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Seabirds must often travel vast distances to exploit heterogeneously distribu-
ted oceanic resources, but how routes and destinations of foraging trips are
optimized remains poorly understood. Among the seabirds, gadfly petrels
(Pterodroma spp.) are supremely adapted for making efficient use of wind
energy in dynamic soaring flight. We used GPS tracking data to investigate
the role of wind in the flight behaviour and foraging strategy of the Desertas
petrel, Pterodroma deserta. We found that rather than visiting foraging
hotspots, Desertas petrels maximize prey encounter by covering some of
the longest distances known in any animal in a single foraging trip (up to
12 000 km) over deep, pelagic waters. Petrels flew with consistent crosswind
(relative wind angle 60°), close to that which maximizes their groundspeed.
By combining state-space modelling with a series of comparisons to simu-
lated foraging trips (reshuffled-random, rotated, time-shifted, reversed), we
show that this resulted in trajectories that were close to the fastest possible,
given the location and time. This wind use is thus consistent both with
birds using current winds to fine-tune their routes and, impressively, with
an a priori knowledge of predictable regional-scale wind regimes, facilitating
efficient flight over great distances before returning to the home colony.

1. Background

Optimal foraging theory predicts that animals looking for food adopt mechanisms
to maximize their energy acquisition per unit time and minimize their energy loss
[1-3]. The constraints faced by breeding oceanic seabirds—patchily distributed
resources and having to return to their colony to alternate incubation shifts with
the partner—result in sometimes spectacular foraging trips, many thousands of
kilometres from the colony [4-7]. Seabirds thus have morphology and flight
behaviour adapted to glean energy for these long commutes from the wind.
Nevertheless, how seabirds make use of wind in combination with memory of
foraging patches and adaptive search behaviour to maximally exploit oceanic
resources remains poorly understood.

Wind fields intrinsically shape the energy expenditure of many seabirds’
movements [8-10], affecting their flight behaviour [11,12] and ultimately, driving
changes in population distributions [13] and demographic processes [14,15].
Albatrosses, and other procellariiform seabirds, adopt a flight behaviour
known as dynamic soaring that exploits vertical wind speed gradients near the
sea surface [16-18]. While flying with favourable winds, their energetic
consumption is almost as low as when they sit on the nest or rest on the water sur-
face [8,19]. This, in turn, might constrain the directions that dynamic soaring birds
can fly efficiently. Therefore, dynamic soaring Procellariiformes must optimize
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their searching strategies across trade-offs between knowledge
about the location and quality of resources and the wind
field, which varies to different extents across space and time.
Correspondingly, albatrosses and other seabirds often fly
with favourable side and tail winds [8,9,20,21] that enable
them to travel at high ground speeds and low energetic cost
[8,9,18,22]. Their ground speed attained during flight is
affected by both relative wind direction (i.e. the difference in
angle between wind direction and the bird direction of move-
ment) and relative wind speed (or tail wind component, i.e. the
wind speed component in direction of the bird’s flight) [8,9].

Gadfly petrels (Pterodroma spp.) are among the most
threatened and least studied seabird genera in the world. As
predicted by aerodynamic theory—and as suggested by
their genus name (from the Greek words ‘Pteron’, wing, and
‘dromos’, run)—the high aspect ratio per wing loading (the
highest of all seabirds) makes them especially anatomically
adapted for efficient flight: a fast, gliding flight with low pro-
file drag [20]. Gadfly petrels are highly mobile, capable of
undertaking exceptionally long foraging trips [4-7] by spend-
ing a large proportion of time in direct flight, actively looking
for prey [4,7]. For example, Murphy’s petrels (Pterodroma
ultima) tracked from Henderson Island did not consistently
target specific areas and foraged both during directed move-
ment and area restricted search [6], and the higher mass
gains were associated with the most wide-ranging trips [6].
Despite being the largest genus of pelagic seabirds, with
several threatened species, many aspects of gadfly petrels’
ecology have never been investigated and, at present, the
flight behaviour and the wind use of the long distance flyers
par excellence remain largely unknown. Yet, due to their unpar-
alleled motility, these birds could serve as a paradigm to
understand the best performing adaptations for efficient flight.

