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A B S T R A C T   

Pelagic seabirds exhibit plasticity in foraging characteristics in relation to oceanographic conditions. This should 
be particularly relevant in tropical marine environments where food resources are naturally more unpredictable. 
We studied how inter-annual variations (2013–2018) in tropical oceanographic conditions (driver of oceanic 
productivity) can influence the spatial and trophic ecology of Cape Verde shearwater (Calonectris edwardsii) 
during the breeding season. During years of poor oceanographic conditions around the colony, birds engaged in 
longer trips to West Africa, showed higher spatial and behavioural consistency, and presented a wider isotopic 
niche. Opposite patterns were generally found for years of good oceanographic conditions, when birds foraged 
more on their colony surroundings. New foraging areas off West Africa were highlighted as relevant, especially 
during years of poor environmental conditions. This study highlights the need for long-term studies to assess 
variation in foraging areas and foraging decisions by seabird populations.   

1. Introduction 

Seabirds exhibit diverse spatial and temporal foraging strategies 
depending on extrinsic factors, such as the distribution and availability 
of food resources, which can be driven by oceanographic conditions, and 
intrinsic factors, such as sex, age, stage of the breeding season, 
morphology and individual specialization (Votier et al., 2017; Sztu-
kowski et al., 2018; Wiley et al., 2019; Van Donk et al., 2020). Pelagic 
seabirds also show strong annual variation in foraging areas, thus 
exhibiting large plasticity in foraging characteristics in relation to 
oceanographic conditions (Paiva et al., 2013a; Pereira et al., 2020). 
Oceanographic conditions are important to understand the horizontal 
and vertical distribution and abundance of seabirds’ main prey – small 
pelagic fish (McInnes et al., 2017), and are relevant to understand the 
at-sea distribution and foraging behaviour of these predators (Cox et al., 
2013; Boyd et al., 2017). Spatio-temporal predictability and availability 
of food resources has been shown to major influence seabirds’ foraging 

patterns (Montevecchi, 2007; Springer et al., 2007). Birds have the ca-
pacity to memorise foraging areas and later return to those same areas, 
particularly if they were successful in their foraging attempts (Fernández 
et al., 2001). Therefore, in highly productive and/or predictable 
foraging sites, it is expected that a higher proportion of seabirds will 
return to those same area (Irons, 1998; Hamer et al., 2001; Weimer-
skirch, 2007). The few studies in tropical areas do not show such a 
consistent pattern in foraging site fidelity. A main difference is that 
tropical seabird species appear to rely extensively on underwater 
predators that drive prey to the surface (Au and Pitman, 1986), and 
these events should be less predictable than static oceanographic vari-
ables related with marine productivity, such as seafloor depth or slope in 
upwelling areas. Thus, it is important to study the ecology of seabirds in 
tropical environments, in particular their foraging site fidelity, which 
has important implications to understand their ecology and for their 
conservation. 

During the breeding season, seabirds are central-place foragers 
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because they have to visit the nest regularly to incubate the egg and later 
to feed their offspring (Diamond and Devlin, 2003; Magalhães et al., 
2008). During the incubation period, seabirds often forage over vast 
oceanic areas because they can take long incubation shifts, whereas 
during the chick-rearing period they are more constrained to find prey 
for their growing chicks in the vicinity of the colony (Magalhães et al., 
2008; Paiva et al., 2015). However, several procellariiform species use a 
dual foraging strategy which consists of alternating between a long 
self-provisioning trip and several short chick-provisioning trips during 
the chick-rearing period, in order to explore distant more productive 
environments and not only the habitat that surrounds the breeding 
colony (Magalhães et al., 2008). This strategy can occur in both 
temperate and tropical areas (Congdon et al., 2005). 

Primary productivity in tropical waters is typically lower and less 
structured when compared to temperate and polar regions (Longhurst 
and Pauly, 1987). Thus, predictability in prey distribution is lower in 
tropical regions (Weimerskirch et al., 2010). Low SSTs and shallower 
and thicker Ocean Mixed Layer (OML; i.e. thermocline) depths are 
known to enhance prey availability to top predators, and may act as cues 
of prey distribution during foraging (Spear et al., 2001; Tremblay et al., 
2009; Soldatini et al., 2019). The OML usually separates warmer upper 
water strata from colder deeper water regions. Its thickness determines 
the average level of light captured by marine organisms (Kantha and 
Clayson, 2003), with increasing thickness diminishing the capacity of 
phytoplankton to capture sunlight, also decreasing surface chlorophyll a 
concentration (Chl a) and overall marine productivity (Kantha and 
Clayson, 2003). Plus, the thinner the OML, the more likely it is that cold 
nutrient-rich waters can disrupt the biophysical oceanic layer, emerge 
and enhance local productivity, and ultimately prey availability for 
seabirds (e.g. Spear et al., 2001; Jaquemet et al., 2005). This layer is 
particularly important in pelagic tropical areas because marine pro-
ductivity is highly dependent on seasonal dynamics of the depth of the 
mixed layer (Longhurst et al., 1995; Mann and Lazier, 2006). 

