/mgg/global/global.html, SST and CHLA were extracted from http://
oceancolor.gsfc.nasa.gov, while SSH and OMLT were downloaded from http://marine.
copernicus.eu. Monthly averages composites were used for all dynamic predictors. Spatial gra-
dients of all former variables (GDEP, GCHLA, GSST, GOMLT, GSSH) were obtained by esti-
mating the proportional change (PC) within a surrounding 3 x 3 cell grid using a moving
window as follows: PC = [(maximum value — minimum value) x 100/maximum value]. Gradi-
ents of dynamic variables are believed to be good indicators of oceanic fronts, while the GDEP
was used as a proxy for slope. All oceanographic raster layers were rescaled at a spatial resolu-
tion of 0.08° prior to the habitat modelling exercise. Environmental predictors were processed
with various functions within the raster package [55].

Stable isotope analysis of bobbies’ blood samples

Blood samples were separated into red blood cells (RBC) and plasma by centrifugation at
12000 rpm for 5 min. Plasma has a half-life of about 3-5 days [56] (i.e. fast turnover rate),
therefore it represents prey ingestion and trophic ecology of tracked individuals during the last
trips before sampling [56]. We used plasma samples collected during field work to perform a
stable isotope analysis (SIA) for 8N (**N / ™N) and 6"C (**C/ '*C). As 6"°N values increase
continuously (3-5%o) in marine food webs, conferring different isotopic signatures to different
prey consumed by seabirds, the trophic level is recognized, while §'*C values increase at a
slower step (~0.8%o), indicating birds feeding habitat [57-59]. There is a gradient of high to
low values of 8'*C from benthic and inshore to pelagic and offshore food webs, because the
organic enrichment at the coast is gradually diluted towards the open ocean [60]. Each of the
tracked birds was sampled upon return from a foraging trip, during logger retrieval.

In the laboratory, plasma samples were dried at 60°C for 24 h and homogenized. Successive
rinses with a 2:1 chloroform-methanol solution was performed on the plasma for dilapidation
[56]. Approximately 0.25-0.30 mg of each sample were weighed and encapsulated into tin foil
cups for posterior processing. The carbon and nitrogen isotopic ratios of these were deter-
mined from continuous-flow isotope ratio mass spectrometry (CEF-IRMS). Results were pre-
sented in the common & notation as parts per mil (%o) and compared with values from the
international standards Pee Dee Belemnite (PDB) for §'°C and atmospheric N2 for §'°N. Rep-
licate measurements of internal laboratory standards (acetanilide) indicate precision < 0.2%o
for both 6°C and 6'°N.

Stable isotope analysis of prey samples

Prey species were collected in 2018 and 2019 in Cabo Verde waters, by local fishermen operat-
ing in the surroundings of Raso Islet or at local fish-markets, between June-October of each
year, and therefore are contemporaneous with tracking of BRBO and RFBO. We selected the
prey species that could be part of BRBO and RFBOs’ diet, according to the data available in the
literature for these and other similar taxa [13,61-63]. All prey individuals were measured,
weighted, and identified to the lowest possible taxonomic level. Fish species were identified
with local guides, while squid specimens were identified using the lower beaks [64]. Approxi-
mately 0.5 gr of muscle of each prey were dried at 60°C for 24 h, submitted to successive rinses
with a 2:1 chloroform-methanol solution for tissue’s dilapidation [56], and weighed and
encapsulated into tin foil cups for SIA. Due to the high similarity between some prey isotopic
signatures, we opted to pool them in three different groups: epipelagic fish, juvenile fish, and
squid. Epipelagic fish was composed by fish species that inhabit in the epipelagic layers of the
ocean (i.e., the upper 200 m): Sardinella aurita (N = 4), Platybelone lovii (N = 4), Sardinella
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maderensis (N = 4), Selar crumenophthalmus (N = 4), Cephalopholis taeniops (N = 4), Cheilopo-
gon sp. (N = 4), Sparisoma cretense (N = 3), Decapterus macarellus (N = 4), Myripristis jacobus
(N = 4; mean + SD: 6°C = -16.98 + 0.50; §"°N = 10.05+ 0.78). Juvenile fish was composed by
young fingerlings identified as epipelagic species (mean + SD: §'°C = ~18.47 + 0.24,

5N = 8.38 + 0.43, N = 10). Squid comprised specimens of Todarodes sagittatus (N = 6) and
Callimachus rancureli (N = 4; mean + SD: 6"°C = -17.02 + 1.56, "°N = 11.66 + 2.18).

Diet reconstruction using SI mixing models

Diet reconstruction of BRBO and RFBOs was carried out by combining predator and prey iso-
topic signatures, and computing Bayesian mixing models with functions within the simmr R
package [65]. Two models were run separately for each season (Nov.-May and Jun.-Oct.),
computing the predicted consumption of three main groups of prey (epipelagic fish, juvenile
fish and squid) for males and females BRBO and RFBO. We used adult plasma isotopic signa-
tures as our predator data and prey muscle isotopic signatures as our sources data [65,66], with
no prior diet information being added to the model.

To the best of our knowledge there are no diet-tissue discrimination factor (DTDF) calcu-
lated for BRBO or RFBOs. These factors are often specific for taxon, tissue, and even diet-spe-
cific [66,67], making them one of the largest sources of bias for isotopic mixing model
practices [66]. In this study we used the DTDF calculated for Atlantic puffins (Fratercula arc-
tica) in a captive experiment developed by [67]; we chose the DTDF calculated for plasma §'°C
and §"°N isotopic ratios (~ 0.18%o for ">C and + 1.72%o for §'°N) to compare directly with
boobies’ plasma §'°C and §"°N values and minimize the error of the models. Although puffins
and boobies have different ecology and live in different environments (temperate vs tropics),
we believe that these DTDF are the most adjusted values for this study, considering other val-
ues available in the literature [68,69]. We considered a standard deviation of + 1.0%o, in an
attempt to further reduce the bias of DTDF, and account for possible differences between boo-
bies and puffins [70].

Data analysis

Generalized Linear Mixed Models (GLMMs) were built to test the effect of the independent
variables (1) sex, (2) season (Jun.-Oct. or Nov.-May), and (3) their interaction on the mean val-
ues of (1) trip duration (h), (2) maximum distance to colony (m), proportion of time (3) travel-
ling (4) in intensive foraging and (5) resting, distal (6) latitude and (7) longitude of forays,
plasma (8) §"°C, (9) §"°N values and (10) Body Condition Index. (i.e., dependent variables).
Differences between sex and season on the (11) bearing of foraging trips (i.e. circular data)
were tested with circular ANOVAs through the circular package [71]. Dependent variables of
GLMMs were transformed when they did not meet normality and homogeneity assumptions.
Separate models were developed for BRBO and RFBOs aiming at simpler interpretations of
their outputs (i.e., interactions with the variable sex would be difficult to interpret in complex
models). Both (1) trip identity nested within bird identity and (2) month of sampling was
included as a random effect to control for pseudo-replication and temporal variability in the
productivity of the marine environment, respectively. This also helped to account for unbal-
anced sample sizes per month. Gaussian distribution of error terms and a log-link function
were used in the modelling. Post-hoc multiple comparisons with Bonferroni correction were
used to identify significant differences between categories of each independent variable. R
packages used in the GLMMs were Ime4 [72] and ImerTest [73].

GLMMs we also used to calculate “individual-level repeatability” (R) in each of the former
behavioural and foraging parameters (except for distal bearings), with the rptR R package
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[74,75] as:
R, = S2A/S2ind + SQA

where S 2, is the inter-individual variance and S 2,4 the intra-individual variance of each indi-
vidual over time. Thus, inter-individual and intra-individual variances reflect the variances
between foraging trips between individuals and the same bird, respectively. Repeatability
index (0-1) can be classified as low (R, < 0.25), moderate (0.25 > R;,4 > 0.5) and high

(Ring > 0.5) [76,77]. For visual comparison, we also computed the “population-level repeatabil-
ity”, which is a variation of the former formula: R, = S 2, /18%+S?%,; where S %, is the inter-
individual variance and S * is the global within-individual variance. We compared the adjusted
repeatability (repeatability calculated in the full fixed- and random-effects models) with mod-
els including only the individual as random effect, without any fixed effect.

Generalized Additive Mixed Models (GAMMSs) were used to test the effect of (1) sex and
(2) all environmental predictors on the presence/ absence of foraging behaviour (grid cells
with ‘intensive foraging’) by tracked BRBO during (model 1) Nov.-May and (model 2) Jun.-
Oct. and RFBO during (model 3) Jun.-Oct. Sex was included as a categorical variable in the
fixed effects part of each model using the argument “by” of the mgcv package [78], allowing
smoothers to be built for each sex and environmental variable combination. Smoothers were
fitted to each environmental variable using 3 to 5 regression splines with shrinkage to avoid
overfitting [79,80]. Multi-collinearity among covariates was assessed using variance inflation
factors (GVIFs, AEDForecasting library in R [81]), with variables exhibiting a value higher
than 3 being excluded from the modelling exercise (S2 Table). GAMM:s were built with a bino-
mial family and logit link function for presence/absence (of ‘intensive foraging’) data. Bird
identity and sampling month were included to control for individual and monthly environ-
mental variability effects, respectively. We started running models including all the main
effects, and the best candidate model was selected based on the second-order corrected
Akaike’s information criterion (AIC). A difference of less than 2 was interpreted as competing
models receiving a similar amount of support from the data [82]. As with GLMMs, the three
separate models were developed to attain comprehensive interpretations of the outputs and
easily compare the effect of different environmental predictors on foraging between study sea-
sons (Nov.-May vs. Jun.-Oct.) and species (BRBO vs. REBO).

To establish the isotopic niche between sexes, study species (BRBO vs. RFBO) and season
(June-October vs. November-May) with the plasma stable isotope data, we used SIBER (Stable
Isotope Bayesian Ellipses in R), which is based on a Bayesian framework that confers a robust
comparison to be made among data sets concerning different sample sizes [83]. The area of
the standard ellipse (SEAc, an ellipse having a 40% probability of containing a subsequently
sampled datum) was adopted to compare isotopic values among groups (sexes, species and sea-
sons) and their overlap in relation to the total niche width (both groups combined), and a
Bayesian estimate of the standard ellipse and its area (SEAg) was used to test whether the isoto-
pic niche of one group was narrower than that of other group [83]. We further compared
other isotopic niche metrics between species, sex and seasons, such as (1) carbon range, the
distance between max. and min. §>C values; (2) nitrogen range, the distance between max.
and min. 8"°N values; (3) total area (TA), as the convex hull area encompassed by all values in
adBC- 8N bi-plot space; (4) mean distance to centroid (CD), as the average Euclidean dis-
tance of each isotopic value to the §"°C - §"°N centroid, where the centroid is the mean §'°C -
8" N value for all values in the food web; (5) mean nearest neighbour distance (NND), as the
mean of the Euclidean distances to each value nearest neighbour in bi-plot space, and thus a
measure of the overall density of ‘values packing’; (6) SD nearest neighbour distance
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(SDNND), as a measure of the evenness of ‘values packing’ in bi-plot space that is less influ-
enced than NND by sample size.

All data are presented as mean + SD, unless otherwise stated. Results were considered sig-
nificant at P < 0.05.

