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Abstract

Comprehending how environmental variability shapes foraging behaviour across habitats is key to unlocking insights into
consumer ecology. Seabirds breeding at high latitudes are exemplars of how marine consumers can adapt their behaviours
to make use of predictable foraging opportunities, but prey tends to be less predictable in tropical oceanic ecosystems and
may require alternative foraging behaviours. Here we used GPS and time-depth recorder loggers to investigate the foraging
behaviour of central placed adult red-footed boobies (Sula sula rubripes), a tropical seabird that forages in oceanic waters via
diving, or by capturing aerial prey such as flying fish in flight. Dive bout dynamics revealed that red-footed boobies appeared
to exploit denser, but more sparsely distributed prey patches when diving further from the colony. Furthermore, although we
found no evidence of environmentally driven habitat selection along their foraging routes, red-footed boobies preferentially
dived in areas with higher sea surface temperatures and chlorophyll-a concentrations compared to conditions along their
foraging tracks. This multi-scale variation implies that habitat selection differs between foraging routes compared to dive
locations. Finally, red-footed booby dives were deepest during the middle of the day when light penetration was greatest.
Ultimately, we highlight the importance of gaining insights into consumer foraging across different ecosystems, thereby
broadening understanding of how animals might respond to changing environmental conditions.
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Introduction

Acquiring adequate trophic resources for growth, survival,
and reproduction, carries strong ecological and evolution-
ary consequences in the animal kingdom (Tomlinson et al.
2014). Environmental variability shapes food availability
and can have important repercussions for consumer foraging
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efficiency (Abrams 1991). For instance, in habitats where
food is widely distributed but stable in time and space, evo-
lutionary selection should favour foraging behaviours (and
in turn life history tactics) which exploit this consistency
(Riotte-Lambert and Matthiopoulos 2020). However, to fully
understand how spatio-temporal food availability influences
predator ecology, studies are required from a wide range of
different habitats.

Many species of marine vertebrates adopt foraging tactics
that are consistent in time and space (Rodriguez-Malagén
et al. 2020) and these behaviours are exemplified by breed-
ing seabirds (Wakefield et al. 2015; Votier et al. 2017). Dur-
ing the breeding season, this consistent foraging behaviour
is the result of seabirds adopting central place foraging
strategies as well as the occurrence of predictable forag-
ing opportunities such as those aggregated around upwell-
ings and fronts (Scales et al. 2014). However, these find-
ings are biased towards neritic and/or high latitude areas. In
tropical pelagic waters, prey tends to be more unpredictably
and sparsely distributed which may in turn explain marine
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predator movement ecology (Ballance and Pitman 1999;
Humphries et al. 2010). Indeed, tropical seabirds forage
across large pelagic areas (Soanes et al. 2021) and demon-
strate low forage site fidelity (Weimerskirch 2007), irregu-
larly encountering prey patches (Weimerskirch et al. 2004).
Dive bout dynamics, whereby individuals perform distinct
sequences of multiple aggregated dives, can be reflective
of the irregularity of prey patches, as more intense diving
(longer bouts) should coincide with denser prey patches
(Boyd 1996), and the distances between dive bouts should
be indicative of how spatially clustered prey patches are
(Sommerfeld et al. 2015). Whilst in more productive neritic
ecosystems seabird dive bouts often occur either at distal
points (Votier et al. 2017) or at environmentally favourable
locations (e.g., amongst sea ice; Le Guen et al. 2018), it is
possible that within tropical systems dive bouts might occur
less predictably throughout their foraging trips.

There is evidence that some seabirds in tropical oceanic
regions preferentially select to forage within high productiv-
ity habitats (Weimerskirch et al. 2004, 2005a) or those where
physical features, such as ocean depth, influence the distribu-
tion of their prey (Jaquemet et al. 2005; Mendez et al. 2017).
However, animals select habitats at different scales (Mayor
et al. 2009). For example, though shearwater species select
certain wind conditions when transiting (Paiva et al. 2010),
once at their foraging grounds, wind-induced increases in
turbidity may restrict their ability to successfully dive and
capture prey (Darby et al. 2022). How the environmental
drivers of multi-scale tropical seabird habitat selection vary
throughout their foraging trips, as they decide firstly where
to transit and then where to dive, warrants further study.