Here we present one of the first GPS tracking datasets
available for gadfly petrels, the first on Desertas petrel
(Pterodroma deserta), collected across three consecutive breed-
ing seasons. Desertas petrel, classified as Vulnerable by the
TUCN [23], breeds exclusively on the Desertas Islands near
Madeira, with an estimated population of ca. 200 pairs.
While recent research shed some light on the species’ year-
round distribution [7], the processes underpinning their move-
ment ecology during breeding are poorly understood. In this
paper, we investigate gadfly petrels’ foraging strategy, flight
behaviour and use of wind during their long journeys at sea,
using Desertas petrels’ tracks as a case-study.

In the course of each trip, the birds switch between different
movement behavioural modes as their internal motivation
changes. For instance, when their motivation is searching for
food, they might perform a slower and less direct movement
compared with birds transiting between foraging patches.
Depending on their motivation, birds are not equally free to
optimize their use of wind. These constraints are presumably
less pressing during the transit state, when the birds” motiv-
ation is to cover distance. Hence, it is when they engage in
the transit mode that birds should maximize their flight effi-
ciency and show the most refined behavioural adaptations
to efficiently use the wind fields. These predictions should
hold true particularly if the birds’ foraging strategy does not
rely on targeting stable meso- (100-1000 km?) and
coarse-scale (1-100 km?) features of the seascape, i.e. if they
are unconstrained in their route planning.

A vast body of literature has explored how animals opti-
mize their movement trajectory to maximize prey encounter

rate. For instance, it has been proposed that seabirds” search [ 2 |

pattern should conform to the Lévy flight foraging hypothesis
[24-26] (but see [27,28]) given the heterogeneous and patchy
nature of the marine resources that they rely upon. In this
paper we consider two foraging strategies that can be under-
pinned by covering long distances at low energetic cost. On
the one hand, if the birds target predictably favourable fora-
ging areas, a fast low cost flight allows a higher number of
known productive patches to be visited, minimizing the time
spent commuting between them. In this case, we expect a
significant degree of foraging hotspots overlap across individ-
uals. Further, we expect the return route between the main
foraging areas and the colony to be the fastest one, irrespective
of the ground covered. On the other hand, if the birds exploit a
marine domain with heterogeneous resources distribution
and less predictable meso- or coarse-scale features, such as
the oceanic waters [29], covering large distances will increase
the probability of encountering prey along the route. In this
case, we expect a higher flight routes overlap across individ-
uals—particularly if winds are predictable in the area
crossed by the birds—but a low overlap in the areas used for
foraging by different individuals. Further, we expect
that birds choose routes that maximize ground speed, rather
than minimizing commuting time between the areas of
concentrated searching behaviour and the colony.

Previous studies have shown that travelling seabirds
follow prevailing favourable winds [6,8], but little is known
about the mechanisms with which they manage to do so.
Here, we examine whether long distance fliers such as
gadfly petrels are capable not only of planning their route
based on a priori knowledge of the regional wind regimes,
but also of refining their route based on the local wind
conditions. If this holds true, we predict that the observed
route should be the most favourable one at the specific time
and given the local wind conditions experienced by the
bird, but it may be a suboptimal solution if it had been
carried out at any other time.

Specifically, in this paper we test the following hypotheses:

(Hp1) Birds exploit wind differently during the transit and
searching states.

(Hp2) Birds engaging in the transit state use the most
favourable relative wind direction, i.e. the one that maxi-
mizes their ground speed.

(Hp3) In the pelagic domain used by gadfly petrels,
characterized by patchy and unpredictable resources distri-
bution at the coarse- to meso-scale, their foraging strategy
relies upon covering large areas at low cost in search of
prey along the route, rather than targeting specific foraging
grounds.

(Hp4) Petrels optimize their route to cover the largest
distance in the shortest time, following predictable regional
winds and adjusting their tracks to the local wind
conditions experienced en route.