Compliance with ethical standards

This project was authorized by the "National Directorate of the Environment" of Cabo Verde
(DNA) to be carried out at Raso Islet, Desertas Islands Natural Reserve. All sampling procedures
and/or experimental manipulations were reviewed and specifically approved as part of obtain-
ing the field license. All tracking information included in this publication is stored at BirdLife
International Seabird Tracking Database (www.seabirdtracking.org) under IDs 1441 and 1442.
Supporting data are available from the corresponding author upon reasonable request.

Results

Living without conspecifics

During Nov.-May, repeatability (r) of foraging behaviours and distribution was generally low
(r < 0.25) to moderate (0.26< r < 0.5) for most of the parameters, and it was similar between
male and female BRBO (Fig 2).

Overall, GAMM:s showed a good predictive capacity, explaining 32.2%, 42.1% and 35.1% of
the deviance in the probability of birds to switch between foraging and travelling behavioural
modes (Table 2). Foraging probability of both female and male BRBO increased with decreas-
ing ocean mixed layer thickness (OMLT) and increasing gradient in SST (GSST) and gradient
in OMLT (GOMLT) (Fig 3).

Estimated diet composition of female and male BRBO was similar, with a higher estimated
proportion of epipelagic and juvenile fish (including flying fish), and lower proportion of squids.

Living in sympatry

During Jun.-Oct., male BRBO spent on average 1.42 hours more during each excursion, trav-
elled ~17 km significantly further from their colony, and spent respectively 10.0% and 8.1%
more time travelling and foraging, when compared to female BRBO. Plus, male BRBO exhib-
ited 1.1 %o significantly lower plasma &'’C values and 7% lower body condition when com-
pared to female BRBO (Fig 1; Tables 1 and 3A; S1 Fig).

The observed foraging overlap between sexes and the overlap of females’ foraging distribu-
tion between seasons was similar to permuted overlap (Table 4). Yet, observed male-male for-
aging overlap between seasons and female-male foraging overlap during Jun.-Oct. was
significantly lower than randomly expected (Table 4).

During this period, when both BRBO and RFBO inhabit Raso Islet, female BRBO spent 1.2
hours less during each excursion, travelled ~29 km closer to the colony, and spent respectively
9.3% and 6.1% less time travelling and foraging, when compared to male BRBO and male and
female RFBO. Moreover, female BRBO foraged over significantly lower latitude, longitudes,
and distal bearings. Plus, they also exhibited 0.5%o lower plasma §'°C values, though a 4%
higher body condition when compared to male BRBO and male and female RFBO (Fig 1;
Tables 1 and 3B; S1 Fig). The observed foraging overlap between sexes and between species
was generally significantly lower during Jun.-Oct. than permuted overlap (Table 4).

Repeatability of female BRBO generally increased significantly to high (r > 0.6), while male
BRBO and both sexes of RFBO remained on low to moderate repeatability of foraging behav-
iours and distribution (Fig 2).

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 9/27


http://www.seabirdtracking.org/
https://doi.org/10.1371/journal.pone.0253095

At-sea distribution and resources partitioning by two sympatric boobies

PLOS ONE

> r te)] r Q -
[ [ T
b L ()] — E .m R L
g T | 8 :
. S ~
- — L ——— L — —o——— -
3 : 5
g — o L o —— L = — o — -
ﬂ o
s — L —— L —o— L
——— L P — L —— L
— L —— L —— L
— = — — L - L
—o— L — L —— L
° L ® i e L
o ©w o v o o ©w o v o o ©w o ©v o
S ™~ o N = < P~ 0 N < e ™~ 0 N .
~— o o o o -~ o o o o ~ o o o o
= M (=] r )] -
o £ =
® —— . — e | ® —eo— |
= m
—e— | —— L : ——— L
© = d
(=} . o
." o S
= —— - ) —— - o —e— L
S
o
—— L — L —— L
— L — L — L
—— L —— L —_—— L
L - - —— L
——— L ——— L — L
—— - —e— | —— .
o ©vw o . o o ©vw o W o o ©vw o v o
< ™~ 10 N Q < ™~ o N Q e ™~ 0 &N S
- o o o o -~ o o o o - o o o o

Ayjiqejeaday

Distal bearing

F190-unf N 094y
r300-unr 4 0gd4y
-300-unr 0g4y
-190-unf N ogddg
-100-unr 4 ogyd
-100-unp- ogyg

- KeN-AON" N Ogud
- AelN-AON™ 4~ 0gudg
- Aely-roN~ ogug

1.004

Distal longitude

N

0.75+

0.50+

0.25-

0.00

L300-unr I 0g4y
r300-unr 4 094y
+100-unr 0g4dy
+300-unr N ogud
r100-unr 4 ogud
-3100-unr-ogyg

- AelN-roN" W Og¥g
L AelN-AoN 4” 0gud
- Ae-AoN~ Ogug

1.00+

0.75-

0.50+

0.25-

0.00

10/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021


https://doi.org/10.1371/journal.pone.0253095

PLOS ONE At-sea distribution and resources partitioning by two sympatric boobies

Fig 2. Population-level (R;op.; black) and individual-level (R;,q) repeatability values (+SE) of behavioural parameters for female (blue) and
male (red) brown (BRBO) and red-footed (RFBO) boobies. Shaded area highlights the period when BRBO and RFBO co-occur in sympatry at
Raso Islet, Cabo Verde.

https://doi.org/10.1371/journal.pone.0253095.9g002

In terms of habitat preference, foraging probability in female BRBO increased with decreas-
ing SST and OMLT and increasing GOMLT. However, male BRBO and male and female
RFBO generally increased foraging probability with increasing sea surface height (SSH), and
gradients in seafloor depth (GDEP), chlorophyll a concentration (GCHLA), OMLT (GOMLT)
and SST (GSST) (Table 4, Fig 3).

Models suggest that female BRBO did increase the consumption of epipelagic and juvenile
fish, and similar patterns were found for female RFBO. On the other hand, males of both spe-
cies fed on a slightly lower proportion of these food items when compared to females. The
models also showed that while feeding on high proportion of epipelagic fish, female RFBO
would rely also on comparable higher proportion of squid (Fig 4).”

Both male and female BRBO enlarged their isotopic niches from Nov.-May to Jun.-Oct.
Female RFBO exhibited the larger SEA( (S3 Table) and lower isotopic niche overlap in relation
to male and female BRBO, but higher overlap with male RFBO isotopic niche (S2 Fig, S4 Table).

Table 2. Generalized Additive Mixed Models (GAMMs) fitted to the probability to switch between foraging (1) and travelling (0) behavioural modes of tracked
individual birds.

Nov.-May Jun.-Oct.
Brown boobies (BRBO) Brown boobies (BRBO) Red-footed boobies (RFBO)

Term edf Chi.Sq P edf Chi.Sq P edf Chi.Sq P
s(DEP): female — — — — — — — — —
s(DEP): male — — — — — — — — —
s(CHLA): female 0.34 0.43 0.87 — — — 0.44 0.34 0.21
s(CHLA): male 1.12 0.65 0.10 — — — 1.49 1.51 0.11
s(SST): female 0.01 0.01 0.41 1.36 2.42 0.001 0.01 0.01 0.79
s(SST): male 2.93 25.45 < 0.001 2.53 9.28 0.001 0.64 4.78 0.10
s(OMLT): female 1.57 2.74 0.01 2.02 4.00 0.001 0.11 0.19 0.39
s(OMLT): male 0.75 0.86 0.02 0.14 0.60 0.92 0.01 0.17 0.65
s(SSH): female 0.99 0.43 0.23 0.09 0.30 0.57 0.06 0.09 0.96
s(SSH): male 0.80 0.47 0.08 1.95 2.73 0.01 0.77 2.51 0.04
s(GDEP): female 0.83 1.45 0.01 0.04 0.23 0.34 0.98 13.27 < 0.001
s(GDEP): male 0.38 0.16 0.19 2.31 8.53 0.001 0.97 18.82 < 0.001
s(GCHLA): female — — — 1.11 0.70 0.12 0.14 0.19 0.35
s(GCHLA): male — — — 1.33 1.02 0.05 2.19 14.83 0.001
s(GSST): female 2.44 10.99 < 0.001 1.31 1.20 0.03 — — —
s(GSST): male 3.12 26.69 < 0.001 0.69 0.72 0.06 — — —
S(GOMLT): female 1.16 20.12 < 0.001 0.12 0.09 0.48 2.50 24.23 < 0.001
s(GOMLT): male 1.54 20.41 < 0.001 2.64 22.61 < 0.001 2.64 12.74 0.001
s(GSSH): female — — — 0.17 0.05 0.50 0.15 0.08 0.50
s(GSSH): male — — — 1.63 1.69 0.01 0.76 1.24 0.04

Three different GAMM models were built: (A) brown boobies during Nov.-May, (B) brown boobies during Jun.-Oct. and (C) red-footed boobies during Jun.-Oct. All
evaluated models included individual identity and month as a random factors, to control for pseudo-replication and environmental variability, respectively; DEP-depth
(m); CHLA-chlorophyll a concentration (mgm'3); SST—sea surface temperature (°C); OMLT-ocean mixed layer thickness (cm); SSH-sea surface height (m); GDEP-
depth gradient (%); GCHLA-CHLA gradient (%); GSST-SST gradient (%); GOMLT-OMLT gradient (%); GSSH-SSH gradient (%).— Variables excluded after

collinearity results. Significant results in bold.

https://doi.org/10.1371/journal.pone.0253095.t002
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Fig 3. Response curves of the most important smooths resulting from generalized additive mixed models (GAMM:s), explaining the foraging
distribution of male (red) and female (blue) brown boobies (BRBO) and red-footed boobies (RFBO), during November-May and June-
October. Shaded area highlights the period when BRBO and RFBO co-occur in sympatry at Raso Islet, Cabo Verde.

https://doi.org/10.1371/journal.pone.0253095.g003

Discussion
Living without conspecifics

During Nov.-May, spatial segregation was very low between sexes of BRBO, a period when this
is the only booby species occurring on Raso islet. Our results showed similar habitat use and
repeatability of behavioural foraging parameters and distribution between sexes, as well as diet
patterns, in line with Brown Boobies from islands in the Gulf of California [84]. There, colonies
of BRBO are much larger (2,400-6,000 individuals) than those at Raso (~289 individuals) (S5
Table), but still no significant differences were observed in sexual foraging patterns in either
place, meaning that density-dependent competition is not likely to drive sexual segregation.

Differences in sex-specific foraging patterns have mainly been related to marine productiv-
ity in the surrounding colonies [15,23], allowing for flexible parental investment to occur dur-
ing breeding [15]. In our case, neither differential parental roles [85], niche specialization
associated with sexual dimorphism and competitive exclusion [86], or nutritional require-
ments [87] affected foraging behaviour between sexes [84], because no segregation was
observed. Other related species, such as Masked boobies have also shown similar foraging trip
parameters, suggesting that local oceanic conditions and food distribution and availability are
important factors leading to sexual segregation. Thus, these studies, imply that competition
may not be an option when species are feeding on ephemeral prey, consequently compelling
sexes to share food resources and foraging areas [21,42]. Therefore, as tropical marine regions
such as the Cabo Verde Islands, are associated with oligotrophic waters and patchily distrib-
uted fish [9], this equal sharing of resources and habitats within species can be expected here.
Similar environmental conditions at Tromelin Island in the Western Indian Ocean [24] and
Palmyra Attol in the Central Pacific Ocean [23], have also been suggested to partly explain the
lack of inter-sex differences observed in masked and red-footed boobies (S5 Table). Addition-
ally, we stress that during this period (Nov-May), a higher annual peak of breeding occurs for
this species (Biosfera unpublished data), which could lead to a higher number of breeding
pairs competing for food, but still, no differences were observed between sexes.