Some studies have shown that climate change is altering aspects of 
seabird ecology, especially foraging behaviour, with consequences at 
different scales (Avalos et al., 2017; Pereira et al., 2020). The North 
Atlantic Oscillation (NAO) index is a suitable proxy of climatic condi-
tions driving oceanographic characteristics and seabird distribution in 
the pelagic North Atlantic (Avalos et al., 2017) and off north-west Africa 
(Ramos et al., 2020). Lower NAO values are usually associated with poor 
oceanographic conditions, which leads to increased foraging effort and a 
decrease in seabirds’ reproductive success (Paiva et al., 2013b; Ramos 
et al., 2015). Positive NAO values depict windy and warmer conditions 
in the North Atlantic, which boosts upwelling intensity off north-west 
Africa (Santos et al., 2005). These conditions are known to enhance 
the recruitment and abundance of pelagic prey (Santos et al., 2007) and 
drive seabird distribution at this region (Ramos et al., 2020). During an 
extremely negative phase of NAO, Cory’s shearwaters (Calonectris bor-
ealis) breeding in Berlenga Island, mainland Portugal, made longer 
foraging trips and had a lower breeding success. During a strong positive 
NAO year, individuals from the same population foraged in shallower 
and more productive waters near the colony and had a higher breeding 
success. Interestingly, during the same extremely negative NAO phase, 
birds breeding in the oceanic island of Corvo (Açores), took advantage of 
the improved productivity associated with cyclonic eddies which 
occurred near the colony and were more successful than during a strong 
positive NAO year (Pereira et al., 2020). 

Seabirds, as Cape Verde shearwaters (Calonectris edwardsii), are 
suitable ecological indicators, as their reproductive measures respond to 
climatic conditions and marine productivity, reflecting environmental 
changes (Ramos et al., 2020). They are also long-lived species at the top 
of the food chain, thus reflecting changes at lower trophic levels (Fur-
ness and Camphuysen, 1997; Piatt et al., 2007). Further, they may also 
shift their foraging patterns in response to changes in oceanographic 
conditions (Paiva et al., 2013b; Avalos et al., 2017). Paiva et al. (2015) 
studied the spatial and trophic ecology of this species during the 

incubation and chick-rearing periods for two years, and reported on a 
high seasonal foraging consistency at a population level: individuals 
foraged mostly off West Africa (at ~750 km from their breeding colony) 
on a narrower isotopic niche during incubation, and on the colony 
surroundings (within 250 km from the colony) on a wider isotopic niche 
while rearing their chick. Here we focused on the seasonal and annual 
variability in foraging behaviour of Cape Verde shearwater during six 
consecutive years (2013–2018). In particular, we strive to understand 
how variations in oceanographic conditions around the Cabo Verde 
archipelago influenced the consistency of foraging choices by Cape 
Verde shearwaters. 

Inter-annual variability in prey availability on the most used 
foraging areas can have wider implications for pelagic marine predators, 
such as changes in the number and distance of foraging trips (Pereira 
et al., 2020) and time spent foraging (Harding et al., 2007). However, 
most studies about annual consistency in the use of foraging areas by 
seabirds only investigate this during one or two years (e.g. Haug et al., 
2015; Ramos et al., 2015; Waggitt et al., 2018). Long-term studies are 
particularly important to disentangle trophic relationships between 
seabirds and the marine environment, specially under the current sce-
nario of more frequent climate variability. We expect Cape Verde 
shearwaters to be consistent in their use of foraging sites in consecutive 
years, if oceanographic conditions are maintained within those usual 
foraging sites (Navarro and González-Solís, 2009; Ceia et al., 2014; 
Carroll et al., 2018). Thus, during incubation, birds should invest on 
longer trips (to off West Africa) and, during chick-rearing, on a larger 
number of shorter trips (within the Cabo Verde archipelago). Yet, during 
years of poor oceanographic conditions, birds should perform a higher 
proportion of long foraging trips and show a wider isotopic niche 
(Ramos et al., 2018). In these years, individuals should be less consistent 
in their foraging and trophic choices (Navarro and González-Solís, 2009; 
Wakefield et al., 2015). 

2. Methods 

2.1. Study species 

The Cape Verde shearwater is endemic to Cabo Verde and listed as 
Near Threatened by the IUCN, because of a small and declining popu-
lation size, there were ~6312 breeding pairs at Raso Islet in 2018 
(Biosfera I, unpublished data). This decline was exacerbated by uncon-
trolled harvest of juveniles and adults at their main breeding colonies, 
such as Raso, Branco and Brava Islets, until 2008 (BirdLife International, 
2018). This is a migratory species, spending the non-breeding period 
(December–February) in the South Atlantic, andreturning in mid-March 
to its colonies, where they nest in burrows and rocky crevices. In June, 
each female lays a single egg that is incubated for about two months, and 
chicks fledge from late October to early November. Cape Verde shear-
waters feed mainly on Clupeidae (Sardinella maderensis), squid(Loligo 
sp.), Carangidae (Selar crumenophthalmus, Decapterus sp.) and Belonidae 
(Platybelone argalus) (Hofstede and Dickey-Collas, 2006; Rodrigues, 
2014). 

2.2. Data collection 

Fieldwork was carried out over a period of 6 years (2013–2018) in 
Raso Islet (16◦36′40.63"N, 24◦35′15.81"W), Cabo Verde archipelago, 
during two phases of the reproductive cycle: incubation phase (mid- 
June) and chick-rearing phase (early-September). Data were not 
collected during the chick-rearing phases of 2014 and 2016. Overall, a 
total of 167 individuals performing 719 individual trips were tracked 
and included in this study (further details on Tables I and II). GPS log-
gers (CatLog; Perthold Engineering) were carefully attached to the birds’ 
back feathers with TESA 1640 tape. GPS devices weighed ~15 g, about 
2.5% of the birds weight, lower than the 3% threshold that is thought to 
have deleterious effects on flying seabirds (Phillips et al., 2003). We did 
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not detect any effect of the logger weight on the individuals’ at-sea 
behaviour, with lighter birds having similar foraging patterns to those 
of heavier individuals, such as similar length of foraging trips. Devices 
were configured to record positions every 10 min with loggers’ batteries 
draining out in about 15 days. During logger retrieval, a sample of 150 
μL of blood was collected from the ulnar vein of each bird, which would 
later undergo a stable isotope analysis (SIA) in order to evaluate the 
trophic ecology during the tracking period. 