In addition to environmental conditions influencing the
horizontal distributions of seabirds, for diving species, vary-
ing light conditions, sun glare, and subsequent prey visibility
across the diurnal cycle can influence their vertical distribu-
tions (Lewis et al. 2002). Furthermore, many tropical sea-
birds rely on subsurface predators such as tuna and billfish
to aggregate and disorientate prey, leading to almost obligate
multi-species commensal associations (Veit and Harrison
2017). Together, these conditions may lead to divergent for-
aging behaviour among tropical seabirds compared to better
studied populations from higher latitudes and coastal waters.

Here we equipped breeding red-footed boobies (Sula sula
rubripes, hereafter ‘RFB’) with biologging devices to study
their dive behaviour in the Chagos Archipelago, within the
tropical Indian Ocean. RFBs are a sulid species that breed
colonially throughout the tropics and adopt central place
foraging strategies during breeding, commuting to and from
their colonies to perform diurnal shallow plunge and surface
dives for prey, such as flying fish (Exocoetidae; Weimer-
skirch et al. 2005a). We hypothesised that, due to ephemeral
and patchy prey, RFB dives would be clustered in multi-
ple bouts throughout their foraging journeys, rather than at
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distal locations. We also assessed multi-scale RFB habitat
selection, hypothesising that environmental variables would
influence where they a) transited and b) dived. Finally, we
hypothesised that, due to a reliance on vision and commen-
sal foraging, dive depth would be related to time of day.

Materials and methods
Study area and deployment of biologging devices

Fieldwork was conducted in the Chagos Archipelago Marine
Protected Area, in the central Indian Ocean where there
are over 21,000 breeding pairs of RFB. In February 2019
and 2022 we caught shrub-nesting adult RFBs on the nest
by hand or with a landing net, selecting individuals that
were either incubating or brooding at two locations <2 km
apart within the Diego Garcia atoll, Chagos Archipelago:
15 individuals at Barton Point (7.23°S 72.43°E; 9,269
breeding pairs) in 2019, and 17 individuals at East Island
(7.23°S 72.42°E; 1,113 breeding pairs) in 2022. Using
marine Tesa tape (4651), we attached combined GPS and
time-depth recorder loggers (TechnoSmArt Axy-Trek
Marine, 18 g, www.technosmart.eu/axy-trek-marine/, rep-
resenting 1.7-2.4% of body mass across the 32 individuals:
740-1080 g) on the underside of each bird’s central two to
four tail feathers, depending on moult condition. In 2019,
GPS loggers recorded a location (latitude and longitude)
every 30 s and in 2022 they recorded a location in 15 s of
1 Hz every 5 min. Time-depth recorder loggers recorded a
depth reading every 1 s. Geolocation and immersion log-
gers (Intigeo C330, Migrate technology, 3.3 g, representing
0.3-0.45% of body mass) were also attached to the birds via
a plastic leg ring, but the resultant data were not analysed
in this study due to them being outside the scope of this
manuscript. Handling time lasted approximately 10 min and
nest attendance was monitored daily following deployment,
revealing no unusual behaviour and that any disturbance
caused during the deployment process was short-lived.
Individuals were recaptured after at least 24-h of deploy-
ment, and after completing at least one foraging trip. The
biologging devices were then removed (73% recovery at
Barton Point and 52% at East Island where lower recovery
was reflective of more limited access to the island colony).

Processing biologging data

We performed all data processing and analyses in R version
4.2.2 (R Core Team 2022). To obtain GPS fixes from RFB
foraging tracks only, we removed those from outside the
deployment period and defined foraging trips as those that
extended > 1 km from the colony for > 30 min (Trevail et al.
2023a). We used the ‘adehabitatHR’ R package (Calenge


http://www.technosmart.eu/axy-trek-marine/

Marine Biology (2024) 171:124

Page3of 11 124

2006) to interpolate the GPS location data to the same fre-
quency as the pressure data (every 1 s). We converted raw
pressure readings to depth data using XManager software
(TechnoSmArt) and cropped these files to only include read-
ings recorded during foraging tracks. Environmental condi-
tions can cause time-depth recorder loggers to experience
changes in pressure and therefore, to remove noise from the
depth data and ensure that the surface of the water was set
to 0 m, we offset all depth values within a 30 s window by
the median of that window (Elliott and Gaston 2009). We
visually inspected time-series plots of depth to identify sharp
fluctuations (i.e., true dive events, as opposed to residual
background noise) and thereby classified dives as instances
where at least one depth value exceeded a threshold of 0.1
m (Grémillet et al. 2004).