In terms of foraging habitat, as both sexes stayed relatively close to their colonies, certain
physical features may occur around Raso Islet, allowing the occurrence of discrete productive
habitats for subsurface and aerial predators year-round. Thus, both sexes of BRBO showed a
preference for areas with decreasing OMLT and increasing gradients of SST and OMLT, dur-
ing Nov.—May. The OMLT has often been related to the depth of the vertical temperature gra-
dient (thermocline), located right beneath the Ocean Mixed Layer (OML), possibly working as
a physical and biological barrier for fish species [88,89]. Gradients of SST have also been con-
nected with ocean fronts, where prey is known to concentrate and made available to top-pred-
ators [39,90]. Stretching from Cabo Verde Islands to the coast of Cape Blanc (West Africa), an
important frontal system occurs, mixing waters coming from the north and south hemispheres
with different gradients of temperature, salinity, and velocity [91]. Even though, CHLA con-
centration was not identified by the models as a variable influencing foraging habitat prefer-
ence during this period, it is important to note that at the adjacent African coast, the upwelling
phenomena leads to a higher concentration of chlorophyll between 10-20°N [92], especially
during winter and spring, stretching long filaments and eddies of chlorophyll-rich waters to
the open ocean and to the Cabo Verde archipelago [93,94] (S3 Fig). This could provide better
foraging opportunities closer to the colonies during this period.
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Table 3. A. Generalized Linear Mixed Models (GLMM:s) testing the effect of (A) the interaction between sex and season (November-May vs. June-October) and (B)
the interaction between sex and species (brown boobies-BRBO vs. red-footed boobies-RFBO) on trip characteristics, spatial distribution, trophic ecology and body

condition shown in Table 1.

Model A

Sex Season Sex: Season
Variables F; 703 P Effect F; 699 P Effect F; 690 P Effect
N tracks [N birds] — — — — — — — — —
Mass (kg) — — — — — — — — —
Trip duration (h) 2.17 0.09 — 2.77 0.05 Nov-May 2.83 0.04 male, Jun-Oct
< Jun-Oct > all others
Max. dist. colony (km) 5.48 0.001 females 2.69 0.05 Nov-May 2.71 0.05 male, Jun-Oct
< males > Jun-Oct > all others
Prop. Travelling (%) 3.39 0.02 females 2.29 0.08 — 2.80 0.04 male, Jun-Oct
< males > all others
Prop. Foraging (%) 3.81 0.01 females 3.90 0.01 Nov-May 3.30 0.02 male, Jun-Oct
< males < Jun-Oct > all others
Prop. Resting (%) 1.59 0.19 — 2.81 0.04 Nov-May 1.65 0.18 —
> Jun-Oct
Distal latitude (°) 3.69 0.04 females 3.09 0.03 Nov-May 1.19 0.33 —
< males > Jun-Oct
Distal longitude (*) 6.01 0.001 females 1.76 0.18 — 1.44 0.27 —
< males
Distal bearing (*)* 1.11 0.33 — 3.88 0.01 Nov-May 2.26 0.08 —
< Jun-Oct
Plasma 6 >C (%o) 3.89 0.01 females 3.85 0.01 Nov-May 2.73 0.05 male, Jun-Oct
< males < Jun-Oct < all others
Plasma & >N (%o) 1.37 0.25 — 2.75 0.05 Nov-May 1.95 0.12 —
> Jun-Oct
Body Condition Index (BCI) 2.78 0.04 females 3.41 0.02 Nov-May 2.62 0.05 male, Jun-Oct
> males > Jun-Oct < all others
Model B
Sex Species Sex: Species
Variables F; 507 P Effect F; 699 P Effect F; 699 P Effect
N tracks [N birds] — — — — — — — — —
Mass (kg) — — — — — — — — —
Trip duration (h) 3.33 0.02 females 3.82 0.01 BRBO 2.63 0.05 female, BRBO
> males < RFBO < all others
Max. dist. colony (km) 8.02 < 0.001 females 5.60 0.001 BRBO 7.18 < 0.001 female, BRBO
< males < RFBO < all others
Prop. Travelling (%) 2.19 0.09 — 1.85 0.14 — 3.09 0.03 female, BRBO
< all others
Prop. Foraging (%) 1.78 0.15 — 3.35 0.02 BRBO 5.61 0.001 female, BRBO
< RFBO < all others
Prop. Resting (%) 1.68 0.17 — 2.83 0.04 BRBO 2.37 0.07 —
< RFBO
Distal latitude (°) 3.87 0.01 females 3.67 00.04 BRBO 2.88 0.03 female, BRBO
< males < RFBO < all others
Distal longitude (*) 3.01 0.01 females 1.98 0.11 — 3.99 0.01 female, BRBO
< males < all others
Distal bearing (*)* 1.52 0.21 — 5.59 0.001 BRBO 5.59 0.001 female, BRBO
> RFBO < all others
Plasma 6 °C (%o0) 2.10 0.10 — 2.69 0.05 BRBO 3.00 0.03 female, BRBO
< RFBO < all others
Plasma & "*N (%) 115 0.33 — 3.14 0.03 BRBO 1.91 0.13 —
< RFBO
(Continued)
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Table 3. (Continued)

Body Condition Index (BCI) 1.79 0.13 — 2.79 0.04 BRBO 2.81 0.04 female, BRBO
> RFBO > all others

Both (1) trip ID nested within bird ID and (2) Month of sampling were set as random effects to control for pseudo-replication and temporal variability on the
environmental proxies of productivity, respectively. Significant results in bold. Effect was evaluated with Post-hoc multiple comparisons with Bonferroni correction.

* Differences between means of circular data variables were analysed with circular ANOVAs.

https://doi.org/10.1371/journal.pone.0253095.t003

Living in sympatry

During this period (Jun.-Oct.), intra-specific segregation was observed within both sexes of
BRBO, and inter-specific segregation occurred between two sulid species living in sympatry
[15,23,24,43] in Raso Islet. Although several studies concerning BRBO (S5 Table) [13,15,16]
and other sulid species [15,19] found that bigger females frequently perform longer and farther
foraging trips than smaller males, our study showed the exact opposite, with female BRBO
maintaining their previous foraging areas, whilst male BRBO and both sexes of RFBO looked
for different foraging opportunities.

Many papers on sex-specific foraging behaviour have pointed out that males and females
may adopt different foraging strategies in response to different factors, such as competition,
prey and habitat preference, parental involvement, among others [12,13,15,53,95-97]. Differ-
ences found in sexual foraging at Raso are in line with those found [17] at Johnston Atoll, Cen-
tral Pacific, where male BRBO foraged in far distant areas than females (S5 Table). In our
study, when both booby species were living in sympatry on Raso, inter-sexual differences in
foraging behaviour and distribution may be explained by divergent parental roles, as females
tend to stay closer to the colony, showing high repeatability to foraging grounds, feeding more
rapidly and quickly returning to the colonies to feed their offspring. Several studies of boobies
[33] and other seabird species exhibiting high foraging site fidelity [98,99] were carried out in
highly productive marine environments (temperate regions), where prey distribution is more
predictable, while in tropical areas, it has been pointed out that the presence of bathymetric

Table 4. Observed and randomized overlap (Bhattacharyya’s Affinity) at the 50% and 95% Kernel utilization distributions (UDs) between (A) female and male
brown boobies during November-May and June-October and (B) female and male brown (BRBO) and red-footed boobies (RFBO) during June-October.

50% UD 95% UD
Comparison Observed overlap Permuted overlap P | Observed overlap Permuted overlap p
(mean + SD) (mean + SD)
(A) Between sexes and seasons
female BRBO Nov.-May vs. male BRBO Nov.- 0.38 0.35+0.04 0.69 0.71 0.75+0.03 0.56
May
female BRBO Nov.-May vs. female BRBO Jun.- 0.39 0.41 +0.05 0.61 0.68 0.70 £ 0.05 0.59
Oct
male BRBO Nov.-May vs. male BRBO Jun.-Oct 0.25 0.40 +0.03 0.02 0.51 0.79 £ 0.05 0.01
female BRBO Jun.-Oct. vs. male BRBO Jun.- 0.27 0.30 £ 0.05 0.06 0.49 0.76 £ 0.03 0.04
Oct.
(B) Between sexes and study species
female BRBO vs. male BRBO 0.29 0.36 + 0.06 0.06 0.50 0.69 + 0.04 0.04
female BRBO vs. female RFBO 0.22 0.38 + 0.04 0.02 0.46 0.64 = 0.06 0.01
female BRBO vs. male RFBO 0.26 0.41 £ 0.05 0.02 0.43 0.61 = 0.05 0.01
female RFBO vs. male RFBO 0.42 0.33 £ 0.06 0.05 0.44 0.59 + 0.04 0.03

P represents the proportion of randomized overlaps that were smaller than the observed overlap. Significant differences are shown in bold.

https://doi.org/10.1371/journal.pone.0253095.t004
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Fig 4. Estimated proportions of main prey items in the diet of male and female brown boobies (BRBO) and red-footed boobies (RFBO) from
Raso Islet, Cabo Verde during a phase when only brown boobies occur on the colony (November-May; left panels) and when the two species
co-occur in sympatry (June-October; right panels). Epipelagic fish-Sardinella aurita, Platybelone lovii, Sardinella maderensis, Selar
crumenophthalmus, Cephalopholis taeniops, Cheilopogon sp., Sparisoma cretense, Decapterus macarellus, Myripristis jacobu; Juvenile fish-young
fingerlings of epipelagic species; Squid-specimens from the Ommastrephidae and Onychoteuthidae families.

https://doi.org/10.1371/journal.pone.0253095.g004

features may be an important variable in increasing site fidelity [34]. Social cues, by gathering
information from previous foraging trips [100], information transfer at sea [18,25,101] and at
the colony [26], have also been suggested to increase site fidelity, however all were from studies
in temperate areas. As females simply kept using the same areas, increasing repeatability of for-
aging parameters compared to the first period, and no important bathymetric features seem to
be present or influencing utilized areas, this further suggests that parental involvement during
this period, should be a factor explaining sexual segregation [13,15,16]. As all tracked BRBO
were rearing chicks, feeding on higher proportions of epipelagic and juvenile fish could
explain female s better body condition, and also mean high energetic meals delivered to the
offspring, further supporting this conclusion and explaining site fidelity [97,102].

Males on the other hand, would probably invest less on the chick, preferring to travel farther
and using different foraging habitats, while taking advantage of winds to minimize flying costs
[103] and increase flying efficiency (flight speed, foraging range and flapping frequency)
[15,17]. Intuitively, this could also indicate a male habitat preference [53] during a period of
sympatry. Lower body condition in males could indicate that they have a harder time foraging,
and therefore invest less in chick provisioning [97]. Additionally, low repeatability to foraging
grounds could reflect prey-patch unpredictability in the oligotrophic waters of Cabo Verde [6].