2.3. Spatial analysis 

In order to distinguish different behaviours of individuals during 
foraging trips, we used the Expectation Maximization binary Clustering 
(EMbC) algorithm from the EMbC R package (Garriga et al., 2016) 
within the R environment (R Development Core Team 2018), a robust 
and unsupervised multi-variable clustering algorithm, which considers 
the correlation and uncertainty of the variables to give a significant local 
label. This algorithm is a variant of the maximum likelihood estimation 
of Gaussian mixture models (Garriga et al., 2016; Grissac et al., 2017; 
Mendez et al., 2017). Behaviours were characterised using two vari-
ables: speed and turning angle of a bird between each position. In order 
to group the different locations, four behavioural modes were defined: 
high velocity/low turning angle (HL), high velocity/high turning angle 
(HH), low velocity/low turning angle (LL) and low velocity/high 
turning angle (LH) (Louzao et al., 2014). The HL behavioural mode 
represents fast speed and high directionality and is associated with 
displacement phases such as transiting. The HH behavioural mode 
represents slow and sinuous movements used by animals during exten-
sive searching. On the other hand, the LL (resting) and LH (foraging) 
behavioural modes correspond to slow movements when the bird drifted 
in the water surface and intensive foraging, respectively (Weimerskirch 
et al., 2002; Louzao et al., 2014; Grissac et al., 2017; Mendez et al., 
2017). 

Intensive search/foraging locations (LH) were considered to repre-
sent zones where individuals adopted an Area Restricted Search (ARS) 
behaviour. Such behaviour is characterised by an increase in sinuosity 
and/or a decrease in speed of the foraging path, i.e. by an increase in 
residence time in the productive patch (Fauchald and Tveraa, 2006; 
Weimerskirch, 2007; Paiva et al., 2015). To quantify habitat use, ARS 
locations were examined under the adehabitatHR R package, generating 
estimates of Kernel Utilisation Distribution (Kernel UD) (Calenge, 2006; 
Katajisto and Moilanen, 2006; Paiva et al., 2015). We consider the 50% 
(foraging range; FR) and the 95% (home range; HR) UDs to represent the 
individuals’ at-sea distributions. An important step in the use of this 
analysis is the selection of the smoothing factor, which will be applied to 
all foraging trips and allows comparisons. The smoothing parameter (h) 
was defined as the average value of the radii of ARS zones, during in-
cubation (h = 2.5 km) and chick-rearing (h = 1.5 km) phases of all study 
years, following methods described on Lascelles et al. (2016). Finally, to 
study the spatial segregation we computed the 50% kernel UDs (FR) 
overlap (1) between foraging excursions of each individual and (2) be-
tween individuals in each period and study year. 

2.4. Stable isotope analysis 

We performed a Stable Isotope Analysis (SIA) for δ15N (15N/14N) and 
δ13C (13C/12C). The δ15N value is a good proxy of trophic position, 
because 15N is enriched at each trophic level by 2–5‰, while the δ13C 
value is more useful as a habitat indicator, because different habitats 
(coastal vs. pelagic) have specific signatures and there is only a small 
variation of this isotope along the trophic chain (Santos et al., 2007; 
Inger and Bearhop, 2008). For 2018, stable isotope analysis was per-
formed for Red Blood Cells (RBC) instead of whole blood (because blood 
was separated into RBC and plasma by centrifugation for other studies). 
The values of δ13C and δ15N in whole blood were considered comparable 
to those in RBC, because whole blood had δ13C and δ15N values very 

close to those of RBC (Cherel et al., 2005a). Whole blood/RBC has a 
turnover rate of a few weeks (about 1–5) (Hobson and Clark, 1992), thus 
representing an average of all meals consumed in the past few weeks 
(Votier et al., 2010). Since there were about three months separating 
blood sampling within each year, we are confident there was enough 
time for an almost complete isotopic renewal, thus guaranteeing the 
interpretation of isotopic values between breeding phases. In the labo-
ratory, samples were dried at 60 ◦C for 24 h and homogenized. The 
carbon and nitrogen isotopic ratios were determined from 
Continuous-Flow Isotope Ratio Mass Spectrometry (CF-IRMS). In whole 
blood/RBC, tissues with low lipid content, there is no need to extract 
lipids before isotopic analysis, as isotopic signatures do not differ 
significantly between lipid-free and bulk aliquots (Bearhop et al., 2000; 
Cherel et al., 2005b). Results were presented in the common δ notation 
as parts per mil (‰) and compared with values from the international 
standards Vienna-Pee Dee Belemnite (V-PDB) for δ13C and atmospheric 
N2 for δ15N, according to the following equation:  

δ13C or δ15N = [(Rsample/ Rstandard) − 1] × 1000                                   

where Rsample is 13C:12C or 15N:14N, respectively (Bond and Jones, 
2009). Replicate measurements of internal laboratory standards (acet-
anilide) indicate precision < 0.2‰ for both δ13C and δ15N. 

2.5. Environmental predictors 

To characterize foraging areas used by tracked birds during incu-
bation (June) and chick-rearing (September), we extracted static: Ba-
thymetry (BAT, blended ETOPO1 product, 0.01◦ spatial resolution, m) 
and; dynamic oceanographic variables: Chlorophyll-a concentration 
(CHL, Copernicus Marine Environment Monitoring Service, 0.04◦, 
mgm− 3), Sea Surface Temperature (SST, Copernicus Marine Environ-
ment Monitoring Service, 0.04◦, ◦C), Sea Surface Height (SSH, Coper-
nicus Marine Environment Monitoring Service, 0.08◦, m), Ocean Mixed 
Layer Thickness (OMLT, Copernicus Marine Environment Monitoring 
Service, 0.08◦, m) and Eastward Velocity (EV, Copernicus Marine 
Environment Monitoring Service, 0.08◦, m/s). BAT was downloaded 
from http://ngdc.noaa.gov/mgg/global/global.html, SST and CHL were 
extracted from http://oceancolor.gsfc.nasa.gov, while SSH, OMLT and 
EV were downloaded from http://marine.copernicus.eu. SST and SSH 
anomalies (SSTA and SSHA, respectively) were computed by calculating 
the difference between the average of the variable for the incubation 
(June–July) and chick-rearing (August–September) periods of our study- 
years and long-term average values for the same two periods (i.e. 
1993–2018). Monthly average composites were used for all dynamic 
predictors. All oceanographic raster layers were rescaled at a spatial 
resolution of 0.08◦ prior to the habitat modelling exercise. All envi-
ronmental predictors were processed with various functions within the 
raster package (Hijmans, 2018). 