The foraging activity of marine predators can often be
separated into distinct sequences or ‘bouts’ (Halsey et al.
2007). We grouped individual dives into dive bouts using
a log survivorship analysis to identify the minimum sur-
face interval between two dives that belonged to different
bouts (Sibly et al. 1990). Briefly, we plotted the cumulative
frequency of post-dive surface intervals on the logarithmic
scale against surface interval durations, and identified two
breakpoints within the resultant log survivorship curve
using the ‘segmented’ R package (Muggeo 2017). The first
of these breakpoints (41 s) is likely to have encompassed
time for behaviours such as food digestion in-between
dives, whereas the second breakpoint (221 s) is likely to
indicate the end of a period of intense diving, i.e., an inter-
bout duration (Le Guen et al. 2018). Isolated dives that were
not within a diving bout were excluded from all analyses to
avoid the inclusion of miscellaneous events, such as small
dips below the surface and preening behaviour, as well as
signals associated with sudden pressure or temperature
changes (Duckworth et al. 2021). We extracted the depth

of each individual dive, and the time at which it took place.
For each dive bout, we calculated its duration, the number
of dives that occurred, the distance between the bout and
its proceeding bout (inter-bout distance), and the distance
between the bout and the colony (using the ‘geosphere’ R
package; Hijmans 2022).

Environmental variables

We wanted to evaluate the impact of environmental condi-
tions on the two-step habitat selection decision making pro-
cess that influenced firstly how RFBs preferentially selected
foraging routes, and secondly what then influenced their dive
locations. A dataset of the conditions available to foraging
RFBs was therefore generated by extracting environmen-
tal metrics that may influence foraging behaviour, namely
bathymetry (sea depth), chlorophyll-a concentration (a proxy
for primary productivity), and sea surface temperature (see
Table 1). Using the ‘rerddapXtracto’ R package (Men-
delssohn 2022), we extracted these environmental metrics
from the average location of each dive bout as well as a) 50
random points from within the population’s foraging range
(‘available locations’; i.e., the population’s minimum convex
polygon), and b) 50 random points throughout the associ-
ated foraging track where diving did not occur (‘traversed
locations’).

Statistical analyses

We ran all the following statistical analyses in the Stan pro-
gramming language using the ‘brms’ R package (Biirkner
2017). We ran all models with 4 Markov Chain Monte Carlo
(MCMC) chains and with 2000 iterations per chain, includ-
ing warmup. When necessary, to eliminate divergent transi-
tions that caused a bias in the posterior draws, we increased

Table 1 Data used to investigate the environmental drivers of diving red-footed booby (RFB) foraging habitat selection, as well as our predic-

tions of their influence

Metric Data source

Resolution

Prediction

Sea depth (m) GEBCO_2020 Grid

15 arc-seconds

RFBs foraged over either deep or shallow waters
due to depth influencing the movement of water
and the spatial distribution of prey (Genin
2004). The direction of this relationship is
currently unknown in this species and in this
region

Chlorophyll-a concentration (mg m™) MODIS Aqua, NPP, L3SMI 4 km; 8-day composite RFBs foraged over waters with high chlorophyll-

Sea surface temperature (°C) MODIS Aqua, L3, SST

thermal daytime, V2019.0

a concentrations, indicative of high primary
productivity and prey availability (Jaquemet
et al. 2005)

4 km; 8-day composite RFBs foraged over waters with lower sea surface

temperatures, indicative of oceanic upwellings,
high phytoplankton abundances and prey avail-
ability (Soanes et al. 2021)
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‘adapt_delta’, a tuning parameter, to 0.85 (Biirkner 2017).
We confirmed the convergence of all our mixed effects mod-
els via visual inspection of the chains, posterior predictive
check plots, and by calculating a Gelman-Ruban conver-
gence statistic (IA?) of 1 (McElreath 2020).