[13] also pointed out a possible division of labour between sexes at Reine Island (Great Bar-
rier Reef, Australia), where males stayed longer at the nest and females travelled longer to
bring food to the growing chick and returned later at sunset to avoid klepto-parasitism by frig-
ate birds [13]. This suggests that inter-specific competition could also play a role in affecting
intra-specific segregation of sulids living in sympatry with other species. In our study, because
other sulid species moves to the Islet, competition pressure may contribute to sexual segrega-
tion. Thus, we also suggest that the presence of other seabird species, such as the Cape Verde
shearwater (breeding from June-October) [104] and the Cape Verde little shearwater (pros-
pecting) (Biosfera unpublished data), could also affect the foraging behaviour of BRBO. To fur-
ther support this theory, at Raine island, BRBO were shown to exhibit intra-specific niche
partitioning during breeding peaks [13], while during a period of low breeding effort no intra-
specific niche segregation occurred [43]. This clearly demonstrates that BRBO can modify
their intra-specific foraging behaviour to counterbalance possible competition for feeding
resources. In our study, although the breeding peak of BRBO occurs between December-Feb-
ruary, it is undeniable that the overall seabird breeding peak at Raso occurs during the summer
period (Jun-Oct) [41,104-107]. Adding that a second colony of breeding Cape Verde shearwa-
ter and other species occur at less than 6.5 km away, in Branco islet [41,105], is enough to sup-
pose that competition is a possibility between species.

In summary, regardless of whether female BRBO travelled longer than males, or stayed
closer to the colonies, all studies agreed that differential breeding involvement, division of
labour or sex role partitioning, in addition to competition, could have a double effect on sexual
segregation [13,15,16]. Contrary to [17], body size does not appear to be the factor explaining
intra-specific segregation, because seasonal variations in foraging parameters and isotopic
niches were observed for this species, implying foraging plasticity inferred by surrounding
environmental characteristics affecting prey abundance and habitat preference, as well as
inter-specific competition due to co-existence and breeding peaks.
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Foraging patterns of RFBO were also generally similar between sexes, following with the
former literature on this species [12,17,20,108]. The similitude of these patterns might have
been driven by low intra-specific competition due to the small population size of RFBO inhab-
iting Raso Islet [23,28], or more likely driven by an unbalanced female:male sample size
(N = 4:17) [43]. Nevertheless, a difference in size does not seem to affect intra-specific foraging
distributions here, and the lack of breeding seems to be a reasonable explanation for the low
intra-specific competition.

Concerning inter-specific differences, RFBO showed a tendency to fly further and longer
compared to BRBO due to its pelagic nature and smaller size [23,43]. Similarly, at Palmyra
Atoll, in the Central Pacific Ocean, RFBO undertook more pelagic trips than bigger-sized
Masked Boobies, although in this case there was an established breeding colony with a much
greater number of RFBO (1000-2500 pairs) (S5 Table) [23], which could imply a higher forag-
ing effort. This higher effort was also observed in larger colonies of Cape gannets (17,000
70,000 pairs) [31] and Masked boobies (4,600 individuals) [32], as competition is expected to
be higher. On the other hand, at Tromelin Island (Indian Ocean), where colonies of both spe-
cies are much smaller and fairly similar in numbers (RFBO = 180 pairs; MB = 250 pairs),
Masked boobies travelled further than RFBO [24], which was not expected, as the larger size of
Masked boobies would probably confer them the ability to outcompete the smaller RFBO
from foraging areas in the colony surroundings [109]. In that case, environmental characteris-
tics appeared to have a high influence on resource partitioning in an extreme oligotrophic
environment [109].

In our study site, however, regardless of its tropical location and its less productive waters
compared to the first period (S3 Fig), foraging bigger-sized female BRBOs seem to have relied
on locations near the colony during both study periods, while smaller male BRBO and RFBO
individuals foraged farther from the colony, in a more diverse array of areas, and exhibited
lower repeatability in their foraging behaviour. From June to October, female BRBOs foraging
probability increased with decreasing SST and OMLYT, depicting good environmental condi-
tions in areas closer to the colonies and a thinner mixed layer, which should allow prey fish to
be closer to the surface and more accessible to predators [88,107,110-112]. Contrastingly,
male BRBO and both sexes of RFBO preferred areas with higher gradients of SST (i.e. ocean
fronts), chlorophyll a concentration (CHLA) (i.e. upwelling phenomena), and seafloor depth
(i.e. steep locations), possibly along seamounts or shelf edges. Birds also showed a preference
for areas with higher SSH values. High values of SSH usually depict the presence of Anticy-
clonic Eddies [113,114], which are also known to be associated with enhanced productivity
(higher CHLA values), especially in tropical environments [115]. [116] showed the frequent
occurrence of eddies inside and outside the Cabo Verde archipelago, which drive CHLA-rich
waters from off West Africa and enhance CHLA within the archipelago. [117] also reported
the formation of big anticyclonic eddies influenced by the Cabo Verde Frontal Zone (CVFZ).
Similarly, studies in the Mozambique Channel (Europa Island) have shown the preference of
the local seabird community (e.g. RFBOs) to forage in productive waters associated with the
presence of mesoscale anticyclonic eddies, preferably around the edges of such oceanographic
structures [108,118,119].

Both species explored the same prey species (squid, epipelagic and juvenile fish) which was
expected, because sympatric tropical boobies studied in other locations exhibit similar dietary
preferences (S5 Table) [8,21,23,118,120]. During winter and spring months, both sexes of
BRBO had a similar expected diet, however, during the months of co-existence female BRBO
showed a higher consumption of epipelagic and juvenile fish. This may be related to a greater
availability of fish than squid in their foraging areas [121], and as suggested before, a possible
selection of higher energetic-content prey to provision their chicks [24]. Flying fish have also
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been described to occur at the edges of rapidly rotating eddies [122], a type of habitat present
in the waters of the Cabo Verde Islands, used by male BRBO and both sexes of RFBO. Never-
theless, results shown here on diet preferences evaluated from isotopic mixing models should
be interpreted with caution, given the small sample size for each prey species. Ideally, future
studies should sample potential prey all year-round, and increase sample size of each prey spe-
cies to ascertain BRBO and RFBO dietary preferences, if possible, at the family- or species-
levels.

Although intra-specific and inter-specific isotopic niches overlapped during the Jun.-Oct.
period, there was a significant difference in 6'°N values for females RFBO, as squid was
expected to be more consumed by RFBO. This could be related to the higher abundance of
squid during the summer months, main spawning and growth season [123], or even related to
the use of different habitats [24]. Previous studies have connected the occurrence of squid (e.g.
Ommastrephidae) with sea surface temperature and productivity connected to frontal zones
[124,125] such as the one occurring in Cabo Verde [91]. A similar diet pattern was observed in
two islands [12,24] of the Indian Ocean, where prey items of red-footed booby were mainly
composed of squid, confirming the different trophic position of their prey. The fact that RFBO
are not breeding may also be a contributing factor, because this species is not constrained by
the need to feed chicks [126].

While BRBO expanded their isotopic niches across seasons, perhaps due to enhanced inter-
species competition, there was a lower niche overlap of female RFBO in relation to BRBO, but
higher when compared to that of male RFBO. This confirms the expected broader isotopic
niche in a more generalist species like the RFBO during the non-breeding phase. Also, a high
overlap in RFBO may indicate low intra-specific competition due to low individual numbers
and non-breeding phase if reproductive duties are relaxed [43], or in this case inexistent,
allowing adults to focus on their own nutritional needs.

Conclusion

The current study provides the first view over the foraging ecology of a resident booby in Cabo
Verde, with a second overview of changes when the pressure of another similar species is
added to the study area. We conclude that divergent parental roles, environmental conditions,
habitat preference and inter-specific competition could be mechanisms simultaneously under-
lying sexual segregation for BRBO during a period of co-existence. These results agree with the
idea that BRBO boobies have a certain foraging ecology plasticity [13,43,84], capable of adapt-
ing to different circumstances of environmental conditions and competition. Foraging similar-
ities in RFBO sexes, although confirmed in other studies, could possibly be related to the non-
breeding phase or even biased sex sampling [43]. As such, inter-specific foraging differences,
appear to be more affected by habitat preference and different breeding stages between
species.

The results obtained here, are also pivotal for the identification of core foraging areas of
both species, as an important input for future conservation plans to be applied within the Nat-
ural Reserve of Desertas Islands.

Supporting information

S1 Fig. Foraging tracks female (blue) and male (red) brown (BRBO) and red-footed
(RFBO) boobies, tracked between November 2018 -October 2019 at Raso Islet (star), Cabo
Verde. Bathymetric relief in the background (max. 4012m). Shaded area highlights the period
when BRBO and RFBO co-occur in sympatry.
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S2 Fig. Isotopic bivariate niche space of female (blue; filled line) and male (red; filled line)
brown boobies (BRBO:; Sula leucogaster) and female (blue; dashed line) and male (red;
dashed line) red-footed boobies (RFBO; Sula sula).

(DOCX)

S3 Fig. Monthly average (+SD) sea surface temperature and chlorophyll a concentration
250km around Raso Islet between September 2018 —~August 2019 (study period).
(DOCX)

S1 Table. Monthly summary of the number of trips and individual (between brackets)
brown (BRBO) and red-footed (RFBO) boobies tracked in the current study. Shaded area
highlights the period when BRBO and RFBO co-occur in sympatry.

(DOCX)

$2 Table. Multi-collinearity among covariates selected for three Generalized Additive
Mixed Models (GAMM:s) assessed using variance inflation factors (GVIFs, AEDForecasting
library in R. Highly colinear variables (VIF > 3) were removed prior to modeling. DEP-depth
(m); CHLA-chlorophyll a concentration (mgm'3); SST-sea surface temperature (°C); OMLT-
ocean mixed layer thickness (cm); SSH-sea surface height (m); GDEP-depth gradient (%);
GCHLA-CHLA gradient (%); GSST-SST gradient (%); GOMLT-OMLT gradient (%);
GSSH-SSH gradient (%).

(DOCX)

§3 Table. Comparison of isotopic niche metrics between study species, sexes, and seasons
(Nov.-May vs. Jun.-Oct.). Carbon range, the distance between max. and min. 8"3C values; (2)
nitrogen range, the distance between max. and min. 8N values; (3) total area (TA), as the
convex hull area encompassed by all values in a §">C - §"°N bi-plot space; (4) standard ellipse
area (SEA); (5) standard ellipse corrected for sample size (SEA(), depicting the area with 40%
probability of containing a subsequently sampled datum; (6) mean distance to centroid (CD),
as the average Euclidean distance of each isotopic value to the 83C - 8N centroid, where the
centroid is the mean §'°C — §"N value for all values in the food web; (7) mean nearest neigh-
bour distance (NND), as the mean of the Euclidean distances to each value nearest neighbour
in bi-plot space, and thus a measure of the overall density of ‘values packing’; (8) SD nearest
neighbour distance (SDNND), as a measure of the evenness of ‘values packing’ in bi-plot space
that is less influenced than NND by sample size.

(DOCX)

$4 Table. Isotopic niche overlap (SEAg) between study species (brown booby; BRBO and
red-footed booby; RFBO), sex and seasons (Nov.-May and Jun.-Oct.).
(DOCX)

S5 Table. Former studies reporting inter-sexual differences of brown (BB) and red-footed
(RFB) boobies in their foraging distribution (foraging #), isotopic signatures (813C /
015N), dietary preferences [FF-Flying fish (Exocetidae); FS-Flying squid (Ommastrephi-
dae); SP-Small pelagic—anchovy, herring, sardines (Clupeidae)] and body mass

(M = male; F = female). Shown are also other population-specific characteristics, namely
ocean basin (P-Pacific, A-Atlantic, I-Indian), population size, Chlorophyll a concentration
(CHLA) in the colony surroundings, mean breeding period and breeding stage (I-Incubation;
CR-Chick-rearing) when the study was conducted. (1)-Differences during two periods of the
year; (2)—F>M 8'°C/ F = M 8"N; (3) Females 8"°N values higher than males; (4)-Females
consumed more flying fish and males consumed equal proportions of fish and squid; (5)—

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 20/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0253095.s008
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

Consumed mostly flying squid; (6)-Unspecified prey with high pelagic signature; (7)-Unspec-
ified breeding phase.
(DOCX)

Acknowledgments

We would especially like to thank the NGO Biosfera I for all the fieldwork-related logistics pro-
vided during months and years of work and thank the “Jairo Mora Sandoval” crew who safely
delivered us to Raso, every single time. But more than anything, we would like to thank the
Raso field work staff for the outstanding competence and efficiency during field work: Thank
you Stefan Antunes and Junior Ferreira.