Monthly values of the NAO index (https://climatedataguide.ucar. 
edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station- 
based) and SSTA (within 250 km of the colony; i.e. the usual short trips 
range) were extracted for the incubation (June–July) and chick-rearing 
(August–September) periods of each study year. We also extracted the 
OMLT mean monthly values within 250 km of the colony from April 
(beginning of the breeding season when Cape Verde Shearwaters began 
defending nesting territories (pers. Observations) to October (when 
Cape Verde Shearwater chicks begin fledging) of each year. We also 
calculated the Monthly Trend in Ocean Mixed Layer Thickness 
(MTOMLT), i. e the coefficient of a regression line of the OMLT mean 
monthly values between April and October for each year (see Tables 1 
and 2). NAO, SSTA, OMLT and MTOMLT were used as proxies of years of 
poor (lower NAO and MTOMLT and higher SSTA and OMLT values) and 
good (higher NAO and MTOMLT and lower SSTA and OMLT values) 
environmental conditions within the colony surroundings, i. e within 
250 km around the colony. 
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2.6. Habitat modelling 

We run a multi-model ensemble forecasting approach to investigate 
which of the aforementioned environmental predictors explained the 
foraging distribution (LH/ARS locations) of Cape Verde shearwaters, 
with the biomod2 R package (Thuiller et al., 2018). We used 9 modelling 
techniques: Generalized Linear Models (GLM), Generalized Additive 

Models (GAM), Flexible Discriminant Analysis (FDA) and Multiple 
Adaptive Regression Splines (MARS); another four use a machine 
learning process: Generalized Boosted Model (GBM), Random Forest 
(RF), Classification Tree Analysis (CTA) and Artificial Neural Network 
(ANN); and the latter, Species Range Envelope (SRE), estimates the 
probability of occurrence using the median and quartiles of variables at 
geographical points. We used the geolocation points in which the 

Table 1 
Comparison of regional and local environmental predictors among the study years 2013–2018; foraging-trip characteristics, trophic ecology and consistency in 
habitat use by Cape Verde shearwaters during the incubation (June–July). Monthly NAO index and SST anomaly were computed for June–July of each year. 
Ocean Mixed Layer Thickness (OMLT) within 250 km of the colony during April of each study year. Monthly Trend in Ocean Mixed Layer Thickness (MTOMLT) 
represents monthly rate variation (April–October) of OMLT of each year. ICC – intra-class correlation coefficient (d2/d2 + σ2)). 50UD – 50% kernel Utilisation 
Distribution. Values are means ± SD. * Years with poor oceanographic conditions marked with a grey background. 

Table 2 
Comparison of regional and local environmental predictors among the study years 2013–2018; foraging-trip characteristics, trophic 
ecology and consistency in habitat use by Cape Verde shearwaters during the chick-rearing (August–September). Monthly NAO 
index and SST anomaly were computed for August–September of each year. Ocean Mixed Layer Thickness (OMLT) within 250 km of 
the colony during April of each study year. Monthly Trend in Ocean Mixed Layer Thickness (MTOMLT) represents monthly rate 
variation (April–October) of OMLT of each year. ICC – intra-class correlation coefficient (d2/d2 + σ2). 50UD – 50% kernel Utilisation 
Distribution. Values are means ± SD. * Years with poor oceanographic conditions marked with a grey background. 
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individuals presented a foraging behaviour (LH) and, with modelling, 
10,000 pseudo-absences were randomly generated within the foraging 
range; 70% of the points were used for model training and 30% for 
model validation (Araújo et al., 2005). We used a logistic output format 
to obtain values within a probabilistic scale ranging from 0 to 1, for low 
and high foraging habitat suitability, respectively. To calculate the 
importance of environmental variables, each model was set with 10-fold 
cross-validation and then was computed 10 times for calibrating. The 
accuracy of the models was evaluated using the Area Under the Receiver 
Operating Characteristic (ROC) Curve (AUC), a threshold-independent 
discrimination index that represents the ability of the models to 
discriminate suitable from unsuitable conditions, and True Skill Statistic 
(TSS) (Lobo et al., 2008; Phillips et al., 2006). The AUC value varies 
between 0.50 and 1, where the value 1 indicates perfect discrimination 
capacity and 0.50 indicates a low discriminatory capacity of the model. 
It is recommended to interpret the results as: excellent for AUC ≥0.90, 
good for 0.80 <AUC <0.90, acceptable for 0.70 <AUC <0.80, poor for 
0.60 <AUC <0.70 and invalid for 0.50 <AUC <0.60 (Araújo et al., 
2005). The results of the different modelling techniques were then 
combined into a single Ensemble Ecological Niche Model (EENM) using 
only the useful models (AUC ≥ 0.70). We averaged the contribution 
values of each environmental variable for each test to obtain a final 
value. 

