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Abstract
Foraging distribution of flying seabirds is constrained by environmental factors influencing individual decision-making. This 
must be particularly true during the breeding period, when individuals face additional limitations imposed by their central-
place foraging behaviour. We used GPS data loggers and Argos PTTs to track the foraging flights of Balearic shearwaters 
(Puffinus mauretanicus) during the chick-rearing period of 2011–2014 in the Balearic Islands (Western Mediterranean). 
We identified main areas used by tracked birds and characterised their productivity patterns. Based on a spatial seascape 
approach of flight costs varying with time, shaped by environmental processes as winds, we also estimated flight costs to 
reach foraging grounds in outward and return trips from the colony. Individuals repeatedly used the closest areas on the 
Iberian continental shelf. However, sporadic and favourable wind conditions facilitated low-cost flight to more distant and 
equally productive areas of the western North African shelf.

Introduction

Understanding the determinants of species distributions is 
always a challenge in marine environments because species 
movements and foraging areas are constrained by highly 
dynamic spatio-temporal variations in environmental condi-
tions (Kavanaugh et al. 2016; Critchley et al. 2019). Marine 
predators such as seabirds are expected to maximise forag-
ing efficiency in response to these heterogeneous conditions 
(Glew et al. 2019). As central-place foragers, seabirds have a 
restricted flexibility in their foraging strategies during repro-
duction when they are profoundly influenced by the envi-
ronment that surrounds their breeding places (Dunphy et al. 
2020). Besides intrinsic constraints such as individual con-
ditions or experience (Pyke 1984; Parker and Smith 1990; 
Ceia and Ramos 2015), extrinsic environmental constraints 
radically affect their spatial ecology (Kokubun et al. 2010). 
Indeed, seabirds are expected to maximise net energy gain 
by accommodating their foraging strategies to optimise the 
trade-off between food intake (considering food availabil-
ity and intra-/inter-specific competition) and foraging costs 
(Wakefield et al. 2013; Bolton et al. 2018).

An optimal foraging strategy requires choosing where 
and when to move to exploit sparsely-distributed prey in 
heterogeneous and dynamic seascapes (Fauchald 2009; 
Scales et al. 2014; Ceia and Ramos 2015). Patterns of 
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marine productivity in temperate regions are relatively 
predictable due to mesoscale and sub-mesoscale processes 
driving main oceanographic features such as water stratifi-
cation, upwelling, or river discharges (Estrada 1996; Bosc 
et al. 2004). Apparently, seabirds have a good knowledge 
of these productivity patterns and generally use direct 
trips with a particular bearing (commuting trips) to reach 
highly predictable foraging zones (Weimerskirch 2007). 
Recently, the development of tracking devices has pro-
vided new insights on the study of foraging behaviour as 
energy-time budgets, analysis of animal trajectories, and 
movement patterns (Giuggioli and Bartumeus 2010; Muel-
ler et al. 2011; Amélineau et al. 2014). Nevertheless, how 
the physical environment influences movement patterns 
and use of patchily distributed food resources is still a key 
question in movement ecology (Hays et al. 2016).

Favourable tail or side winds are able to reduce fly-
ing energy expenditures in flapping and dynamic soaring 
species such as shearwaters (Weimerskirch et al. 2000; 
Louzao et al. 2014). Hence, the study of the efficiency 
of movement strategies should benefit from considering 
oceanic winds in a seascape-level approach (windscape) 
(Shepard et al. 2013). Further, the study of wind condi-
tions as a driver of animal behaviour (e.g., foraging search 
movement and decision-making) ideally needs wind data 
with high-enough spatiotemporal resolution to couple with 
data of GPS tracking devices (Giuggioli and Bartumeus 
2010; Mueller et al. 2011; Hays et al. 2016).