Author Contributions
Conceptualization: Nathalie Almeida, Jaime A. Ramos, Vitor H. Paiva.

Data curation: Nathalie Almeida, Jaime A. Ramos, Ivo dos Santos, Jorge M. Pereira, Diana M.
Matos, Vitor H. Paiva.

Formal analysis: Nathalie Almeida, Jaime A. Ramos, Vitor H. Paiva.
Funding acquisition: Nathalie Almeida, Vitor H. Paiva.

Investigation: Nathalie Almeida, Jaime A. Ramos, Isabel Rodrigues, Ivo dos Santos, Jorge M.
Pereira, Diana M. Matos, Pedro M. Araujo, Vitor H. Paiva.

Methodology: Nathalie Almeida, Jaime A. Ramos, Isabel Rodrigues, Ivo dos Santos, Jorge M.
Pereira, Diana M. Matos, Pedro M. Aratjo, Vitor H. Paiva.

Project administration: Nathalie Almeida, Jaime A. Ramos, Vitor H. Paiva.
Resources: Jaime A. Ramos, Pedro Geraldes, Tommy Melo, Vitor H. Paiva.
Software: Vitor H. Paiva.

Supervision: Jaime A. Ramos, Vitor H. Paiva.

Validation: Vitor H. Paiva.

Visualization: Nathalie Almeida, Jaime A. Ramos, Vitor H. Paiva.

Writing - original draft: Nathalie Almeida, Vitor H. Paiva.

Writing - review & editing: Nathalie Almeida, Jaime A. Ramos, Vitor H. Paiva.

References

1. Huffaker C. Competition for Food by a Phytophagous Mite. J Chem Inf Model. 1966; 37. https://doi.
org/10.1017/CB09781107415324.004

2. Hardin G. The Competitive Exclusion Principle. Sci New Ser. 1960; 131: 1292—-1297. https://doi.org/
10.1126/science.131.3409.1292 PMID: 14399717

3. Gause G. The struggle for existence [10]. Williams Wilkins, Balt Maryland, USA. 1973.

4. Pettex E, Lambert C, Fort J, Dorémus G, Ridoux V. Spatial segregation between immatures and adults
in a pelagic seabird suggests age-related competition. J Avian Biol. 2019; 50. https://doi.org/10.1111/
jav.01935

5. Jaeger RG. Competitive Exclusion: Comments on Survival and Extinction of Species. Bioscience.
1974; 24: 33-39.

6. Weimerskirch H. Are seabirds foraging for unpredictable resources? Deep Res Part Il Top Stud Ocea-
nogr. 2007; 54: 211-223. https://doi.org/10.1016/j.dsr2.2006.11.013

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 21/27


https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1126/science.131.3409.1292
https://doi.org/10.1126/science.131.3409.1292
http://www.ncbi.nlm.nih.gov/pubmed/14399717
https://doi.org/10.1111/jav.01935
https://doi.org/10.1111/jav.01935
https://doi.org/10.1016/j.dsr2.2006.11.013
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,
23.

24,

25.

26.

27.

Catry T, Ramos JA, Le Corre M, Phillips RA. Movements, at-sea distribution and behaviour of a tropi-
cal pelagic seabird: The wedge-tailed shearwater in the western Indian Ocean. Mar Ecol Prog Ser.
2009; 391: 231-242. https://doi.org/10.3354/meps07717

Young HS, McCauley DJ, Dirzo R, Dunbar RB, Shaffer SA. Niche partitioning among and within sym-
patric tropical seabirds revealed by stable isotope analysis. Mar Ecol Prog Ser. 2010; 416: 285-294.
https://doi.org/10.3354/meps08756

Longhrust AR, Pauly D. Ecology of Tropical Oceans. Academic Press. San Diego: Academic Press;
1987.

James Grecian W, Lane J V., Michelot T, Wade HM, Hamer KC. Understanding the ontogeny of forag-
ing behaviour: Insights from combining marine predator bio-logging with satellite-derived oceanogra-
phy in hidden Markov models. J R Soc Interface. 2018; 15. https://doi.org/10.1098/rsif.2018.0084
PMID: 29875281

Surman CA, Wooller RD. Comparative foraging ecology of five sympatric terns at a sub-tropical island
in the eastern Indian Ocean. J Zool. 2003; 259: 219-230. https://doi.org/10.1017/
S$0952836902003047

Weimerskirch H, Corre M Le, Ropert-Coudert Y, Kato A, Marsac F. Sex-specific foraging behaviour in
a seabird with reversed sexual dimorphism: The red-footed booby. Oecologia. 2006; 146: 681-691.
https://doi.org/10.1007/s00442-005-0226-x PMID: 16195880

Miller MGR, Silva FRO, Machovsky-Capuska GE, Congdon BC. Sexual segregation in tropical sea-
birds: drivers of sex-specific foraging in the Brown Booby Sula leucogaster. J Ornithol. 2018; 159:
425-437. https://doi.org/10.1007/s10336-017-1512-1

Weimerskirch H, Le Corre M, Gadenne H, Pinaud D, Kato A, Ropert-Coudert Y, et al. Relationship
between reversed sexual dimorphism, breeding investment and foraging ecology in a pelagic seabird,
the masked booby. Oecologia. 2009; 161: 637—649. https://doi.org/10.1007/s00442-009-1397-7
PMID: 19544073

Weimerskirch H, Shaffer SA, Tremblay Y, Costa DP, Gadenne H, Kato A, et al. Species- and sex-spe-
cific differences in foraging behaviour and foraging zones in blue-footed and brown boobies in the Gulf
of California. Mar Ecol Prog Ser. 2009; 391: 267—-278. https://doi.org/10.3354/meps07981

Gilardi JD. Sex-Specific Foraging Distributions of Brown Boobies in the Eastern Tropical Pacific.
Colon Waterbirds. 1992; 15: 148. https://doi.org/10.2307/1521367

Lewis S, Schreiber EA, Daunt F, Schenk GA, Orr K, Adams A, et al. Sex-specific foraging behaviour in
tropical boobies: Does size matter? Ibis (Lond 1859). 2005; 147: 408—414. https://doi.org/10.1111/].
1474-919x.2005.00428.x

Weimerskirch H, Bertrand S, Silva J, Marques JC, Goya E. Use of social information in seabirds: Com-
pass rafts indicate the heading of food patches. PLoS One. 2010; 5. https://doi.org/10.1371/journal.
pone.0009928 PMID: 20360959

Castillo-Guerrero JA, Mellink E. Occasional inter-sex differences in diet and foraging behavior of the
Blue-footed Booby: Maximizing chick rearing in a variable environment? J Ornithol. 2011; 152: 269—
277. https://doi.org/10.1007/s10336-010-0575-z

Mendez L, Borsa P, Cruz S, De Grissac S, Hennicke J, Lallemand J, et al. Geographical variation in
the foraging behaviour of the pantropical red-footed booby. Mar Ecol Prog Ser. 2017; 568: 217-230.
https://doi.org/10.3354/meps 12052

Lerma M, Dehnhard N, Luna-Jorquera G, Voigt C, Garthe S. Breeding stage, not sex, affects foraging
characteristics in masked boobies at Rapa Nui. Behav Ecol Sociobiol. 2020; 74: 149. https://doi.org/
10.1007/s00265-020-02921-1

Carboneras C. Family Sulidae. Handb birds world, Vol 1 Ostrich to Ducks. 1992; 312—-325.

Young HS, Shaffer SA, McCauley DJ, Foley DG, Dirzo R, Block BA. Resource partitioning by species
but not sex in sympatric boobies in the central Pacific Ocean. Mar Ecol Prog Ser. 2010; 403: 291-301.
https://doi.org/10.1073/pnas.1010732107 PMID: 20807744

Kappes MA, Weimerskirch H, Pinaud D, Le Corre M. Variability of resource partitioning in sympatric
tropical boobies. Mar Ecol Prog Ser. 2011; 441: 281-294. https://doi.org/10.3354/meps09376

Thiebault A, Charrier |, Pistorius P, Aubin T. At sea vocal repertoire of a foraging seabird. J Avian Biol.
2019; 50: 1-14. https://doi.org/10.1111/jav.02032

Courbin N, Chinho T, Pichegru L, Verma-Grémillet A, Péron C, Ryan PG, et al. The dance of the Cape
gannet may contain social information on foraging behaviour. Anim Behav. 2020; 166: 95—108. https://
doi.org/10.1016/j.anbehav.2020.06.012

Wakefield ED, Bodey TW, Bearhop S, Blackburn J, Colhoun K, Davies R, et al. Space partitioning
without territoriality in gannets. Science (80-). 2013; 341: 68—70. https://doi.org/10.1126/science.
1236077 PMID: 23744776

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 22/27


https://doi.org/10.3354/meps07717
https://doi.org/10.3354/meps08756
https://doi.org/10.1098/rsif.2018.0084
http://www.ncbi.nlm.nih.gov/pubmed/29875281
https://doi.org/10.1017/S0952836902003047
https://doi.org/10.1017/S0952836902003047
https://doi.org/10.1007/s00442-005-0226-x
http://www.ncbi.nlm.nih.gov/pubmed/16195880
https://doi.org/10.1007/s10336-017-1512-1
https://doi.org/10.1007/s00442-009-1397-7
http://www.ncbi.nlm.nih.gov/pubmed/19544073
https://doi.org/10.3354/meps07981
https://doi.org/10.2307/1521367
https://doi.org/10.1111/j.1474-919x.2005.00428.x
https://doi.org/10.1111/j.1474-919x.2005.00428.x
https://doi.org/10.1371/journal.pone.0009928
https://doi.org/10.1371/journal.pone.0009928
http://www.ncbi.nlm.nih.gov/pubmed/20360959
https://doi.org/10.1007/s10336-010-0575-z
https://doi.org/10.3354/meps12052
https://doi.org/10.1007/s00265-020-02921-1
https://doi.org/10.1007/s00265-020-02921-1
https://doi.org/10.1073/pnas.1010732107
http://www.ncbi.nlm.nih.gov/pubmed/20807744
https://doi.org/10.3354/meps09376
https://doi.org/10.1111/jav.02032
https://doi.org/10.1016/j.anbehav.2020.06.012
https://doi.org/10.1016/j.anbehav.2020.06.012
https://doi.org/10.1126/science.1236077
https://doi.org/10.1126/science.1236077
http://www.ncbi.nlm.nih.gov/pubmed/23744776
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Ainley DG, Ribic CA, Ballard G, Heath S, Gaffney I, Karl BJ, et al. Geographic structure of adélie pen-
guin populations: Overlap in colony-specific foraging areas. Ecol Monogr. 2004; 74: 159-178. https:/
doi.org/10.1890/02-4073

Birt VL, Birt TP, Goulet D, Cairns DK, Montevecchi WA. Ashmole ‘ s halo: direct evidence for prey
depletion by a seabird. Mar Ecol Prog Ser. 1987; 40: 205—208.