2.7. Data analysis 

Linear Mixed-effects Models (LMMs) were used to test for consis-
tency in the use of habitat within each study year, namely in the pro-
portion of 50% kernel UD (1) overlap and (2) area by including Trip ID 
on Bird ID as a random effect in all models. LMMs were run with the lme4 
(Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) R packages. 
The variance explained by the random effect (d), that is, the 
between-individual variance, and the residual variance (σ) were used to 
calculate the intra-class correlation coefficient (ICC) as d2 (d2 + σ2), 
which is a measure of repeatability (Nakagawa and Schielzeth, 2010). 
ICC ranges from 0 to 1, with higher values indicating that more of the 
variance is explained by between-individual differences. LMMs were 
also run to analyse the effect of study year on mean values of (1) monthly 
NAO index, (2) SSTA and (3) Ocean Mixed Layer Thickness (OMLT; m) 
within 250 km of the colony, (4) maximum distance to colony (km), (5) 
trip duration, (6) proportion of time foraging, (7) proportion of overlap 
among birds, (8) δ15N and (9) δ13C values, (10) ICC proportion 50% UD 
overlap among trips and (11) ICC proportion 50% UD area among trips. 
All models included Trip ID nested in Bird ID as a random intercept 
effect to control for non-independence of behaviours. Post-hoc Tukey 
tests were used for multiple comparisons. All statistical analyses were 
carried out in R (Version 3.5.1; R Core Team, 2018). Residuals were 
tested for normality (Q-Q plots) and homogeneity (Cleveland dotplots) 
before each statistical test (Zuur et al., 2009). To compare the isotopic 
niche among years and phases and their overlap with the total niche 
width, we used the area of the standard ellipse corrected for small 
sample sizes (SEAC, an ellipse with 40% of probability containing a 
subsequently sampled data) and a bayesian estimate of the standard 
ellipse area (SEAB) to test for differences in niche widths as computed by 
the functions within the SIBER package (Jackson et al., 2011). All values 
are presented as the mean ± SD, for significance level <0.05. 

3. Results 

3.1. Foraging patterns 

Overall, 2014, 2015 and 2017 were the years in which the highest 
values of the NAO index and the lowest values of both SSTA and OMLT 
were observed (Tables 1 and 2). Therefore, we define them as years of 
good oceanographic conditions. The MTOMLT values were also higher 
in these three years, meaning that the thermocline was already less deep 

from the beginning of the breeding season. In fact, these higher values in 
MTOMLT coincide with the lowest OMLT values in April, which suggests 
that oceanographic conditions were already good by April (Table 1). The 
opposite was found for the remaining three years (i.e. 2013, 2016 and 
2018). 

During the incubation periods of 2013, 2016 and 2018 the monthly 
NAO index was significantly lower (LMM: F5,13 = 3.26, P = 0.04), while 
the SSTA and OMLT in the colony surroundings were significantly 
higher (F5,78 = 2.73, P = 0.03 and F5,36 = 3.11, P = 0.02, respectively) 
when compared to 2014, 2015 and 2017 (Table 1). Also during 2013, 
2016 and 2018 birds foraged significantly farther from the breeding 
colony (F5,157 = 2.55, P = 0.03), during more days (F5,157 = 3.15, P =
0.01), but spent less time foraging (F5,157 = 2.78, P = 0.02; Table 1), and 
consistency in habitat use either in terms of overlap and area among 
consecutive trips was also significantly higher (F5,157 = 2.59, P = 0.03 
and F5,157 = 2.69, P = 0.02, respectively) when compared to 2014, 2015 
and 2017. During 2015, birds had significantly higher δ15N (F5,74 =

2.89, P = 0.02) and during 2014 and 2015 had significantly lower δ13C 
(F5,74 = 3.68, P = 0.03) values when compared to all other study years 
(Table 1). 

During the chick-rearing periods of 2013 and 2018 the monthly NAO 
was significantly lower (LMM: F3,13 = 3.72, P = 0.04) and the SSTA and 
OMLT for April in the colony surroundings were significantly higher 
(F3,78 = 3.19, P = 0.03 and F3,38 = 3.72, P = 0.04, respectively) when 
compared to 2015 and 2017. During 2013, 2017 and 2018 birds foraged 
significantly farther from the breeding colony (F3,379 = 2.82, P = 0.04), 
in longer trips (F3,379 = 3.22, P = 0.02) and spent less time foraging 
(F3,379 = 3.00, P = 0.03, Table 1). Birds were significantly more 
consistent in the use of space during 2013 and 2018, either in terms of 
overlap (F3,379 = 3.89, P = 0.01) and foraging area (F3,379 = 3.19, P =
0.03) among consecutive trips when compared to 2015 and 2017. Plus, 
δ15N values of tracked birds were significantly higher in 2015 when 
compared to the other study years (F3,76 = 3.18, P = 0.03), and δ13C 
values were significantly lower in 2013 and 2015 when compared with 
2017 and 2018 (F3,76 = 4.09, P = 0.01, Table 2). 

Cape Verde shearwaters also exhibited a change in foraging behav-
iour between different phases of the reproductive cycle (Fig. 1). During 
incubation, individuals mostly exploited the more productive areas off 
the West African coast, particularly in Senegal (Fig. 1A and B), while 
during chick-rearing, birds concentrated their foraging activity within 
the Cabo Verde archipelago and made comparatively fewer foraging 
trips to West Africa (Fig. 1C and D). Furthermore, during incubation 
birds made significantly more short trips (≤350 km) in years of good 
oceanographic conditions (2014, 2015, 2017) when compared to years 
of poor oceanographic conditions (χ2

5 = 15.10, P = 0.01) (Fig. 2A). The 
former pattern was less evident during chick-rearing (χ2

5 = 9.24, P =
0.10) (Fig. 2B). Overall, foraging strategies varied generally according to 
inter-annual changes on the characteristics of the environment in the 
colony surroundings. 