To test Hpl, we use hidden Markov models (HMMs) to
classify movement behaviour and compare the birds” wind
use during the ‘transit’ and ‘searching’ states. To test Hp2,
we use generalized additive mixed effects models (hereafter
GAMMs) to quantify the effect of wind on the transiting
birds’ ground speed and to identify the most favourable rela-
tive wind direction, which we then compare with the one
used most intensively. To address Hp3, we identify and
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quantify the overlap across individuals in the birds’ core
searching (‘foraging hotspots’) and transiting (‘travelling hot-
spots’) areas using utilization distributions (UDs), and
compare the ground speed and distance covered during the
return section of the tracks with simulated ‘beeline’ home-
bound tracks; if our hypothesis is true, we expect the
travelling hotspots to overlap more than foraging hotspots
and the real homebound routes to maximize the ground
speed and distance covered. To address Hp4, we adopt a
novel spatial and temporal tracks” simulation framework. If
petrels both follow predictable regional winds and adjust
tracks to local conditions, we expect the observed routes to
be more efficient than the tracks randomized spatially and
temporally, respectively.

2. Methods
(a) The data

We collected GPS tracks at a 2 h temporal resolution on 20 breeding
Desertas petrels during three consecutive breeding seasons (2015—
2017). The tracked birds performed both long and short trips. The
latter, mostly undertaken after long trips, lasted for an average dur-
ation of 28 h, covering the waters in proximity of the colony
(average distance from colony =119 km) and representing only
13.7% of the total time spent at sea by the tracked birds. As we
were unsure of the significance of these tracks—possibly not pri-
marily linked to foraging and therefore not representative of the
birds’ use of wind during foraging trips—we used k-means cluster-
ing to categorize trips and only retained long GPS tracks for the
analysis (see electronic supplementary material for details). Gaps
in the tracking datasets were linearly interpolated using the adeha-
bitatLT package [30] in R in order to obtain tracks at 2 h time
intervals. The extent of this interpolation was minimal (less than
1% of the points in the final dataset were imputed). We excluded
from the analysis the fixes at the beginning or end of each trip
falling within a 50 km circular buffer, centred in the colony.

A set of physiographic, oceanographic, biological, distance-
related and temporal explanatory variables were extracted for
each GPS relocation (electronic supplementary material). They
were included in the HMM and tested as explanatory variables
for the state-switching probabilities (see below). Fine scale 3h
temporal resolution wind grids were downloaded from the Euro-
pean Centre for Medium-Range Weather Forecasts (http://apps.
ecmwf.int/datasets/data/interim-full-daily /levtype=sfc/), at a
spatial resolution of 0.25°. We extracted wind intensity (expressed
in km h™"), wind direction (expressed in degrees), tail wind com-
ponent (hereafter TWC, calculated as in [31]), and wind direction
relative to the bird bearing (hereafter ‘Aangle’, computed as in [9]).
As bird bearing and wind direction were expressed using the
same reference system (relative to the True North), Aangle was
bounded between 0° (tail winds, blowing on the same direction
of movements of the bird) and 180° (head winds, blowing in the
opposite direction of movement of the bird).

(b) Spatial analysis

In order to classify the birds’ relocations into ‘transiting’ or
‘searching’, the tracks were analysed using the HMM framework
using the R package momentuHMM [32]. Based on the observed
distance travelled (step length) and the change of movement
direction (turning angle) between consecutive relocations, the
model estimated the step length and turning angle distributions
for the two states considered. The behavioural states of each
animal along the track were then decoded using the Viterbi
algorithm [33]. To enhance the model’s biological realism and
to avoid potential confounding effects to the final classification

output, we made the following considerations. First, that the n

probability of transitioning between states may be affected by
environmental covariates. Second, that seabirds’ speed is intrin-
sically dependent on the TWC, with longer steps occurring
with more favourable winds. We accounted for this in an
HMM that modelled the effects of the environmental variables
to the state-switching probabilities and simultaneously
accounted (through a design matrix) for the effect of TWC on
the mean parameter of the step length distributions for both
states (details are provided in the electronic supplementary
material). Overall, TWC had a marginal effect on the classifi-
cation: only 6% of the points changed state as a result of the
inclusion of wind into the HMM design matrix.

The overlap between individuals’ core foraging and travelling
hotspots—defined as the 50% contour of the searching and transit-
ing UDs, respectively—was calculated using Bhattacharyya’s
affinity index, as in Oppel et al. [34]. Moreover, following Ventura
etal. [35], we bootstrapped the sample of individual UDs to obtain
a robust foraging and travelling hotspots map (electronic
supplementary material). The UDs were calculated using the ade-
habitatHR package in R, with a specified smoothing parameter
equal to 120 km, i.e. the longest step length recorded in 2 h.