Ashmole NP. the Regulation of Numbers of Tropical Oceanic Birds. Ibis (Lond 1859). 1963; 103 b:
458-473. https://doi.org/10.1111/j.1474-919X.1963.tb06766.x

Grémillet D, DellOmo G, Ryan PG, Peters G, Ropert-Coudert Y, Weeks SJ. Offshore diplomacy, or
how seabirds mitigate intra-specific competition: A case study based on GPS tracking of Cape gannets
from neighbouring colonies. Mar Ecol Prog Ser. 2004; 268: 265-279. https://doi.org/10.3354/
meps268265

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: 915-926.
https://doi.org/10.1007/s00265-015-1903-3

Zavalaga CB, Halls JN, Mori GP, Taylor SA, Dellomo G. At-sea movement patterns and diving behav-
ior of Peruvian boobies Sula variegata in northern Peru. Mar Ecol Prog Ser. 2010; 404: 259-274.
https://doi.org/10.3354/meps08490

Wilkinson BP, Haynes-Sutton AM, Meggs L, Jodice PGR. High spatial fidelity among foraging trips of
Masked Boobies from Pedro Cays, Jamaica. PLoS One. 2020; 15: 1-12. https://doi.org/10.1371/
journal.pone.0231654 PMID: 32340024

Wakefield ED, Cleasby IR, Bearhop S, Bodey TW, Davies RD, Miller PI, et al. Long-term individual for-
aging site fidelity-why some gannets don’t change their spots. Ecology. 2015; 96: 3058—-3074. https://
doi.org/10.1890/14-1300.1 PMID: 27070024

Votier SC, Fayet AL, Bearhop S, Bodey TW, Clark BL, Grecian J, et al. Effects of age and reproductive
status on individual foraging site fidelity in a long-lived marine predator. Proc R Soc B Biol Sci. 2017;
284: 0—6. https://doi.org/10.1098/rspb.2017.1068 PMID: 28747480

Xavier JC, Trathan PN, Croxall JP, Wood AG, Podesta G, Rodhouse PG. Foraging ecology and inter-
actions with fisheries of wandering albatrosses (Diomedea exulans) breeding at South Georgia. Fish
Oceanogr. 2004; 13: 324—344. https://doi.org/10.1111/j.1365-2419.2004.00298.x

Paiva VH, Geraldes P, Ramirez |, Garthe S, Ramos JA. How area restricted search of a pelagic sea-
bird changes while performing a dual foraging strategy. Oikos. 2010; 119: 1423-1434. https://doi.org/
10.1111/j.1600-0706.2010.18294.x

Scales KL, Miller Pl, Hawkes LA, Ingram SN, Sims DW, Votier SC. On the front line: Frontal zones as
priority at-sea conservation areas for mobile marine vertebrates. J Appl Ecol. 2014; 51: 1575-1583.
https://doi.org/10.1111/1365-2664.12330

Hamer KC, Phillips RA, Hill JK, Wanless S, Wood AG. Contrasting foraging strategies of gannets
Morus bassanus at two North Atlantic colonies: Foraging trip duration and foraging area fidelity. Mar
Ecol Prog Ser. 2001; 224: 283-290. https://doi.org/10.3354/meps224283

Semedo G, Paiva V, Militdo T, Rodrigues |, Dinis H, Pereira J, et al. Distribution, abundance, and on-
land threats to Cabo Verde seabirds. Bird Conserv Int. 2020; 1-24. https://doi.org/10.1017/
S0959270920000428

Lerma M, Serratosa J, Luna-Jorquera G, Garthe S. Foraging ecology of masked boobies (Sula dacty-
latra) in the world’s largest “oceanic desert.” Mar Biol. 2020; 167: 1—13. https://doi.org/10.1007/
s00227-020-03700-2

Ponton-Cevallos J, Dwyer RG, Franklin CE, Bunce A. Understanding resource partitioning in sympat-
ric seabirds living in tropical marine environments. Emu. 2017; 117: 31-39. https://doi.org/10.1080/
01584197.2016.1265431

Freitas R, Hazevoet C, Vasconcelos R. Geography and geology. In: Vasconcelos R, Freitas R, Haze-
voet C, editors. The Natural History of the Desertas Islands— Santa Luzia, Branco and Raso.
2015. pp. 14-36.

Phillips RA, Xavier JC, Croxall JP. Effects of sattelite transmitters on albatrosses and petrels. Auk.
2003; 120: 1082—1090.

Brown A. Assessing body condition in birds. In: Nolan Vj, Ketterson E, editors. Current ornithology.
New York, NY: Plenum Press; 1996. pp. 67—-135.

Chastel O, Weimerskirch H, Jouventin P, Chastel O, Weimerskirch H. Body condition and seabird
reproductive performance: A study of three petrel species. Ecology. 1995; 76: 2240-2246.

Garriga J, Palmer JRB, Oltra A, Bartumeus F. Expectation-maximization binary clustering for beha-
vioural annotation. PLoS One. 2016; 11: 1-26. https://doi.org/10.1371/journal.pone.0151984 PMID:
27002631

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 23/27


https://doi.org/10.1890/02-4073
https://doi.org/10.1890/02-4073
https://doi.org/10.1111/j.1474-919X.1963.tb06766.x
https://doi.org/10.3354/meps268265
https://doi.org/10.3354/meps268265
https://doi.org/10.1007/s00265-015-1903-3
https://doi.org/10.3354/meps08490
https://doi.org/10.1371/journal.pone.0231654
https://doi.org/10.1371/journal.pone.0231654
http://www.ncbi.nlm.nih.gov/pubmed/32340024
https://doi.org/10.1890/14-1300.1
https://doi.org/10.1890/14-1300.1
http://www.ncbi.nlm.nih.gov/pubmed/27070024
https://doi.org/10.1098/rspb.2017.1068
http://www.ncbi.nlm.nih.gov/pubmed/28747480
https://doi.org/10.1111/j.1365-2419.2004.00298.x
https://doi.org/10.1111/j.1600-0706.2010.18294.x
https://doi.org/10.1111/j.1600-0706.2010.18294.x
https://doi.org/10.1111/1365-2664.12330
https://doi.org/10.3354/meps224283
https://doi.org/10.1017/S0959270920000428
https://doi.org/10.1017/S0959270920000428
https://doi.org/10.1007/s00227-020-03700-2
https://doi.org/10.1007/s00227-020-03700-2
https://doi.org/10.1080/01584197.2016.1265431
https://doi.org/10.1080/01584197.2016.1265431
https://doi.org/10.1371/journal.pone.0151984
http://www.ncbi.nlm.nih.gov/pubmed/27002631
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Louzao M, Wiegand T, Bartumeus F, Weimerskirch H. Coupling instantaneous energy-budget models
and behavioural mode analysis to estimate optimal foraging strategy: An example with wandering
albatrosses. Mov Ecol. 2014; 2. https://doi.org/10.1186/2051-3933-2-8 PMID: 25520818

de Grissac S, Bartumeus F, Cox SL, Weimerskirch H. Early-life foraging: Behavioral responses of
newly fledged albatrosses to environmental conditions. Ecol Evol. 2017; 7: 6766—6778. https://doi.org/
10.1002/ece3.3210 PMID: 28904758

Mendez L, Prudor A, Weimerskirch H. Ontogeny of foraging behaviour in juvenile red-footed boobies
(Sula sula). Sci Rep. 2017; 7: 1-11. https://doi.org/10.1038/s41598-016-0028-x PMID: 28127051

Kochanny CO, Fieberg J. Quantifying Home-Range Overlap: the Importance of the Utilization Distribu-
tion. J Wildl Manage. 2005; 1346—1359.

Cleasby IR, Wakefield ED, Bodey TW, Davies RD, Patrick SC, Newton J, et al. Sexual segregation in
a wide-ranging marine predator is a consequence of habitat selection. Mar Ecol Prog Ser. 2015; 518:
1-12. https://doi.org/10.3354/meps11112

Clay TA, Manica A, Ryan PG, Silk JRD, Croxall JP, Ireland L, et al. Proximate drivers of spatial segre-
gation in non-breeding albatrosses. Sci Rep. 2016; 6: 1-13. https://doi.org/10.1038/s41598-016-0001-
8 PMID: 28442746

Hijmans R. raster: Geographic Data Analysis and Modeling. R package version 3.3-7. In: https://
CRAN.R-project.org/package=raster. 2020.

Cherel Y, Hobson KA, Weimerskirch H. Using stable isotopes to study resource acquisition and alloca-
tion in procellariiform seabirds. Oecologia. 2005; 145: 533-540. https://doi.org/10.1007/s00442-005-
0156-7 PMID: 16001219

Quillfeldt P, McGill RAR, Furness RW. Diet and foraging areas of Southern Ocean seabirds and their
prey inferred from stable isotopes: Review and case study of Wilson’s storm-petrel. Mar Ecol Prog
Ser. 2005; 295: 295-304. https://doi.org/10.3354/meps295295

Inger R, Bearhop S. Applications of stable isotope analyses to avian ecology. Ibis (Lond 1859). 2008;
150: 447-461. https://doi.org/10.1111/j.1474-919X.2008.00839.x

Phillips RA, McGill RAR, Dawson DA, Bearhop S. Sexual segregation in distribution, diet and trophic
level of seabirds: Insights from stable isotope analysis. Mar Biol. 2011; 158: 2199-2208. https://doi.
0rg/10.1007/s00227-011-1725-4

France R. Critical examination of stable isotope analysis as a means for tracing carbon pathways in
stream ecosystems. Can J Fish Aquat Sci. 1995; 52: 651-656. https://doi.org/10.1139/f95-065

Ancona S, Calixto-Albarran |, Drummond H. Effect of El Nifio on the diet of a specialist seabird, Sula
nebouxii, in the warm eastern tropical Pacific. Mar Ecol Prog Ser. 2012; 462: 261-271. https://doi.org/
10.3354/meps09851

Connan M, Bonnevie BT, Hagen C, van der Lingen CD, McQuaid C. Diet specialization in a colonial
seabird studied using three complementary dietary techniques: effects of intrinsic and extrinsic factors.
Mar Biol. 2017; 164. https://doi.org/10.1007/s00227-017-3201-2

Donahue SE, Adams J, Renshaw MA, Hyrenbach KD. Genetic analysis of the diet of red-footed boo-
bies (Sula sula) provisioning chicks at Ulupa’u Crater, O’ahu. Aquat Conserv Mar Freshw Ecosyst.
2020; 1-16. https://doi.org/10.1002/agc.3470

Xavier J, Cherel Y. Cephalopod beak guide for the Southern Ocean. British Antarctic Survey. Cam-
bridge, UK; 2009.

Parnell A. Simmr: A Stable Isotope Mixing Model. R package version 0.4.2. In: https://CRAN.R-
project.org/package=simmr. 2020.