3.2. Habitat suitability 

All EENMs exhibited good to excellent predictive performance in 
discriminating suitable from unsuitable conditions, ranging from (AUC 
= 0.94; TSS = 0.80) to (AUC = 0.96; TSS = 0.87) (Table A1). In both 
breeding phases, the variables that best explained the foraging locations 
of individuals were BAT and SST (Table A1). However, the sea surface 
temperature anomaly (SSTA) also explained part of the foraging 
behaviour of birds during chick-rearing in 2015 and 2017 (Table A1; 
years of apparent good oceanographic conditions). Both during incu-
bation (Fig. 3A) and chick-rearing (Fig. 3B), SST explained the foraging 
behaviour of Cape Verde shearwaters between 2013 and 2015, while 
between 2016 and 2018 it was BAT. Birds foraged in areas with lower 
depths and warmer waters (Fig. A2(B) and A2(D)), both during incu-
bation and chick-rearing. We observed that in 2013, 2017 and 2018 
individuals showed preference for shallower waters, unlike in the 
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remaining years. In relation to SST, birds preferred to forage in waters 
with slightly lower temperatures during incubation (Fig. A2(B)). In 
2017, individuals responded to lower sea-surface temperatures and did 
not show a large variation in behaviour with increasing SST (Fig. A2(B)). 
During chick-rearing, they were quite constant between different years 
(Fig. A2(D)). According to Table A1, SSTA was of low relevance in the 
choice of foraging areas during the chick-rearing of 2013 and 2018, 
unlike 2015 and 2017, in which individuals showed a preference for 
areas with higher SSTA values (Fig. A2(E)). 

3.3. Isotopic niche 

Overall, there was some inter-annual and inter-seasonal variation in 
the isotopic niche (Fig. 4). In both phases, birds had relatively narrow 
isotopic niches (SEAC <2.3) (Table 3), with a small interannual overlap. 
During incubation, individuals’ δ13C values were stable along the years 
(Fig. 4A). However, 2014 was the year in which birds fed on prey of 
lower δ15N values, contrasting with 2017, in which they ingested prey of 
higher trophic levels (Fig. 4A). Birds showed also a broader isotopic 
niche during 2015 (SEAC 2015 = 1.24), and a narrower isotopic niche 
during 2016 and 2018 (SEAC 2016 = 0.34 and SEAC 2018 = 0.37) 
(Table 3). In this phase, only the 2014 isotopic niche was narrower than 
that of 2015 (SEAB: P = 0.043), and that of 2016 was narrower than that 
of 2017 (SEAB: P = 0.002). During chick-rearing, Cape Verde shearwa-
ters presented more constant nitrogen isotopic values within years and 
showed larger variations in their basal resources (Fig. 4B). In 2013 and 
2015, Cape Verde shearwaters decreased their δ13C values, while in 

2017 and 2018 those values increased (Fig. 4B). They showed a broader 
isotopic niche during 2013 (SEAC 2013 = 2.34) and a narrower isotopic 
niche during 2015 and 2017 (SEAC 2015 = 0.74 and SEAC 2017 = 0.68; 
Table 3). Only in 2015, the isotopic niche was narrower than that of 
2018 (SEAB: P = 0.013), and that of 2017 was lower than that of 2018 
(SEAB: P < 0.001). The overlap of isotopic niches between years was 
quite low with the exception of the overlap between 2013 and 2014 
(31.3%), 2015 and 2016 (30.5%) and 2015 and 2017 (15.9%), during 
the incubation period. In the remaining years, the overlap was below 
2.7%. 

4. Discussion 

4.1. At-sea spatial and temporal segregation in relation to environmental 
conditions 

In this study, we show that Cape Verde shearwaters differed in 
foraging behaviour between breeding phases and between years of good 
and poor oceanographic conditions (likely drivers of good and poor prey 
availability, respectively). We show, as Ramos et al. (2020) did for 
Cory’s shearwater (Calonectris borealis), that there was a strong influ-
ence of oceanographic conditions on the foraging ecology of Cape Verde 
shearwaters. Similar patterns have been reported in other seabird spe-
cies inhabiting other areas of the world, in particular the fact that 
foraging behaviour may alter in response to shifts in prey abundance 
around the colony (e.g. Garthe et al., 2011; Boyd et al., 2017). Bertram 
et al. (2017) showed that the foraging sites of Cassin’s Auklet 

Fig. 1. Foraging areas (50% Kernel UD; filled polygons) and home range (95% Kernel UD; lines) of Cape Verde shearwaters from Raso Islet (yellow star) during 
incubation (A, B) and chick-rearing (C, D) of years with good (A, C) and poor (B, D) oceanographic conditions in the colony surroundings (see Table 1). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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(Ptychoramphus aleuticus) in Triangle Island, Canada, were strongly 
influenced by the presence and distribution of their preferred prey. Prey 
distribution is highly sensitive to environmental variability (McInnes 
et al., 2017) which drives seabirds to alter their search patterns and 
feeding techniques in response to a decrease in prey availability (Garthe 
et al., 2011; Boyd et al., 2017), often by allocating more time in search of 
more productive areas (Harding et al., 2007). 

As expected, during incubation, particularly in years of poor 
oceanographic conditions, in their colony surroundings (2013, 2016 and 
2018), birds mainly foraged along a region off West Africa (Senegal) 
(Ramos et al., 2018), where marine productivity levels are prevalently 
high and persistent through time (Demarcq, 1998), performing a larger 
number of long foraging trips (>350 km), as Diop et al. (2018) found 
with red-billed tropicbirds (Phaethon aethereus) in the Central eastern 
Atlantic. Also, in those years, the consistency in the use of space was 
higher. This might be related to the repeated use of a more compara-
tively constricted area to forage, off West Africa (~750 km), where 
oceanographic conditions are more predictable when compared to their 
colony surroundings. During chick-rearing and years of good oceano-
graphic conditions (2015 and 2017) birds made shorter trips (≤350 km), 
and foraged closer to their breeding colony. However, during 
chick-rearing of 2017, a year with good oceanographic conditions in the 
colony surroundings, birds also made longer trips but spent less time 
foraging. Overall, these changes in foraging patterns between the two 
breeding periods, generally agree with previously described foraging 