Here, we investigated the GPS-tracked movements 
of the southernmost population of Balearic shearwater 
(Puffinus mauretanicus), a Critically Endangered seabird 
endemic as breeder to the Balearic archipelago in the 
Western Mediterranean Sea (Genovart et al. 2016; Bird-
Life International 2018). Previous research on this spe-
cies suggests that individuals at our study colony typi-
cally show a wider variability in foraging destinations than 
those breeding in northern colonies (Mallorca, Sa Cella 
cave, Balearic Islands) (Louzao et al. 2012; Meier et al. 
2015). This variability encouraged us to investigate the 
influence of environmental forcing factors in shaping the 
foraging destinations of these seabirds. We investigated 
the space use of breeding Balearic shearwaters in southern 
population, while evaluating the role of wind conditions 
and marine productivity in the facilitation and choice of 
foraging destinations. We hypothesised that distance to 
foraging areas or environmental conditions such as winds 
might influence the preferred bearing taken during com-
muting trips to foraging grounds. This is because out-
ward trips constitute the critical instant at which animals 
might have to select foraging destinations, with the bal-
ance between energy/food intake and foraging costs likely 
driven individual decision-making. We expected that indi-
viduals would maximise their net energy gain by using 

favourable wind conditions to reach the highly productive 
marine areas with a lower cost of travelling.

Materials and methods

Study site and field methods

The study was carried out during the Balearic shearwater 
post-brooding periods (25 May–7 June) of 2011–2014 on 
the Conillera islet (Ibiza, Balearic Islands, western Medi-
terranean, Fig. 1). In 2011, six breeding adults were tagged 
with solar panel PTTs (Microwave Telemetry, 5–9 g, duty-
cycle of 48-h off, 10-h on). From 2012 to 2014, 31 breeding 
adults were tagged with GPS data loggers (i-gotU GT-120, 
sampling interval = 5 min). Despite the limited number of 
monitored individuals, they represent approximately 7% of 
the total breeding individuals of this population, which is 
estimated at 250 breeding pairs (Arcos et al. 2017). Total 
breeding population of Balearic shearwater is estimated 
at ~ 3200 pairs (BirdLife International 2018).
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Fig. 1  Core areas derived from PTT satellite transmitter and GPS 
tracking during the chick-rearing period of 2011–2014 from south-
ern breeding population of Balearic shearwaters (Conillera Island, 
SW Eivissa, with colony location indicated by a white dot). Volume 
contours (isopleths) resulting from utilisation distribution averaged 
across marked individuals are represented in red and orange lines for 
the 50 and 25%, respectively. Core areas are identified with violet 
polygons. Bathymetry is shown in the background. White line indi-
cates the 200 m isobath
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GPS devices were attached to the dorsal feathers with 
Tesa  TapeH® to adhere the device for a period of several 
days. Before deployment, the casing of the CatTraQ GPS 
was removed to isolate the GPS logger and the GPS was 
wrapped in a heat-shrink tube for water-proofing. The 
weight of the entire structure was around 17 g. The total 
weight of combined bio-loggers and attachments repre-
sented 0.8–1.9% for the PTT and 2.7–3.8% of the bird 
body mass for the GPS. This excess weight was below the 
accepted 3–5% limit for deleterious effects on individual 
birds (Wilson et al. 2002; Phillips et al. 2003). However, 
these percentages should be considered with caution 
because recent work suggests a potential tag effect for 
thresholds > 1% (Bodey et al. 2018). To reduce potential 
detrimental effects to the birds, devices were deployed for 
the duration of one foraging trip (average 2.9 ± 2.2 days) 
and upon return to the nest, the birds were recaptured and 
the devices were removed.

Data processing

We used all Argos PTT locations based on seven levels 
of accuracy: classes 0, 1, 2, and 3, for which errors range 
from less than 150 m to greater than 1000 m, and classes 
A, B, and Z that do not include error estimates (Costa 
et al. 2010). Argos PTT locations were then filtered con-
sidering speed, distance, and angle, with the SDA filter 
from the Argosfilter package in R software (Freitas 2012). 
We used default settings for distance and turning angles 
and a maximum threshold speed at 70 km h−1 which is the 
maximum GPS-based speed of the closely related Manx 
shearwater (Puffinus puffinus) (Guilford et al. 2009; Lou-
zao et al. 2012). After filtering, the number of locations 
per duty cycle ranged between 1 and 8, with a mean of 
3.2 h between samplings. For GPS data, fixes with speeds 
higher than 70 km h−1 were also discarded.