(c) Wind use analysis

We calculated the distribution of Aangle in the locations classified
as transit and searching. GAMMs from the mgcv package [36] in R
were used to investigate whether Aangle had an effect on the tran-
siting birds’ step length (i.e. their ground speed) and whether this
effect is consistent across different values of wind intensity. To do
that, the following gamma-based GAMM (hereafter ‘wind model’)
was fitted to the transit section of the tracks:

step length ~ f (Aangle)
+ f(wind intensity), corAR1(Timestep | ID),

where the functions f are cubic regression splines with shrink-
age, adopted in order to prevent overfitting. We structured the
GAMM to include the tensor product interaction between
variables. To account both for temporal autocorrelation and for
the dependency between observations collected on the same
animal i, the model implemented the residual auto-regressive
AR1 correlation structure

cor(ess, &) = pi ™

applied to observations collected on each individual track at
regularly spaced time-steps s and t. The generalized additive
framework was adopted in order to account for nonlinearity
between the response and the explanatory variables chosen.

(d) Track simulation

For this analytical step, we only retained the transit bouts of the
tracks. The last point of each transit bout interrupted by search-
ing was connected to the first point of the subsequent transit
bout by a beeline. These long, connecting segments were retained
to preserve the trip configuration, but their duration and length
were discarded from the final calculation of trip duration and
distance travelled. The values yielded by the analysis therefore
only refer to ‘transit’, rather than to the overall track.

We adopted four scenarios and generated the following
simulated trips for each observed track: 100 random, 100 rotated,
1 reversed and 14 time-lagged simulated trips, all characterized
by the same cumulative distance travelled as their respective
real trip. To generate each random trip (figure 1b, top), we split
the real trip into two legs, from the colony to the furthest away
foraging location and vice versa, and within each leg all seg-
ments (i.e. all steps between GPS relocations) were randomly
reshuffled. The rotated trips (figure 1b, bottom) were generated
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Figure 1. (a) Desertas petrels’ tracks. The blue dots represent the locations classified as ‘searching’. The yellow rhombus shows the breeding colony on Bugio Island.
(b) The random (top) and rotated (bottom) simulated trips based on an example track. The real trip is depicted in blue, the simulated ones in light grey. Of the
rotated tracks, the ones that would grant the bird a higher mean speed are depicted in red. For clarity, only a subset of the 100 rotated tracks is displayed. (Online

version in colour.)

using a random rotate-shift model, fixed on the colony location,
using the adehabitatl'T package [30]. The reversed trip had the
same shape as the respective real trip, but the reverse direction,
from the last GPS relocation to the first one. The time-lagged
trips had the same route configuration as the observed tracks,
but were shifted in time and had a timestamp delayed by 1-14
days, resulting in different wind conditions at each location.
Regardless of the method used, the duration of each simulated
trip was calculated as follows. The start point of the real and
random trips shared the same timestamp. Beginning from the
start point ‘a’, we calculated the time required to travel to the
following point ‘a+1" based on the step length predicted by
the wind model given the wind conditions (Aangle and wind
intensity) experienced at ‘a’. We then calculated the time of arri-
val at ‘a +1’, extracted the local wind conditions at that time, and
calculated the time needed to reach point ‘a +2’. This procedure
was repeated for all points along the track until the endpoint ‘¢’,
and the cumulative duration of the trip was then calculated.

Finally, we focused on the homebound sections of each bird’s
track, i.e. from the furthest to the endpoint of the journey. From
the furthest point /f, we simulated a great-circle homeward ‘beeline’
trajectory, i.e. with the bird travelling heading directly to the colony.
We calculated the hypothetical new wind conditions at ‘f and esti-
mated how far along the beeline trajectory the bird would have
moved in 2 h based on the wind model, defining a new point f+1".
We repeated the calculation until the bird reached the endpoint,
and extracted the cumulative duration and distance travelled.

3. Results
(a) Spatial analysis

Desertas petrels undertook some of the longest foraging trips
recorded for any animal species during breeding, almost
reaching the continental shelf break waters off the coast of
Newfoundland on a clockwise trajectory (figure 14). On average
they travelled for 14 (s.d. = 3.6) days, covering a total distance of
7891 (s.d. = 2205) km. The maximum trip duration and distance
travelled were 20 days and 12000 km, respectively. Upon
departure, they left the colony travelling west-southwest

(circular mean bearing and circular variance equal to 262°
and 0.16, respectively). When returning to their colony, the
birds approached it from a northerly direction (circular mean
bearing and circular variance equal to 182° and 0.22).