patterns by Paiva et al. (2015). This study revealed also that during 
chick-rearing and for years of poor oceanographic conditions, the 
oceanic area close to Cap Blanc is an important foraging area for this 
population. This highlights the need for long-term studies, encompass-
ing diverse environmental conditions, in order to identify important 
foraging areas for marine top predators and assess whether the consis-
tency in the use of such regions is maintained over time. In many 
tropical waters there appears to be highly productive areas at relatively 
easy reach of tropical seabirds (Catry et al., 2009), and this seems to be 
the case for Cape Verde shearwaters, travelling to the upwelling area off 
West Africa. Also, because tropical seabirds make an extensive use of 
highly dynamic oceanographic features, such as fronts, eddies, and take 
advantage of opportunistic ‘facilitated foraging’ provided by subsurface 
predators, the predictability in the use of foraging areas may be lower 
than those of temperate seabird species. Although the presence of un-
derwater predators, such as tuna, may seem difficult to predict, tropical 
seabird species are able to follow the distribution of underwater pred-
ators that enhance their foraging opportunities (Hebshi et al., 2008; 
Catry et al., 2009; Miller et al., 2018). 

In general, Cape Verde shearwaters often foraged in shallower re-
gions, which correspond to coastal areas and, therefore, good oceano-
graphic conditions (Bennet et al., 2019). This was in line with the results 
of our habitat models, where the variables best explaining the choice of 
foraging sites were BAT and SST (Tremblay et al., 2009; Grémillet et al., 
2020). Patterns in SST, namely low SST areas, are indeed accounted as 
drivers of the foraging distribution of several marine megafauna in 
previous studies worldwide (Tremblay et al., 2009; Soldatini et al., 
2019). The OMLT determine the depth of the thermocline layer, which, 
in turn, influence the abundance and distribution of marine prey (Spear 
et al., 2001; Kantha and Clayson, 2003; Ballance et al., 2006) and, 
consequently, the distribution of its predators (Ballance et al., 2006; 

Fig. 2. Percentage of short (black) and long (grey foraging trips of Cape Verde 
shearwaters from Raso Islet during (A) incubation and (B) chick-rearing of 
2013–2018. Short (≤3 days; ≤ 350 km) and long (>3 days; > 350 km) trips 
were defined based on the correlation between trip duration and maximum 
distance to colony (see Fig. A1). * Years with poor oceanographic conditions. At 
the top of each bar is the total number of trips for that year. 

Fig. 3. Percentage contribution of bathymetry (BAT), Sea Surface Temperature 
(SST) and Sea Surface Temperature Anomaly (SSTA) in explaining the selection 
of foraging areas in (A) June (incubation) and (B) September (chick-rearing) of 
2013–2018. (further details in Table A1). * Years with poor oceano-
graphic conditions. 
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Eeden et al., 2016). The years whose OMLT was thinner were in 
agreement with the years with the highest NAO index and the lowest 
SSTA and, therefore, the highest marine productivity. This allowed birds 
to spend less energy and make shorter foraging trips. Missagia et al. 
(2015) showed that Cory’s shearwaters (C. borealis) explored more 
frequently, even if during migration, two neritic areas (South of Brazil 
and South Africa) (ie low BAT) as non-reproductive grounds known to 
be associated with higher upwelling phenomena, presenting low SST 
values. Wedge-tailed shearwater (Ardenna pacifica) of the Great Barrier 
Reef also forages in places which offer greater availability of prey, which 
are characterized by deep waters (McDuie et al., 2015). 

4.2. Isotopic niche in different phases and environmental conditions 

During the incubation period, the blood δ13C values of Cape Verde 
shearwaters were higher than during the chick-rearing period, which 
could be explained by foraging in more coastal areas off West Africa 

during the incubation period (Paiva et al., 2015), where deep waters 
with 12C-enriched CO2 are present due to upwelling (McMahon et al., 
2013). However, also in chick-rearing of 2017 and 2018 the isotopic 
values of δ13C were high. These values in 2017 are in line with a higher 
number of trips to the coast of Africa as mentioned earlier, despite being 
a year of better environmental conditions. In 2018 this should be 
attributed to the fact that birds have explored coastal insular areas off 
the Cabo Verde archipelago (with shorter foraging trips). We also ex-
pected higher δ13C values in 2013, 2016 and 2018 because oceano-
graphic conditions were apparently poor, and birds moved further to the 
African coast (Numata et al., 2000), where the upwelling intensity is 
higher and, therefore, where deeper waters emerge, which are saturated 
in 12C-enriched CO2 (Ramos et al., 2020). However, during the incu-
bation period, Cape Verde shearwaters were always very stable in their 
δ13C signatures, but 2018 stood out in showing higher δ13C values, as 
expected, since it was a year of poor environmental conditions and, 
therefore, birds foraged more along the African coast. During the 
chick-rearing period, the opposite of our expectations occurred in 2013 
(the most negative values) and 2017 (more positive values). One of the 
possibilities for lower δ13C values in 2013 is the consumption of more 
demersal prey from fishing discards (Olaso et al., 2002). Previous 
seabird long-term studies also reported an increase in consumption of 
prey with a lower trophic level mostly due to an increasing over-
exploitation of fisheries (Hobson et al., 2015; Gagne et al., 2018). 
Nevertheless, demersal species were not detected in chicks’ diet in 2013 
(Rodrigues, 2014). Exploitation of more coastal areas along the African 
coast would explain the higher δ13C values during the chick-rearing of 
2017 (Ramos et al., 2020). Ramos et al. (2018) reported that during 
years of unfavourable oceanographic conditions, Cape Verde shearwa-
ters exhibited larger home ranges and foraging areas and a wider iso-
topic niche. It seems that Cape Verde shearwater may change their 
foraging decisions according to food availability, which may help 
endure anticipated changes in marine food resources due to predicted 
enhanced climate stochasticity. 