Dive distribution throughout the foraging journey

To evaluate differences in diving effort throughout foraging
trips, we modelled dive bout metrics (namely bout duration
and inter-bout distance) as a function of distance from the
colony, including a random effect of ‘trip ID’ nested within
‘individual ID’.

Foraging habitat selection

To investigate the two-step habitat selection process, we
assessed RFB habitat selection probabilities by firstly com-
paring the environmental conditions along the foraging track
(‘traversed locations’) to those available within the popula-
tion’s foraging range (‘available locations’), and then sec-
ondly by comparing the conditions at dive locations with tra-
versed locations. We therefore initially investigated whether
birds selected to traverse over different areas of differing
environmental conditions from those within the population’s
foraging range. This habitat selection was modelled in a
mixed effects linear regression model assuming that forag-
ing was determined by a Bernoulli distribution (0= avail-
able locations and 1 =traversed locations) in response to
each environmental metric (i.e., depth, chlorophyll-a con-
centration, and sea surface temperature; Table 1). We only
retained remotely sensed data where they were available for
all locations, as opposed to being obscured by cloud cover,
and we centred and standardised the predictors to allow for
comparisons between them. We included distance from the
colony as a fixed effect to account for the central placed
foraging strategy that seabirds use during their breeding sea-
sons and a random effect of ‘trip ID per individual’ (Trevail
et al. 2021). We determined the ratio of available points (the
aforementioned random points from within the population’s
maximum foraging range) per traversed location by running
our model with an increasing number of available locations
and weighting them accordingly (Supporting Information 1,
Table S1), determining what number was best to include by
calculating the area under the receiver operator characteristic
curve (AUC; Zweig and Campbell 1993) and Bayesian ver-
sions of R? values (Gelman et al. 2019). We used the same
methods to perform backward stepwise selection and iden-
tify the most parsimonious model (Supporting Information
1, Tables S3). AUC measures the accuracy of the habitat
selection model’s explanatory and predictive powers; values
range from O to 1, with values above 0.5 indicating that the
model discriminates better than chance, and higher values
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representing better model performance (Fielding and Bell
1997).

These methods were then repeated to investigate whether
birds selected to dive within areas that had different envi-
ronmental conditions to those along their foraging routes.
Here, we also used a Bernoulli distribution (0=dive loca-
tions and 1 =traversed locations) to model diving habitat
selection in response to the environmental metrics (Table 1),
including a fixed effect of distance from the colony and a
random effect of ‘trip ID per individual’. As with the pre-
vious habitat selection models, we again determined what
number of traversed locations (the aforementioned random
points throughout the associated foraging track where diving
did not occur) was best to include by calculating the AUC
(Zweig and Campbell 1993) and Bayesian versions of R?
values (Gelman et al. 2019), and used the same methods to
perform backward stepwise selection and identify the most
parsimonious model (Supporting Information 1, Tables S2
and S4).

Diurnal diving

To assess differences in RFB dive depth over the course of
the diel cycle, we modelled the log-transformed maximum
depth of each individual dive as a function of the time of day
at which it took place within a Bayesian regression model. A
log-transformation was used on the depth data due to the raw
data being skewed. Time of day was fitted as a smooth term
due to expected non-linearity following visual inspection
of the raw data. We included a random effect of ‘bout ID’
nested within ‘individual ID’ to account for multiple dives
occurring within the same bout, and multiple bouts being
performed by the same individual.

Results
Dive distribution throughout the foraging journey

We recorded 1472 dives across 340 dive bouts from
43 foraging trips performed by 17 RFBs during their
2019 and 2022 breeding seasons. Dive bouts occurred
between 31 and 411 km (mean =140 km; sd=91) from
the colony and were composed of 2-30 individual dives
(mean =4; sd=4; Fig. 1A). Distance from the colony had
a small positive influence on dive bout duration (stand-
ardized effect size =0.29, 95% highest posterior density
(HPD) =— 0.03-0.63, with a 94% probability of the effect
being above zero; Fig. 1B). Dive bouts varied in duration
from 2 s (at 171 km from the colony) to 21 min (at 65
km from the colony), and 53% of bouts were less than 3
min in duration (mean =4 min; sd = 13). Distance from
the colony also had a small positive effect on distances
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Fig.1 A Diving bout locations of red-footed boobies breeding on
Diego Garcia, Chagos Archipelago, central Indian Ocean (yellow
point). Foraging trips are indicated by a solid line and dive bouts are
illustrated as points that vary in size in relation to the number of dives
performed per bout. Data from 2019 and 2022 are shown in red and
blue, respectively. The inset plot shows the locations of Barton Point
(2019; yellow square) and East Island (2022; yellow triangle) within