The best HMM model retained depth, distance from the
colony, distance from seamounts and local time of day as
significant predictors of the state switching probabilities.
However, the inclusion of these explanatory variables affected
the final classification only marginally: overall, only 2% of the
total locations changed state after the inclusion of habitat
covariates (electronic supplementary material). Along the
tracks, on average, 43% (s.d.=15%) of the relocations were
classified as searching. Transit and searching bouts had a
median duration of 12 h (interquartile range =6-20 h) and
9h (interquartile range =4-16 h), respectively. The overlap
between individuals’ foraging hotspots was 0.30. The overlap
between individuals’ travelling hotspots was equal to 0.49.

(b) Wind use analysis

Overall, the Aangle values exploited by Desertas petrels during
transit (median = 60.7°; interquartile range =40.6°-85.7°) and
searching (median 68.9°; interquartile range=39.5°-95.8°)
were significantly different (figure 24): in the linear mixed
effects model with Aangle as response variable and individual
birds as random effects, the inclusion of behavioural state as
explanatory variable was highly significant (p <0.001). In par-
ticular, the transiting state was predicted to reduce Aangle by
an average of 4.3°. The results of the wind model showed that
the ground speed of birds was affected by Aangle in a nonlinear
trend, with the predicted birds” speed peaking for values of
Aangle =~ 50°. The model also showed that this trend was par-
ticularly emphasized when the birds were travelling with
strong winds (figure 2b).

(c) Track simulation
Real trips were significantly faster than their equivalent simu-
lated trips. This held true for random, rotated, inverted and
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Figure 2. (a) Density curves of Aangle used by the birds along the tracks, separately for the searching and transit behavioural states. (b) Results of the generalized
additive mixed effect wind model fitted to the transit portions of the tracks. The shaded areas represent the 95% confidence intervals. For visualization, the
predicted effect of Aangle on ground speed was calculated for light and strong winds (the 25 and 75% quantiles of the wind speeds experienced by the
birds, equal to 17 and 31 km h™", respectively). The Aangle predicted by the wind model to maximize the ground speed (50°) is similar to that maximally

exploited by Desertas petrels during the transit state (60°). (Online version in colour.)

time-lagged trips (figure 3). Real travel duration (mean=
180.3 h, s.d. =59 h) was 27.3 h (i.e. 15.2%) shorter than the
average duration of the respective random trips (paired
t-test, t = —4.37, d.f. = 24, p-value < 0.001). The observed transit
bouts were 16.9 h (i.e. 9.4%) faster than the respective average
rotated trips (paired t-test, t = —4.87, d.f. = 24, p-value < 0.001).
The few faster rotated tracks were in close proximity to the
respective observed trip (figure 1b, bottom). The inverse
trips were, on average, 65.2h (i.e. 36.2%) slower than the
corresponding real trips (paired f-test, t=-7.82, d.f.=24,
p-value < 0.001). Finally, the real tracks were also significantly
faster (by an average of 10.3 h, i.e. 5.7%) than the respective
lagged trips (paired t-test, t = —2.80, d.f. = 24, p-value = 0.009).

Overall, the real homecoming portions of the tracks were
27.3 h longer (s.d. =26.2 h) than the respective predicted bee-
line ones. By taking the observed homecoming route, birds
covered 1201 km (s.d. =794 km) more than they would have
covered by travelling directly towards the colony. The
mean travelling speed in the observed homecoming tracks
was significantly higher (by 3 km h™") than the hypothetical
speed attained in the beeline tracks (f=2.31, d.f.=24,
p-value =0.03).

4. Discussion

The gadfly petrels” impressive motility challenges our intuitive
understanding of the central tenet of the optimal foraging
theory, which predicts that animals should minimize foraging
costs (in time and energy) and maximize energy intake. This is
particularly true for Desertas petrels, which do not target the
highly productive waters in the Canary Upwelling system
[37] in proximity to their breeding site (potentially as a result
of displacement due to competition or kleptoparasitism), but
rather embark on their trips—among the longest in the
animal kingdom—that take them thousands of kilometres
away from their colony, into high-sea waters.