There was a small interannual overlap between isotopic niches, 
which may be attributed to a strong prey unpredictability. The reason 
for the strong annual segregation in trophic niches may be attributed to 
differential prey source availability or differences in their emergence 
time. Birds can exhibit food plasticity and switch between prey types in 
response to changes in prey availability (Kowalczyk et al., 2014). Birds 
also increased the trophic level of prey from incubation to chick-rearing 
(higher δ15N) and decreased the overlap of isotopic niches. In 2013, 
2018 (years with poor oceanographic conditions) the amplitude of the 
niche increased from incubation to chick-rearing, which likely means 
that the individuals became more generalist in their prey choices. Pre-
vious studies also document a wider isotopic niche during years of poor 
foraging conditions in Little penguin (Eudyptula minor) and Maca-
ronesian shearwaters (Puffinus baroli), respectively (Kowalczyk et al., 
2014; Ramos et al., 2015). This niche enlargement may be partially a 
response to the nutritional needs of growing chicks (Granadeiro et al., 
2000). In the remaining years of apparent good oceanographic condi-
tions, birds had a smaller isotopic niche during chick-rearing suggesting 
a higher specialization, which may be related to the greater abundance 
of a particular prey, especially its main food items (Leal et al., 2017; 
Ramos et al., 2018). 

4.3. Conservation considerations 

The population of Cape Verde shearwaters has been declining 
because they were captured in high numbers for human consumption 
until about 10 years ago (Murphy, 1924; BirdLife International, 2018) 
particularly in Raso and Cima Islets, and also at sea through accidental 
capture in fisheries (BirdLife International, 2018). Here we documented 
that inter-annual environmental variability can have a great impact on 
foraging movements and trophic ecology of Cape Verde shearwaters. 
Birds tend to maintain foraging sites between years, unless 

Fig. 4. Isotopic niche area of Cape Verde shearwaters based on stable isotope 
ratios (δ13C and δ15N) in whole blood (2013–2017) or RBC (2018) of birds 
during incubation (A) and chick-rearing (B) of study years. The corrected 
standard ellipses areas (SEAC, 40%) are represented by the solid lines. 
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oceanographic conditions change, which lead birds to shift their spatial 
and trophic niche. This information will be useful to understand the 
ecology of tropical seabirds, as there are still few studies in these areas. 
Moreover, the identification of foraging areas used by seabirds under 
contrasting conditions from multiple study years, will ultimately guar-
antee the design of more effective MPAs. The implementation of Marine 
Protected Areas (MPAs) around the world has become increasingly 
popular to prevent population decline, promote recovery, and improve 
biodiversity conservation (Doherty et al., 2017). Therefore, the protec-
tion of top predators could be an important strategy in the establishment 
of protected areas (Ludynia et al., 2012). However, these management 
measures require detailed information on the ecology of species, espe-
cially foraging (Grüss et al., 2011) and breeding sites (Hooker and 
Gerber, 2004), in order to protect the areas of greatest importance for 
the species (Pichegru et al., 2009). The greater the degree of overlap 
between such MPA and areas most commonly used by individuals of the 
same species, the greater the protection at population level (Knip et al., 
2012). In the Canary Current system off West Africa, the phenomenon of 
strong resurgence sustains a high abundance of small pelagic prey, 
which attracts industrial fisheries and marine top predators such as 
seabirds. The fish resources in the area are subjected to over-exploitation 
and un-regulation (Grémillet et al., 2015), which may have a negative 
effect on the large seabird community that uses this area (Ramos et al., 
2013, 2017), either indirectly or directly through seabird bycatch 
(Grémillet et al., 2015). As one of the World’s ‘fisheries-conservation 
hotspot’ (Camphuysen and van der Meer, 2005; Grémillet et al., 2015), 
this area needs effective conservation measures, such as the design of 
MPAs. Protection measures at the breeding colonies, such as surveil-
lance to protect Cape Verde shearwater from human disturbance and 
prevent the arrival of alien species, such as rats, are currently underway, 
but this is not enough. Overall, the designation of MPAs in the at-sea 
areas mostly commonly used by seabirds should be relevant to protect 
them and their habitats (Grémillet and Boulinier, 2009), as well as to 
define rules for more sustainable fisheries’ management (Handley et al., 
2020). 
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Annex. 

Table A1 
Estimates of relative contributions of the oceanographic predictors generated in biomod2 (Thuiller et al., 2018) for the foraging distribution of Cape Verde shearwaters 
from Raso Islet, during incubation and chick-rearing of sampling years (2013–2018). Variables with higher contribution (>20%) to the ensemble models shown in 
bold. * Years with poor oceanographic conditions. 

Table 3 
SIBER outputs for the incubation and chick-rearing periods: layman metric of convex hull area (TA), standard 
ellipse area (SEA) and standard ellipse area corrected for small sample sizes (SEAC). All metrics were 
computed using the SIBER R package (Jackson et al., 2011). * Years with poor oceanographic conditions are 
marked with a grey background. 
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Fig. A1. Positive and significant relationship between trip duration (days) and maximum distance to colony (Km) of Cape Verde shearwaters from Raso Islet between 
2013 and 2018 (Spearman rs = 0.86, N = 719, P < 0.001). The grey line divides short (≤3 days; ≤ 350 km) and long (>3 days; >350 km) foraging trips.  
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Fig. A2. Response curves of the most important variables (>20% contribution) explaining the foraging distribution of Cape Verde shearwaters during incubation (A- 
B) and chick-rearing (C-E) of 2013–2018. The grey shadow represents the 95% confidence intervals. GAM – Generalized Additive Model from the Biomod2 (Thuiller 
et al., 2018). 
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