Direct, straight, and consistent commuting flights 
between shelves are characteristics of Balearic shearwa-
ter foraging behaviour (Meier et al. 2015). After foraging, 
birds return in a direct flight path to the breeding colony 
using the same type of commuting flight. Our work aims 
to describe if the straightness and consistency of these 
trips is affected by environmental variables, in addition 
to likely previous knowledge of predictable foraging 
grounds (Meier et al. 2015). Accordingly, we selected 
the commuting flights as those sections of the trips that 
took place out of the continental shelf (i.e., limited by 
the isobath of 200 m), and afterwards we divided it into 
outward and inward trips, which corresponded to the part 
of the trip before and after reaching the maximum range 
distance from the colony, respectively.

Identification of core areas

Core areas, where individuals spent most of the time pre-
sumably with the intended use of foraging, were identified 
by the probability utilisation distribution (Wakefield et al. 
2013). We calculated the population mean kernel density 
with the R package adehabitatHR (Calenge 2006). First, 
we estimated kernel density for each individual, selecting 
the smoothing parameter h best describing the individual’s 
distribution by the default ad hoc method on a 3 km UTM 
ETRS89 31 N grid. To avoid overweight due to the differ-
ent tracking systems used, each individual kernel raster was 
standardised to a range of values within 0–1, and then aver-
aged. Afterwards, we calculated the population mean kernel 
density averaging all individual kernels. Over the population 
mean kernel density raster, we calculated the 25 and 50% 
isopleths to categorise areas of different levels of intensity 
in use (most frequently to frequently, respectively). Core 
areas were delimited as those areas enclosed by the lowest 
percent of these isopleths.

Environmental variables

Environmental variables were selected based on drivers 
such as marine productivity (using chlorophyll a as a proxy, 
CHL hereafter) (Ramírez et al. 2014) and the cost of flight 
(using wind speed and direction to calculate flight costs 
through the seascape). Regarding marine productivity, we 
derived CHL data (mg  m−3) from the MODIS sensor on 
board the Aqua satellite. Weekly data for 2011–2014 were 
retrieved from the NASA Ocean Color website (http://ocean 
color .gsfc.nasa.gov/) at a spatial resolution of 9 km. Weekly 
CHL was interpolated daily using a non-parametric locally 
smoothing function (loess) to remove noise in the original 
signal of weekly data (Afán et al. 2015). CHL values were 
yearly averaged for each core area from the January to April 
period, matching with the maximum annual peak of CHL 
ultimately driving the lagged annual peak in prey availability 
for shearwaters during the high energy demanding period of 
chick-rearing (May–June) (Lloret et al. 2004; Ramírez et al. 
2016). Differences in CHL were tested for core areas and 
years using analysis of variance (ANOVA). Values of CHL 
were previously log transformed to account for normality.

Concerning wind fields, wind speed (m  s−1) and wind 
direction (degrees) at 10 m above sea level were obtained 
from the wind prediction model (HIRLAM, HIgh Resolution 
Limited Area Model) provided by the Spanish Ports Author-
ity (www.puert os.es) in collaboration with the AEMET 
(Spanish State Meteorological Agency, www.aemet .es). 
Original data were provided for a regular network of 0.167° 
(approximately 15 km) spatial resolution and temporal reso-
lution of 6 h for 2011 and hourly for the years 2012–2014.

http://oceancolor.gsfc.nasa.gov/
http://oceancolor.gsfc.nasa.gov/
http://www.puertos.es
http://www.aemet.es
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Cost analysis of commuting trips

Within the framework of the energyscape concept (Amé-
lineau et al. 2018) and following Afán et al. (2015), we 
constructed raster cost maps representing the relative effort 
required to travel from the colony to each pixel in an area 
covering a radius of 600 km around the colony, which is 
the maximum distance reached by individuals. This analysis 
took into account both distance and travel facilitation pro-
vided by winds for commuting trips (outward and inward 
separately).