between diving bouts (standardized effect size =0.25,
HPD =0.18-0.36; Fig. 1C), 40% of which were less than
2 km apart (inter-bout distance mean = 14 km; sd =29).

Foraging habitat selection
Traversed vs available

There was no evidence that RFBs were more likely to
traverse over waters of particular depths, (standard-
ized effect size=0.11, HPD = — 0.05-0.28), chloro-
phyll-a concentrations (standardized effect size=0.19,
HPD = - 0.02-0.42), or sea surface temperatures (stand-
ardized effect size=0.11, HPD =— 0.12-0.36), in com-
parison to the conditions within the population’s foraging
range (Fig. 2 A-C). Instead, birds generally selected to
travel closer to the colony (standardized effect size of
distance from the colony =— 0.72, HPD =— 0.91—— 053).

Distance from colony (km)

the Diego Garcia atoll. B and C The log-linear effects of distance
from the colony (km) on bout duration (s) and inter-bout distance
(km), respectively. The scatter plots illustrate raw data alongside the
mean predicted model fits, with the shading representing 95% uncer-
tainty intervals. The effect-size plots show the highest posterior den-
sity regions for the log-linear effects

Dive vs traversed

The areas where birds dived had relatively high chloro-
phyll-a concentrations (standardized effect size =0.95,
HPD =0.57-1.35; Fig. 2E) and sea surface tempera-
tures (standardized effect size=1.04, HPD =0.50-1.61;
Fig. 2F) in comparison to those they traversed, but were
not influenced by sea depth (the inclusion of depth within
habitat selection models did not improve model fit; Sup-
porting Information Table S4; standardised effect size
when included=— 0.01, HPD = — 0.42-0.40; Fig. 2D). In
comparison to where they traversed, birds selected to dive
further from the colony (standardised effect size =1.40.
HPD =0.93-1.89).

Diurnal diving
RFB diving was restricted to daylight hours, with few

dives during dawn and dusk, and none at night (Fig. 3).
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Fig.2 Probability of habitat selection whilst foraging by red-footed
boobies breeding in the Chagos Archipelago during 2019 and 2022,
given the sea floor depth (m) chlorophyll-a concentration (mg m™)
and sea surface temperature (°C). Solid lines indicate mean predicted
model fit, the shaded areas represent 95% uncertainty intervals, and
the points show the raw data. Area under the receiver operator char-
acteristic curve (AUC) values are also shown. Panels A—C illustrate

Time of day had a non-linear effect on the maximum
depth of individual dives (standardized effect size =2.30,
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the probability of RFBs traversing a particular habitat, in comparison
to other available locations. Panels D-F illustrate their probability of
diving within a particular habitat as opposed to traversing it. Panels
G-I illustrate the sea floor depth, chlorophyll-a concentration, and
sea surface temperature in the central Indian Ocean in relation to the
location of RFBs foraging tracks (lines) and dive bout locations (open
circles)

HPD =0.60-4.72) which varied from 0.1 to 4.1 m
(mean=0.7 m; sd=0.6), peaking at 10:56 (Fig. 3).
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Fig.3 The maximum depth

of individual dives (on the

log scale; m) by red-footed
boobies breeding in the Chagos
Archipelago in 2019 and 2022
across the diel cycle. Night is
shown in blue, dawn and dusk
are in red, and daytime is in yel-
low. Dashed lines illustrate the
mean predicted model fit of the
non-linear relationship between
time of day and log-transformed
maximum dive depth (thickest
dashed line), and the upper and
lower 95% uncertainty intervals
(thinner dashed lines)

Maximum dive depth (m)