Owing to the petrels” high manoeuvrability, state-changes
may occur over smaller scales than the temporal resolution of
our data. However, on the one hand, during transiting, birds
travelled at a ground speed of 33km h™" (s.d.=8 kmh™’, see
electronic supplementary material for details), suggesting a

350 1
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Figure 3. Boxplot showing the track duration (in hours) of the real, random,
rotated, inverse and time-lagged trips. The black circle represents the mean
and the black dotted line shows the real tracks’ mean. Real trips are signifi-
cantly shorter than the respective random, rotated, inverse and time-lagged
ones. (Online version in colour.)

fast, direct movement, which we expect the HMM to detect
with a low rate of false positives. Importantly, as the ground
speed calculation does not account for the sinuosity of the
dynamic soaring flight within the 2h movement steps,
the speed values are likely to be underestimated. On the
other hand, while searching, the birds’ ground speed was
14kmh™ (s.d.=8kmh™), excluding—at least for most of
the movement step—the occurrence of transit behaviour.
Thus, while acknowledging the limitation of inferring behav-
ioural modes at 2 h resolution, we argue that the results of
our analysis are robust and only minimally affected by the
data coarse temporal resolution.

(a) Hp1: birds exploit wind differently during the
transit and searching states

During the transit phases of their trips, Desertas petrels most
intensively travelled with a wind Aangle of approximately
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60°, similar to the value (approx. 50°) predicted by the wind
model to maximize their ground speed. With this angle,
wandering [8] and black-browed [19] albatrosses were also
found to travel at low energy expenditure per time unit.
During the searching sections of their trips, birds showed a
wind direction preference that peaked at higher Aangle
values (approx. 68°), i.e. for less favourable winds blowing
more from the side. Interestingly, although the Aangle selec-
tivity during searching was lower (broader interquartile
range), searching birds still showed a degree of wind
selectivity. This supports the conclusion (presented below)
that, when engaging in the searching activity, birds do not
confine their search to specific areas, which would result in
a higher variance of wind Aangle used. Rather, they continue
following their routes that allow a low cost movement,
exploiting foraging opportunities encountered along the
way. The differences in wind use between transiting and
searching could be driven by a series of factors. Firstly,
searching birds are predicted to make shorter, less directional
(but see above) movements characteristic of the search
behaviour, hence experiencing a wider range of Aangle. Sec-
ondly, birds flying with less favourable winds can decrease
their ground speed while still attaining adequate airspeeds
to sustain flight, which could facilitate visual prey detection
[20,38,39]. Thirdly, while looking for food, birds rely—to var-
ious extents—on odour plume detection, which in seabirds
[40,41] and in a wide range of other animals [42,43] was
found to benefit from orthogonal or oblique movements
with respect to the direction of flow.

(b) Hp2: during transit, birds fly with the most

favourable relative wind direction

The wind model showed that the ground speed of transiting
Desertas petrels was affected by wind relative direction,
wind speed and their interaction, with greatest speeds
attained when the birds travelled with strong, quartering
tail winds (with Aangle around 50°). Hence, our results
revealed that transiting gadfly petrels efficiently exploit the
wind fields, preferentially using quartering tail winds and
thus maximizing ground speed. Seabirds flying with these
favourable wind conditions were found to travel at minimum
energetic cost [8,19]. Dynamic soaring and gliding, which
characterize Pterodroma’s flight and are the least energetically
expensive flight behaviour [19,20,44], are indeed strongly
associated with intense cross- and tailwinds [12,45].

(c) Hp3: the foraging strategy is based on covering
large distances to increase the probability of
finding prey