Wind information over an area of 600 km around the col-
ony (maximum distance reached by individuals) was used 
to construct daily raster cost maps. First, for each day, we 
selected the range of hours where commuting trips were 
made and averaged wind speed and direction for each pixel 
during the selected time range. Then, for each pixel, we esti-
mated the absolute difference between mean wind direction 
and direction to the colony (the angle between the pixel and 
the colony following a straight path). Over each pixel, we 
applied the flight cost function developed by Louzao et al. 
(2014) based on the effect of wind speed (w) and the angle 
between flight and wind direction (θ):

where c is the flight cost in arbitrary cost units (see Lou-
zao et al. 2006, for calculation and validation methods). In 
our case, with the purpose of modelling the geographical 
space and not the trajectory of a bird, θ was replaced by the 
angle between wind direction and the departure direction 
from/to the colony to each raster cell of the study area (when 
analysing outward or return trips, respectively).

Costs were calculated for each commuting flight (31 
flights) as the sum of costs of the pixels traversed during 
each flight. Outward and inward costs were compared with 
a paired t test, with a log transformation of the variables 
to achieve normality. To avoid pseudo-replication, we ran-
domly selected a single trip per individual.

To determine whether the likelihood of commuting to 
core areas was better predicted by favourable wind condi-
tions than by chance, we compared the cost of the observed 
trips to the different shelves (Iberian and Algerian) with 
the cost of these paths by chance (null models produced 
through randomization procedures) (Jones et  al. 2018; 
Ventura et al. 2020). First, we calculated the cost of com-
muting trips undertaken by birds over the study period. 
Then, we calculated the potential cost of each route for all 
the days of the study period (76 days during the 2011–2014 
period, n = 2326 flights). Potential costs were standardised 
between zero and one for each route over time in order to 
make comparable cost differences in routes that could be 

c = 30 + 2.381e − 09 × � + −9.667e − 01 × w + 1.093e − 02 × � × w,

taken at different days. We compared the observed pattern 
(mean costs of real trips undertaken to African or Iberian 
shelf) to distribution of costs produced through randomi-
zations. Potential costs for commuting trips to the Iberian 
(most frequently used areas) and African shelf (more occa-
sional areas) and for outward and inward trips in every case 
were randomly shuffled and averaged in groups of six (the 
number of commuting flights to the African shelf detected). 
By repeating this process 10,000 times with replacement, 
we obtained a bootstrap distribution that we would expect 
by chance. To obtain a p value, we compared the propor-
tion of values in the randomised distribution that were as 
or more extreme than the observed costs. All analyses were 
conducted in R v3.4.3 (R Core Team 2017).

Results

Mediterranean core areas

We obtained information from 21 GPS devices and 5 PTTs, 
accounting for 31 foraging trips of 15 individuals of Balearic 

shearwaters from the study colony during the chick-rearing 
periods of 2011–2014. Six individuals were tagged for over 
a year, and six of them also exhibit more than one trip within 
the same year (with a maximum of three trips recovered 
by individual and year). Overall, we identified eight com-
monly used core areas (Fig. 1) located within the Iberian 
and North African continental shelves, encompassing 70% 
of the total bird fixes. Balearic shearwaters mainly selected 
the closest eastern Iberian shelf as a core area of use out of 
the colony (Fig. 1). The northwestern African shelf (Algeria) 
was visited only during 2 of the 4 years of study (2011 and 
2014) and represented 20% of the foraging trips registered. 
Although we cannot completely rule out a tag effect on bird 
choices, the fact that longer trips were performed with the 
lighter PTT in 2011 and the heavier GPS in 2014 lead us to 
think that trip destinations were likely minimally affected 
by device type.