Discussion
Dive distribution throughout the foraging journey

We show that RFB diving behaviour was influenced by
their foraging trip ecology, the environmental conditions
encountered throughout their foraging journeys, and the
diel cycle. RFBs performed diving bouts throughout their
foraging journeys (Fig. 1 A) which were longest when birds
were furthest from the colony (Fig. 1B), likely reflective
of larger, higher density prey patches, far from land (Boyd
1996). High density prey patches may be less common close
to the breeding colony because of prey depletion from the
ca. 280,000 pairs of breeding seabirds in the Chagos Archi-
pelago (Ashmole 1963; Carr et al. 2020). For example, at the
Ascension Island seabird colony within the tropical Atlan-
tic Ocean, flying fish densities were depleted close to the
island and were highest ca. 300 km away, explained by an
opposing trend in predatory seabird densities (Weber et al.
2021). Furthermore, a similar pattern of longer dive bouts in
distant areas has been shown in other tropical sulids, includ-
ing a Pacific Ocean population of Masked boobies (Sula
dactylatra; Sommerfeld et al. 2015), evidencing a trade-off
between diving when closer to the colony, and travelling fur-
ther to forage on less depleted or less disrupted marine prey.
Dive bout length may also be reflective of an individual’s
current energy requirements and hunger levels (McHuron
et al. 2018). Assuming that, due to physiological similarities,

Hour of the day

RFB flight costs are comparable to those of northern gan-
nets (Morus bassanus; Birt-Friesen et al. 1989), it may be
necessary for RFBs to engage in longer diving bouts when
further from the colony to replenish the energetic reserves
consumed via undertaking journeys of up to 1500 km (Tre-
vail et al. 2023a).

RFB dive bouts were spatially distinct (Fig. 2C), in con-
trast to temperate, neritic foraging northern gannets whose
dives tend to be clustered at the distal point (Hamer et al.
2009) and at stable oceanic features (Scales et al. 2014;
Cox et al. 2016). Contrastingly, temperate breeding black-
legged kittiwakes (Rissa tridactyla) feed throughout their
foraging journeys when selecting ephemeral fronts (Trevail
et al. 2021). Despite our sample size of only 17 individuals,
the pattern observed in our study therefore highlights the
ephemeral, patchy nature of prey in pelagic tropical ecosys-
tems (Weimerskirch 2007).

Foraging habitat selection

When investigating multi-scale habitat selection, we found
that habitat selection varied throughout the foraging pro-
cess, differing between where birds decided to transit and
where they decided to dive. There was no influence of the
environment (namely sea depth, chlorophyll-a concentra-
tion and sea surface temperature) on foraging route choice,
suggesting that alternative factors such as age (Votier et al.
2017), sex (Lewis et al. 2002), inter-colony competition
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(Trevail et al. 2023a), and knowledge gained outside the
window when biologging devices were deployed, were
more influential at this scale of habitat selection.

Although forage route choice was not influenced by
environmental drivers, RFBs preferentially dived in warm,
productive waters (Fig. 2E-F). Primary production is a
key determinant of mid-trophic level prey and subsequent
predator distributions (Green et al. 2020; de la Cruz et al.
2022), but we had not predicted that RFBs would demon-
strate a preference for diving in warmer surface waters,
hypothesising instead that cooler waters, indicative of
productive upwellings, would be preferable (Soanes et al.
2021). However, warmer waters may impact fish behav-
iour with implications for catchability. For example, Indian
Ocean billfish species prefer higher temperatures possibly
due to the benefits of temperature-dependent swim speeds,
which in turn may push prey towards the ocean’s surface
(Thoya et al. 2022). Nevertheless, the influence of sea sur-
face temperature on RFB prey capture is ambiguous, with
different flying fish species (a main prey type) seeming
to select for different temperatures (Randall et al. 2015;
Churnside et al. 2017). We encourage further investigation
into the factors driving the distribution and accessibility
of fish and squid within the upper water column, critical
drivers determining seabird foraging locations and dive
probabilities (Boyd et al. 2015).