Phillips DL, Inger R, Bearhop S, Jackson AL, Jonathan W, Parnell AC, et al. Best practices for use of
stable isotope mixing models in food web studies. Can J Zool. 2014; 92: 823-835. https://doi.org/10.
1139/cjz-2014-0127

Jenkins E, J G, Yurkowski D, Le Frangdis N, Wong E, Davoren G. Isotopic discrimination (515N,
613C) in captive and wild Common Murres (Uria aalge) and Atlantic Puffins (Fratercula arctica). Phy-
siol Biochem Zool. 2020; 93: 296—-309. https://doi.org/10.1086/709460 PMID: 32485127

Cherel Y, Hobson KA, Hassani S. Isotopic discrimination between food and blood and feathers of cap-
tive penguins: Implications for dietary studies in the wild. Physiol Biochem Zool. 2005; 78: 106—115.
https://doi.org/10.1086/425202 PMID: 15702469

Ciancio JE, Righi C, Faiella A, Frere E. Blood-specific isotopic discrimination factors in the Magellanic
penguin (Spheniscus magellanicus). Rapid Commun Mass Spectrom. 2016; 30: 1865—1869. https:/
doi.org/10.1002/rcm.7661 PMID: 27476661

Votier SC, Bearhop S, Witt MJ, Inger R, Thompson D, Newton J. Individual responses of seabirds to
commercial fisheries revealed using GPS tracking, stable isotopes and vessel monitoring systems. J
Appl Ecol. 2010; 47: 487—-497. https://doi.org/10.1111/.1365-2664.2010.01790.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 24/27


https://doi.org/10.1186/2051-3933-2-8
http://www.ncbi.nlm.nih.gov/pubmed/25520818
https://doi.org/10.1002/ece3.3210
https://doi.org/10.1002/ece3.3210
http://www.ncbi.nlm.nih.gov/pubmed/28904758
https://doi.org/10.1038/s41598-016-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/28127051
https://doi.org/10.3354/meps11112
https://doi.org/10.1038/s41598-016-0001-8
https://doi.org/10.1038/s41598-016-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/28442746
https://CRAN.R-project.org/package=raster
https://CRAN.R-project.org/package=raster
https://doi.org/10.1007/s00442-005-0156-7
https://doi.org/10.1007/s00442-005-0156-7
http://www.ncbi.nlm.nih.gov/pubmed/16001219
https://doi.org/10.3354/meps295295
https://doi.org/10.1111/j.1474-919X.2008.00839.x
https://doi.org/10.1007/s00227-011-1725-4
https://doi.org/10.1007/s00227-011-1725-4
https://doi.org/10.1139/f95-065
https://doi.org/10.3354/meps09851
https://doi.org/10.3354/meps09851
https://doi.org/10.1007/s00227-017-3201-2
https://doi.org/10.1002/aqc.3470
https://CRAN.R-project.org/package=simmr
https://CRAN.R-project.org/package=simmr
https://doi.org/10.1139/cjz-2014-0127
https://doi.org/10.1139/cjz-2014-0127
https://doi.org/10.1086/709460
http://www.ncbi.nlm.nih.gov/pubmed/32485127
https://doi.org/10.1086/425202
http://www.ncbi.nlm.nih.gov/pubmed/15702469
https://doi.org/10.1002/rcm.7661
https://doi.org/10.1002/rcm.7661
http://www.ncbi.nlm.nih.gov/pubmed/27476661
https://doi.org/10.1111/j.1365-2664.2010.01790.x
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

Agostinelli C, Lund U. R package “circular”: Circular Statistics (version 0.4-93). 2017.

Bates DM. Fitting Linear Mixed-Effects Models Using Ime4. J Stat Softw. 2015; 67: 1-48. https://doi.
org/10.18637/jss.v067.i01

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects
Models. J Stat Softw. 2017; 82. https://doi.org/10.18637/jss.v082.i02 PMID: 29430216

Nakagawa S, Schielzeth H. Repeatability for Gaussian and non-Gaussian data: A practical guide for
biologists. Biol Rev. 2010; 85: 935-956. https://doi.org/10.1111/j.1469-185X.2010.00141.x PMID:
20569253

Stoffel M, Nakagawa S, Schielzeth H. rptR: Repeatability estimation and variance decomposition by
generalized linear mixed-effects models. Methods Ecol Evol. 2017; 8: 1639—1644. https://dx.doi.org/
10.1111/2041-210x.12797.

Potier S, Carpentier A, Grémillet D, Leroy B, Lescroél A. Individual repeatability of foraging behaviour
in a marine predator, the great cormorant, Phalacrocorax carbo. Anim Behav. 2015; 103: 83-90.
https://doi.org/10.1016/j.anbehav.2015.02.008

Traisnel G, Pichegru L. Success comes with consistency in hard times: Foraging repeatability relates
to sex and breeding output in African penguins. Mar Ecol Prog Ser. 2019; 608: 279-289. https://doi.
org/10.3354/meps12827

Wood S. Generalized Additive Models: An Introduction with R ( 2nd edition) Chapman and Hall/CRC.
2017.

Wood SN. Stable and efficient multiple smoothing parameter estimation for generalized additive mod-
els. J Am Stat Assoc. 2004; 99: 673—686. https://doi.org/10.1198/016214504000000980

Wood S, Pya N, Saefken B. Smoothing parameter and model selection for general smooth models
(with discussion). J Am Stat Assoc. 2016; 111: 1548-1575.

Claster W, Philip S, Nha C. AEDForecasting: Change Point Analysis in ARIMA Forecasting. R pack-
age version 0.20.0. In: https://CRAN.R-project.org/package=AEDForecasting. 2016.

Burnham K, Aderson D. Model Selection and Multimodel Inference, A Practical Information-Theoretic
Approach. 2002; 45: 181-181. https://dx.doi.org/10.1007/b97636.

Jackson AL, Inger R, Parnell AC, Bearhop S. Comparing isotopic niche widths among and within com-
munities: SIBER—Stable Isotope Bayesian Ellipses in R. J Anim Ecol. 2011; 80: 595-602. https://doi.
org/10.1111/j.1365-2656.2011.01806.x PMID: 21401589

Castillo-Guerrero JA, Lerma M, Mellink E, Suazo-Guillén E, Pefialoza-Padilla EA. Environmentally-
Mediated Flexible Foraging Strategies in Brown Boobies in the Gulf of California. Ardea. 2016; 104:
33-47. https://doi.org/10.5253/arde.v104i1.a3

Thaxter CB, Daunt F, Hamer KC, Watanuki Y, Harris MP, Grémillet D, et al. Sex-specific food provi-
sioning in a monomorphic seabird, the common guillemot Uria aalge: Nest defence, foraging efficiency
or parental effort? J Avian Biol. 2009; 40: 75—84. https://doi.org/10.1111/j.1600-048X.2008.04507.x

Phillips RA, Silk JRD, Phalan B, Catry P, Croxall JP. Seasonal sexual segregation in two Thalassarche
albatross species: Competitive exclusion, reproductive role specializaion or foraging niche diver-
gence? Proc R Soc B Biol Sci. 2004; 271: 1283—-1291. https://doi.org/10.1098/rspb.2004.2718 PMID:
15306353

Lewis S, Benvenuti S, Dall’Antonia L, Griffiths R, Money L, Sherratt TN, et al. Sex-specific foraging
behaviour in a monomorphic seabird. Proc R Soc B Biol Sci. 2002; 269: 1687-1693. https://doi.org/10.
1098/rspb.2002.2083 PMID: 12204129

Ballance LT, Pitman RL, Fiedler PC. Oceanographic influences on seabirds and cetaceans of the east-
ern tropical Pacific: A review. Prog Oceanogr. 2006; 69: 360—390. https://doi.org/10.1016/j.pocean.
2006.03.013

Pelletier L, Kato A, Chiaradia A, Ropert-Coudert Y. Can thermoclines be a cue to prey distribution for
marine top predators? a case study with little penguins. PLoS One. 2012; 7: 4-8. https://doi.org/10.
1371/journal.pone.0031768 PMID: 22536314

Schneider DC. Seabirds and fronts: a brief overview. Polar Res. 1990; 8: 17—21. https://doi.org/10.
1111/j.1751-8369.1990.tb00370.x

Pefia-Izquierdo J, Pelegri JL, Pastor M V., Castellanos P, Emelianov M, Gasser M, et al. The continen-
tal slope current system between Cape Verde and the Canary Islands. Sci Mar. 2012; 76: 65-78.
https://doi.org/10.3989/scimar.03607.18C

Thomas AC, Carr ME, Strub PT. Chlorophyll variability in eastern boundary currents. Geophys Res
Lett. 2001; 28: 3421-3424. https://doi.org/10.1029/2001GL013368

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 25/27


https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i02
http://www.ncbi.nlm.nih.gov/pubmed/29430216
https://doi.org/10.1111/j.1469-185X.2010.00141.x
http://www.ncbi.nlm.nih.gov/pubmed/20569253
https://dx.doi.org/10.1111/2041-210x.12797
https://dx.doi.org/10.1111/2041-210x.12797
https://doi.org/10.1016/j.anbehav.2015.02.008
https://doi.org/10.3354/meps12827
https://doi.org/10.3354/meps12827
https://doi.org/10.1198/016214504000000980
https://CRAN.R-project.org/package=AEDForecasting
https://dx.doi.org/10.1007/b97636
https://doi.org/10.1111/j.1365-2656.2011.01806.x
https://doi.org/10.1111/j.1365-2656.2011.01806.x
http://www.ncbi.nlm.nih.gov/pubmed/21401589
https://doi.org/10.5253/arde.v104i1.a3
https://doi.org/10.1111/j.1600-048X.2008.04507.x
https://doi.org/10.1098/rspb.2004.2718
http://www.ncbi.nlm.nih.gov/pubmed/15306353
https://doi.org/10.1098/rspb.2002.2083
https://doi.org/10.1098/rspb.2002.2083
http://www.ncbi.nlm.nih.gov/pubmed/12204129
https://doi.org/10.1016/j.pocean.2006.03.013
https://doi.org/10.1016/j.pocean.2006.03.013
https://doi.org/10.1371/journal.pone.0031768
https://doi.org/10.1371/journal.pone.0031768
http://www.ncbi.nlm.nih.gov/pubmed/22536314
https://doi.org/10.1111/j.1751-8369.1990.tb00370.x
https://doi.org/10.1111/j.1751-8369.1990.tb00370.x
https://doi.org/10.3989/scimar.03607.18C
https://doi.org/10.1029/2001GL013368
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

Avristegui J, Barton ED, Alvarez-Salgado XA, Santos AMP, Figueiras FG, Kifani S, et al. Sub-regional
ecosystem variability in the Canary Current upwelling. Prog Oceanogr. 2009; 83: 33—48. https://doi.
org/10.1016/j.pocean.2009.07.031

Pelegri JL, Aristegui J, Cana L, Gonzalez-Davila M, Hernandez-Guerra A, Hernandez-Ledn S, et al.
Coupling between the open ocean and the coastal upwelling region off northwest Africa: Water recircu-
lation and offshore pumping of organic matter. J Mar Syst. 2005; 54: 3—-37. https://doi.org/10.1016/j.
jmarsys.2004.07.003

Breed GA, Bowen WD, McMillan JI, Leonard ML. Sexual segregation of seasonal foraging habitats in
a non-migratory marine mammal. Proc R Soc B Biol Sci. 2006; 273: 2319-2326. https://doi.org/10.
1098/rspb.2006.3581 PMID: 16928634

Le Boeuf B, Crocker D, Costa D, Blackwell S, Webb P, Houser D. Foraging ecology of northern elep-
hand seals. Ecol Monogr. 2000; 70: 353—-382. https://doi.org/10.1038/news050808-1

Pereira JM, Paiva VH, Phillips RA, Xavier JC. The devil is in the detail: small-scale sexual segregation
despite large-scale spatial overlap in the wandering albatross. Mar Biol. 2018;165. https://doi.org/10.
1007/s00227-018-3316-0