Different percentage of isopleths reflects which marine 
areas were accessed most regularly. Areas encompassed by 
the 25% isopleth (areas 2–6, Fig. 1) were the most frequently 
visited. These areas correspond to the surroundings of the 
colony, as well as the Gulf of Valencia, between Cape Palos 
and the Ebro Delta, at a maximum distance of 202 km from 
the colony. Areas defined by the 50% isopleth corresponded 
to the northern Catalonian shelf to the north and to the core 
areas in the Algerian shelf and the Spanish shelf of the 
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Alboran Sea, corresponding to areas 1, 7, and 8, respec-
tively (Fig. 1).

Commuting trips

Commuting parts of the trips (Fig. 2) represented only 13% 
of the total trip time, equally distributed between outward 
and inward trips. Outward commuting trips from the colony 
only reached core areas 2–6 (25% isopleth) and 7 (50% iso-
pleth). Remote areas 1, 8, and 9 were reached indirectly fly-
ing over the shelf along the coastline. All commuting trips 
described straight-line paths (mean ± SD relative angle 
between consecutive fixes, 1 ± 6°), with an average speed of 
30.6 ± 7.6 km h−1 for outward trips and 31.9 ± 9.2 km h−1 
for inward trips (mean ± SD).

The minimum commuting distances between the breeding 
shelf to foraging Iberian and African shelves were 60 and 
284 km, respectively. The commuting outward and inward 
trips lasted in average 4.02 ± 2.72 and 5.10 ± 3.30 h to the 
Iberian shelf, respectively, while the commuting to the Afri-
can shelf lasted longer: 13.54 ± 6.32 and 11.52 ± 0.97 h cor-
responding to outward and inward trips, respectively.

Forcing factors in commuting headings

The analysis of productivity showed differences in values 
between core areas, although all of them showed a similar 
temporal pattern. Chlorophyll a maximum annual peak typi-
cally occurred during the end of winter and the beginning of 
spring, from January to April (Fig. 3a). Afterwards, surface 
CHL values drop drastically in all areas. CHL values dur-
ing maximum annual peak significantly varied between core 
areas (ANOVA,  F7,24 = 12.26, p < 0.001), but no year effect 
was found (ANOVA,  F3,28 = 0.684, p = 0.569). Higher values 
of CHL (averaged for the January–April peak) were found 
throughout all years in area 8 (1.45 ± 0.3 mg m−3) and in 
the surroundings of the Ebro Delta in area 2 (mean ± SD: 
1.0 ± 0.3 mg m−3). These areas also showed the greatest vari-
ability between years (Fig. 3b).

Mean annual winds around the colony during the study 
period blew from the southeast (average direction for blow-
ing winds ± SD: 143 ± 57°), which create favourable condi-
tions for reaching the closest shelf waters of eastern Iberia. 
Outward commuting flights to the Algerian shelf took place 
only when cross to tail northeaster or northeaster winds 

Fig. 2  Mean annual seascape 
costs for outward commuting 
trips. Costs were calculated as 
the relative effort required to 
traverse a pixel following the 
direction from the colony. Flight 
cost was based on Louzao et al. 
(2014). Arbitrary cost units are 
graded in ramp colours. Black 
lines show outward commuting 
flights (direct sections of the 
foraging trips from the colony 
to the foraging areas outside of 
the continental shelf). Colony 
location is indicated with a 
white dot

4°2°0°-2°-4°-6°4°2°0°-2°-4°-6°

42°

40°

38°

36°

2011 2012

42°

40°

38°

36°

2013 2014

0 200100 km

Spain

Algeria
Morocco

Cost
(arbitrary units)

high

low



 Marine Biology          (2021) 168:23 

1 3

   23  Page 6 of 10

allowed lower cost conditions to reach the NW African 
shelf-break (randomisation test, p = 0.025, see Fig. 4a). In 
contrast, mean cost for commuting flights to the Iberian shelf 
fell within the mean ± SD of the randomisation distribution, 
thus suggesting that Iberian trips would occur at any time 
and regardless of any wind conditions observed during the 
study period (randomisation test, p = 0.40, see Fig. 4b). 
Furthermore, the slightly minor standard deviation of the 
distribution of the Iberian trips points to less variation in 
the commuting cost to these locations given the more stable 
wind conditions. Outward commuting flights to the African 
shelf showed greater mean cost values than those to the near-
est Iberian shelf (0.39 ± 0.09 and 0.49 ± 0.09, respectively, 
see Fig. 4a, b).