The tracked birds search state occurred in waters that were on
average deeper than 3600 m. The petrels performed ‘looping’
trips [29], departing from the colony travelling southwest and
returning from a northerly direction, a movement type—
documented in pelagic species—suggesting a continuous
search along the trip, which was explained in light of the
food resources unpredictability at the coarse to meso-scale
[29]. Desertas petrels’ foraging hotspots were all located in
deep, high-sea waters (electronic supplementary material)
and there was a limited among-individual foraging hotspots
overlap compared with the travelling hotspots. Foraging site

consistency in seabirds is related to predictability in marine [ 6 |

resources, which are likely to be patchy and, at the coarse
to meso-scale, unpredictable in the oceanic domain exploited
by these birds [29]. Hence, to capitalize net energy gain,
Desertas petrels seemed to rely on a foraging strategy based
on covering large distances to increase the probability of
encountering foraging opportunities along the route rather
than consistently targeting known foraging areas [846].
Our results corroborate and build mechanistically upon the
findings of previous studies, in which breeding gadfly petrels
were found to have a similar foraging strategy, with long
foraging trips [4-7] characterized by low foraging site consist-
ency [6], and long periods of direct flight [4,7], and in which
birds travelling for longer distances had higher mass gains [6].
It is important to note that the birds preferentially headed
west when leaving the colony and used more intensely the
waters in the region to the west-northwest of the Azores.
This region is part of the North Atlantic Current and
mid-Atlantic Subpolar frontal system (NAC-mASPF), charac-
terized by the presence of thermal fronts and eddies and
enhanced productivity at the large scale [47,48]. This suggests
that, along their long and efficiently-designed routes, Desertas
petrels did target a broad area of enhanced productivity, but
at a large oceanic scale (greater than 1000 km?), continuously
searching for food and maximizing the probability of prey
encounter by covering more ground within this region and
also while travelling to and from this region.

During the inbound phase of the journeys birds are more
limited both in their choice of flight directions and in their
remaining travelling time, as not only must they return to
the colony, but also they must make sure to do so within
the temporal constraints dictated by their parental duties
[49]. However, we found that during the return section of
the tracks, Desertas petrels do not fly towards the colony
following a beeline, which would take them to the nest in a
shorter time. Rather, they choose to undertake a longer
route, characterized by better winds that enable them to fly
at higher speed. This result, together with the HMM classifi-
cation showing that the percentage of searching locations was
similar in the outbound (46%) and inbound (41%) sections of
the trips, strongly supports the idea that they continue look-
ing for food also during the return phase of their journeys. To
further increase the chances of encountering foraging oppor-
tunities, they keep travelling with favourable winds, selecting
a longer path that allows them to cover more ground at high
speed, also on their way back to the colony.

(d) Hp4: travelling birds optimize their route to cover
the largest distance in the shortest time by
adjusting to regional and local wind conditions

The results on the random, inverse, rotated and time-lagged
tracks offer further insight into Desertas petrels” flight behav-
iour. First, the clockwise observed tracks were faster than all
their equivalent simulated trips. In particular, they were on
average 65.2 h faster (i.e. more than one-third of the average
duration of the observed tracks) than the respective inverse
trips. Second, while the birds’” observed route was significantly
shorter than the corresponding rotated tracks, some rotated
tracks near the observed trip would have granted the bird a
slightly higher speed. Moreover, there was a high overlap
between the individuals’ travelling hotspots, indicating a
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significant extent of travelling route consistency among
individuals. The selection of fast clockwise trajectories, the con-
centration of favourable simulated tracks around the observed
one and the spatial consistency in the individuals’ travelling
routes all suggest that the predictable clockwise North Atlantic
winds generate, at the large scale, predictable favourable
flyways preferentially used by the birds. Furthermore, the real
trips were significantly faster than the respective lagged
tracks. In other words, if the observed trip were performed at
another time—i.e. with different wind conditions—more time
would have been required to complete it. This suggests that,
while birds undertake trips that take advantage of a priori
knowledge of the clockwise regional wind regimes prevailing
in the North Atlantic, they are also capable of refining their
route, adjusting it to the local wind conditions, in order to maxi-
mize their speed and distance travelled, ultimately maximizing
the probability of finding prey.

Our research revealed new insights into the foraging strategy
and flight behaviour of gadfly petrels, which are arguably the
best performing flyers in the animal kingdom. These oceanic
birds show a strategic use of wind, which enables them to
travel at high speed and low cost. In turn, efficiently using
winds allows them to exhibit a foraging strategy based on
covering large distances while searching for food along the
route rather than selecting specific foraging hotspots. Our
findings suggest that the mechanisms at the core of this strat-
egy, particularly advantageous in the oceanic marine domain,
characterized by unpredictable resources distribution at
the coarse to meso-scale, seem to be a prior knowledge
of the—predictable—prevailing winds and the capability of
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