Passadore C, Mdller L, Diaz-Aguirre F, Parra GJ. High site fidelity and restricted ranging patterns in
southern Australian bottlenose dolphins. Ecol Evol. 2018; 8: 242—-256. https://doi.org/10.1002/ece3.
3674 PMID: 29321867

Pettex E, Bonadonna F, Enstipp MR, Siorat F, Grémillet D. Northern gannets anticipate the spatio-
temporal occurrence of their prey. J Exp Biol. 2010; 213: 2365—-2371. https://doi.org/10.1242/jeb.
042267 PMID: 20581265

Carroll G, Harcourt R, Pitcher BJ, Slip D, Jonsen |. Recent prey capture experience and dynamic habi-
tat quality mediate shortterm foraging site fidelity in a seabird. Proc R Soc B Biol Sci. 2018; 285.
https://doi.org/10.1098/rspb.2018.0788 PMID: 30051866

Thiebault A, Pistorius P, Mullers R, Tremblay Y. Seabird acoustic communication at sea: A new per-
spective using bio-logging devices. Sci Rep. 2016; 6: 1-6. https://doi.org/10.1038/s41598-016-0001-8
PMID: 28442746

Wojczulanis K, Jakubas D, Walkusz W, Wennerberg L. Differences in food delivered to chicks by
males and females of little auks (Alle alle) on South Spitsbergen. J Ornithol. 2006; 147: 543-548.
https://doi.org/10.1007/s10336-006-0077-1

Shaffer SA, Weimerskirch H, Costa DP. Functional significance of sexual dimorphism in Wandering
Albatrosses, Diomedea exulans. Funct Ecol. 2001; 15: 203-210. https://doi.org/10.1046/j.1365-2435.
2001.00514.x

Paiva VH, Geraldes P, Rodrigues I, Melo T, Melo J, Ramos JA. The foraging ecology of the endan-
gered Cape Verde shearwater, a sentinel species for marine conservation off West Africa. PLoS One.
2015; 10: 1-19. https://doi.org/10.1371/journal.pone.0139390 PMID: 26436804

Hazevoet C. Breeding birds. The Natural History of the Desertas Islands—Santa Luzia, Branco and
Raso. 2015. pp. 208—-242.

Ramos JA, Rodrigues I, Melo T, Geraldes P, Paiva VH. Variation in ocean conditions affects chick
growth, trophic ecology, and foraging range in Cape Verde Shearwater. Condor. 2018; 120: 283—290.
https://doi.org/10.1650/CONDOR-17-220.1

Cerveira LR, Ramos JA, Rodrigues |, Aimeida N, Aradjo PM, Santos | dos, et al. Inter-annual changes
in oceanic conditions drives spatial and trophic consistency of a tropical marine predator. Mar Environ
Res. 2020; 162: 105165. https://doi.org/10.1016/j.marenvres.2020.105165 PMID: 33068920

Mendez L, Cotté C, Prudor A, Weimerskirch H. Variability in foraging behaviour of red-footed boobies
nesting on Europa Island. Acta Oecologica. 2016; 72: 87-97. https://doi.org/10.1016/j.actao.2015.10.
017

Gonzalez-Solis J, Croxall JP, Wood AG. Sexual dimorphism and sexual segregation in foraging strate-
gies of northern giant petrels, Macronectes halli, during incubation. Oikos. 2000; 90: 390—-398. https:/
doi.org/10.1034/j.1600-0706.2000.900220.x

Spear LB, Ballance LT, Ainley DG. Response of seabirds to thermal boundaries in the tropical Pacific:
The thermocline versus the equatorial front. Mar Ecol Prog Ser. 2001; 219: 275-289. https://doi.org/
10.3354/meps219275

Ballance LT, Ainley DG, Hunt GL. Seabird Foraging Ecology. Encycl Ocean Sci. 2001; 5: 2636—-2644.
https://doi.org/10.1006/rwos.2001.0233

Eeden R Van, Reid T, Ryan PG, Pichegru L. Fine-scale foraging cues for African penguins in a highly
variable marine environment. 2016. https://doi.org/10.3354/meps11557

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 26/27


https://doi.org/10.1016/j.pocean.2009.07.031
https://doi.org/10.1016/j.pocean.2009.07.031
https://doi.org/10.1016/j.jmarsys.2004.07.003
https://doi.org/10.1016/j.jmarsys.2004.07.003
https://doi.org/10.1098/rspb.2006.3581
https://doi.org/10.1098/rspb.2006.3581
http://www.ncbi.nlm.nih.gov/pubmed/16928634
https://doi.org/10.1038/news050808-1
https://doi.org/10.1007/s00227-018-3316-0
https://doi.org/10.1007/s00227-018-3316-0
https://doi.org/10.1002/ece3.3674
https://doi.org/10.1002/ece3.3674
http://www.ncbi.nlm.nih.gov/pubmed/29321867
https://doi.org/10.1242/jeb.042267
https://doi.org/10.1242/jeb.042267
http://www.ncbi.nlm.nih.gov/pubmed/20581265
https://doi.org/10.1098/rspb.2018.0788
http://www.ncbi.nlm.nih.gov/pubmed/30051866
https://doi.org/10.1038/s41598-016-0001-8
http://www.ncbi.nlm.nih.gov/pubmed/28442746
https://doi.org/10.1007/s10336-006-0077-1
https://doi.org/10.1046/j.1365-2435.2001.00514.x
https://doi.org/10.1046/j.1365-2435.2001.00514.x
https://doi.org/10.1371/journal.pone.0139390
http://www.ncbi.nlm.nih.gov/pubmed/26436804
https://doi.org/10.1650/CONDOR-17-220.1
https://doi.org/10.1016/j.marenvres.2020.105165
http://www.ncbi.nlm.nih.gov/pubmed/33068920
https://doi.org/10.1016/j.actao.2015.10.017
https://doi.org/10.1016/j.actao.2015.10.017
https://doi.org/10.1034/j.1600-0706.2000.900220.x
https://doi.org/10.1034/j.1600-0706.2000.900220.x
https://doi.org/10.3354/meps219275
https://doi.org/10.3354/meps219275
https://doi.org/10.1006/rwos.2001.0233
https://doi.org/10.3354/meps11557
https://doi.org/10.1371/journal.pone.0253095

PLOS ONE

At-sea distribution and resources partitioning by two sympatric boobies

113.

114.

115.

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

Weimerskirch H, Corre M Le, Kai ET, Marsac F. Foraging movements of great frigatebirds from Alda-
bra Island: Relationship with environmental variables and interactions with fisheries. Prog Oceanogr.
2010; 86: 204—213. https://doi.org/10.1016/j.pocean.2010.04.003

Poli CL, Harrison AL, Vallarino A, Gerard PD, Jodice PGR. Dynamic oceanography determines fine
scale foraging behavior of Masked Boobies in the Gulf of Mexico. PLoS One. 2017; 12: 1-24. https://
doi.org/10.1371/journal.pone.0178318 PMID: 28575078

Dufois F, Hardman-Mountford NJ, Greenwood J, Richardson AJ, Feng M, Matear RJ. Anticyclonic
eddies are more productive than cyclonic eddies in subtropical gyres because of winter mixing. Sci
Adv. 2016; 2: 1-7. https://doi.org/10.1126/sciadv.1600282 PMID: 27386549

Cardoso C. Eddies of the Cape Verde Archipelago Eddies of the Cape Verde Archipelago. Master
Thesis. University of Algarve. 2017. Available: http://hdl.handle.net/10400.1/10459.

Meunier T, Barton ED, Barreiro B, Torres R. Upwelling filaments off cap blanc: Interaction of the NW
african upwelling current and the cape verde frontal zone eddy field? J Geophys Res Ocean. 2012;
117. https://doi.org/10.1029/2012JC007905

Weimerskirch H, Le Corre M, Jaquemet S, Potier M, Marsac F. Foraging strategy of a top predator in
tropical waters: Great frigatebirds in the Mozambique Channel. Mar Ecol Prog Ser. 2004; 275: 297—
308. https://doi.org/10.3354/meps275297

Jaquemet S, Le Corre M, Marsac F, Potier M, Weimerskirch H. Foraging habitats of the seabird com-
munity of Europa Island (Mozambique Channel). Mar Biol. 2005; 147: 573-582. https://doi.org/10.
1007/s00227-005-1610-0

Cherel Y, Corre M Le, Jaquemet S, Ménard F, Richard P, Weimerskirch H. Resource partitioning
within a tropical seabird community: New information from stable isotopes. Mar Ecol Prog Ser. 2008;
366: 281-291. https://doi.org/10.3354/meps07587

Clarke A, Prince PA. Chemical composition and calorific value of food fed to Mollymauk chicks Diome-
dea melanophris and D. chrysostoma at Bird Island, South Georgia. Ibis (Lond 1859). 2008; 122: 488—
494,

Bakun A. Fronts and eddies as key structures in the habitat marine fish larvae: opportunity, adaptive
response and competitive advantage. Sci Mar. 2006; 70: 105—122. Available: http://scientiamarina.
revistas.csic.es/index.php/scientiamarina/article/view/171.

Arkhipkin Al, Rodhouse PGK, Pierce GJ, Sauer W, Sakai M, Allcock L, et al. World squid fisheries.
Rev Fish Sci Aquac. 2015; 23: 92-252. https://doi.org/10.1080/23308249.2015.1026226

Pearcy WG, Fisher JP, Anma G, Meguro T. Species associations of epipelagic nekton of the North
Pacific Ocean, 1978-1993. Fish Oceanogr. 1996; 5: 1-20. https://doi.org/10.1111/j.1365-2419.1996.
tb00013.x

Ichii T, Mahapatra K, Sakai M, Inagake D, Okada Y. Differing body size between the autumn and the
winter-spring cohorts of neon flying squid (Ommastrephes bartramii) related to the oceanographic
regime in the North Pacific: A hypothesis. Fish Oceanogr. 2004; 13: 295-309. https://doi.org/10.1111/
j-1365-2419.2004.00293.x

Bugge J, Barrett RT, Pedersen T. Optimal foraging in chick-raising Common Guillemots (Uria aalge). J
Ornithol. 2011; 152: 253-259. https://doi.org/10.1007/s10336-010-0578-9

PLOS ONE | https://doi.org/10.1371/journal.pone.0253095 June 21, 2021 27/27


https://doi.org/10.1016/j.pocean.2010.04.003
https://doi.org/10.1371/journal.pone.0178318
https://doi.org/10.1371/journal.pone.0178318
http://www.ncbi.nlm.nih.gov/pubmed/28575078
https://doi.org/10.1126/sciadv.1600282
http://www.ncbi.nlm.nih.gov/pubmed/27386549
http://hdl.handle.net/10400.1/10459
https://doi.org/10.1029/2012JC007905
https://doi.org/10.3354/meps275297
https://doi.org/10.1007/s00227-005-1610-0
https://doi.org/10.1007/s00227-005-1610-0
https://doi.org/10.3354/meps07587
http://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/171
http://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/171
https://doi.org/10.1080/23308249.2015.1026226
https://doi.org/10.1111/j.1365-2419.1996.tb00013.x
https://doi.org/10.1111/j.1365-2419.1996.tb00013.x
https://doi.org/10.1111/j.1365-2419.2004.00293.x
https://doi.org/10.1111/j.1365-2419.2004.00293.x
https://doi.org/10.1007/s10336-010-0578-9
https://doi.org/10.1371/journal.pone.0253095