Return conditions for commuting from continental shelf 
to island shelf areas were worse than for outward trips 

(Fig. 4c, d). Return flights from the African and Iberian 
shelves presented no significant differences from random 
distribution (p = 0.254 and p = 0.327 respectively). Conse-
quently, return journeys were costlier than outward journeys 
in both cases (paired t test, t(30) = − 3.29, p = 0.002).

Discussion

Based on a multi-year tracking study, we identified the main 
areas of use of a breeding population of Balearic shearwa-
ter. We described those areas in terms of productivity and 
assessed the role of flight cost in the individual decision of 
moving towards foraging areas of this central-place forager. 
Our results show that breeding Balearic shearwaters recur-
rently exploit marine areas located in the vicinity of their 
breeding grounds (< 125 km) through direct commuting 
trips to the Iberian shelf. However, sporadic and favourable 
wind conditions likely facilitate relatively low-cost flights 
to outermost areas on the north-western African shelf. 
Whereas commuting trips to the closest areas in the Iberian 
shelf might be always “straightforward,” reaching the far-
ther areas in the north-western African shelf might be only 
“assumable” under favourable wind conditions and, hence, 
relatively low flying costs.

Colonial seabirds are constrained by their colony loca-
tions and the environmental conditions that surround them, 
which ultimately limit both the facility to access foraging 
grounds, as well as the quality of resource availability. Facil-
itation by oceanic winds has been described as a way to max-
imise flying effectiveness during soaring (Paiva et al. 2010). 
Birds can save energy when flying across-wind, and can also 
gain substantial speed from tailwinds (Weimerskirch et al. 
2000; González-Solís et al. 2009; Amélineau et al. 2014). 
In our study area, we found a high consistency in prevail-
ing wind conditions during the chick-rearing (winds blow-
ing from southeast; mean ± SD, 143 ± 57°), which largely 
facilitated foraging trips to the closest Iberian shelf. Access-
ing farther areas in the Algerian shelf only occurred under 
specific favourable wind conditions. However, our proxy to 
marine productivity (i.e., CHL) indicated that these farther 
waters did not exhibit higher productivity compared to the 
ones recurrently visited in the Iberian shelf, whereas the 
costs of their exploitation were greater. This begs the ques-
tion: why are individuals headed to this distant foraging 
areas, which most of the time shows an increasing cost with 
regard to closest foraging areas? A potential explanation for 
this apparently counter intuitive strategy of reaching farther 
and less frequently used areas could be foraging partitioning 
as a way to reduce inter- and intra-specific competition, as 
described in other species of seabirds (González-Solís et al. 
2000; Wakefield et al. 2013; Bolton et al. 2018). Neverthe-
less, spatial segregation in Balearic shearwaters is likely 
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Fig. 3  a Seasonal patterns of chlorophyll a (CHL, mg  m−3) in the 
core areas of southern Balearic shearwaters showed a maximum 
annual peak period from January to April (see Fig.  1 for the loca-
tion of each area). The black line shows the average values for all 
core areas, and grey lines standard deviation values. b CHL val-
ues for each core area identified for Balearic shearwater during the 
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emerging as a result of the proximity to foraging areas and 
colony of origin (Louzao et al. 2011) rather than population-
level segregation process to reduce intraspecific competition. 
Indeed, Louzao et al. (2011) had already pointed out a spa-
tial segregation of foraging grounds between both northern, 
central, and southern populations of Balearic shearwater. 
Further research based on GPS tracking data identified 
important foraging grounds and consistent and narrow cor-
ridors in the northwestern Iberian shelf for the population 
of Mallorca (central Balearic Islands, over 200 km north 
from our study colony in Ibiza) (Meier et al. 2015). Our 
work reveals a real spatial segregation between populations: 
in particular, Balearic shearwaters from the southernmost 
colonies (i) conform broader flight corridors for reaching 
the neritic grounds on the Iberian continental shelf, and (ii) 
predominantly use less productive areas over the Iberian 
shelf areas, but closer to the breeding colony. Thus, two 
main foraging areas emerge from these studies: the most 
productive waters of the Ebro Delta for the Mallorca popula-
tion, and Valencia Gulf and Cape Nao for Ibiza population. 
Both areas are the closest for each one of the colonies, so 
lower flying costs likely seems to be one of the main drivers 