In addition to subsurface dives, RFBs likely also per-
formed aerial captures of flying fish and squid that would
not have been identified within our data processing, but
which are evident from accelerometers (Weimerskirch et al.
2005b). To leap above the sea surface, flying fish require
water temperatures of at least 20 °C to contract their muscles
swiftly and take off (Davenport 1994), but whether their
flight abilities have an upper temperature threshold remains
nascent. Indeed, the occurrence of non-flying fishes in
the diet of Abbott’s boobies (Papasula abbotti) increased
with sea surface temperature around Christmas Island in
the Indian Ocean, and the lengths of regurgitated flying
fish were shorter (Hennicke and Weimerskirch 2014). We
therefore pose the question of whether subsurface diving
or aerial pursuit foraging is the most profitable strategy for
RFBs and therefore whether areas of warmer sea surface
temperatures really do represent the most favourable forag-
ing conditions. Indeed, whilst we now know which variables
are influencing when and where RFBs dive, knowledge gaps
remain regarding both the mechanisms behind this, as well
as what this might mean for the foraging ecology of tropical
seabirds in a time of unprecedented global climate change
and warming ocean temperatures. The aerial component of
RFB prey gives rise to a complex system, and we encourage
that future work seeks to quantify and compare the energetic
costs of aerial pursuit foraging and foraging pelagically for
subsurface prey.

@ Springer

Diurnal diving

RFBs dived during the daytime, this likely illustrative of
factors including a predator avoidance strategy (Zavalaga
et al. 2012), the diurnal availability of prey (Ménard et al.
2013), an affinity for foraging in association with subsur-
face predators (Weimerskirch et al. 2005b), and a reliance
on daylight to aid visual prey identification and capture
(Machovsky-Capuska et al. 2012). RFB dives were gener-
ally shallow, although maximum depth varied across the
diel cycle (Fig. 3). Diving was most shallow around dawn
and dusk, potentially due to tuna and billfish species feed-
ing at high intensities at these times, forcing prey close to
the ocean’s surface and within RFB capture range (Bestley
et al. 2008; Williams et al. 2017). Contrastingly, RFBs dived
deepest during the late morning when light penetration was
high, resembling the diurnal dive depth patterns of northern
gannets (Garthe et al. 2000).

The correlation between RFB dive depth and time of
day is also possibly linked with prey detectability (Lewis
et al. 2002; Darby et al. 2022), with deeper diving being
reflective of prey availability. For example, birds may adjust
their dive depths in response to variation in the location of
prey species within the water column, or to target alterna-
tive deeper-dwelling prey (Chimienti et al. 2017). The diet
of Indian Ocean RFBs is largely comprised of Exocoetidae
flying fishes (e.g., Exocoetus volitans and Cheilopogon fur-
catus), Ommastrephinae flying squid (e.g., Sthenoteuthis
oualaniensis), and Hemiramphidae halfbeak fishes (e.g.,
Euleptorhamphus viridis and Oxyporhamphus micropterus),
all of which inhabit the top few meters of the water column
during the day (Diamond 1974; Cherel et al. 2008). Despite
their affinity for surface waters, it is likely that prey of dif-
ferent sizes, and different energetic values, are distributed
across different depths, even within the upper epipelagic
zone (Kappes et al. 2011). Indeed, although relationships
between diurnal patterns in seabird dive depths and prey
type have been explored at high latitudes (Wilson et al. 1993;
Elliott and Gaston 2015), we know less about seabird diets
and diel changes in prey availability within tropical waters.
The consequences of diurnal changes in prey selection and
dive depth may influence the energy budgets of RFBs, which
are likely to experience heightened energetic costs whilst
diving more deeply (Le Corre 1997).

Conclusion

Here, we reveal that RFB diving behaviour is influenced
by environmental variability, with differences throughout
foraging trips, in conjunction with environmental condi-
tions, and across the diurnal cycle. We therefore shed light
on the interplay of factors that influence how consumers find



Marine Biology (2024) 171:124

Page9of 11 124

food in trophically unpredictable tropical ocean ecosystems.
There is a pressing need to increase this understanding at a
time when the world’s marine ecosystems are undergoing
unprecedented change, altering environmental conditions,
the ecology of lower trophic level species, and the energet-
ics of the predators that consume them. Appropriate marine
conservation and management is particularly critical at this
time and should seek to focus on areas of importance for
foraging tropical marine predators (Trevail et al. 2023b).
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