of foraging distribution. Nevertheless, due to the proxim-
ity of foraging areas of both populations, the exchange of 
information between individuals, promoted by the vicinity of 
them during their breeding in caves (Wakefield et al. 2013; 
Bolton et al. 2018) or in the groups at sea close to the breed-
ing colony where they rest regularly (“rafts”) (Weimerskirch 
et al. 2010), could enhance this segregation. These conclu-
sions are based on tracking data obtained in the same range 
of years for both populations (2011–2014), but with the 
limitation of being not simultaneous (northern population 
was monitored during March–April and southern population 
during May–June), although we expect that foraging behav-
iour is not substantially different during these months. The 
unpredictability of return conditions in the highly dynamic 
marine habitat likely involves that decision about where for-
age relies on environmental conditions at departure. Inde-
pendent of foraging destination, individuals were bound 
to returning to the colony irrespectively of the prevailing 
conditions. Nevertheless, cost differences in return flights 
are diluted, regardless of the area visited and the choice of a 
particular area does not imply a significant extra cost in the 
returning flight.
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Fig. 4  Histograms for the bootstrap distribution (10,000 resamples) 
of randomisation tests for commuting flights to the African shelf 
(a outward flights, c inward flights) and to the Iberian shelf (b out-
ward flights, d inward flights). Mean ± SD cost of all observed values 

(pooling Algeria and Iberian trips and outward and inward flights) are 
indicated by a vertical black line and grey box. The red line shows 
the observed mean travel cost for each of the four scenarios (Algerian 
versus Iberian and outward versus inward flights)
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We used CHL concentration as a proxy of food avail-
ability to evaluate differences in productivity between core 
foraging areas. Higher productivity areas were enhanced 
by the Ebro River runoff in the case of area 2 (Olivar et al. 
2001) and by a costal upwelling induced by the anticy-
clonic gyres of the Alboran Sea for area 8 (Oguz et al. 
2013). However, none of these areas were the most highly 
used by the Balearic shearwater population studied in 
this work, which preferred closest, though not so produc-
tive. CHL concentration was used as an indirect proxy 
of marine productivity and it should be interpreted with 
caution because the relationship between productivity 
and food resource availability for shearwater may change 
between areas (Eddy et al. 2020). Some additional fac-
tors, such as variation in fishing effort and fishery discards 
(Arcos and Oro 2002), or even changes in the discharge of 
rivers, could modify prey availability (Lloret et al. 2004).

The construction of windscapes offers an excellent 
framework to study spatio-temporal variability in physical 
properties of the environment in order to understand vari-
ation in animal movement patterns (Shepard et al. 2013). 
Our study incorporates windscape flight costs to track 
environmental changes, allowing the identification of spo-
radic temporal windows to reach new foraging areas. This 
approach is spatially explicit by focusing on the seascape 
instead of calculating energy expenditures from the indi-
vidual point of view, revealing how changes in seascape 
could be exploited to arrive at selected foraging grounds 
with a lower flight cost. This approach emerges as a new 
opportunity to understand the energetic costs derived from 
seascapes in populations and species when no tracking 
data are available.
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