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Abstract
The White-faced Storm Petrel (WFSP) Pelagodroma marina has a widespread distribution, although virtually nothing is 
known about their feeding ecology and distributions at-sea. To describe their foraging areas, a total of 77 birds were equipped 
with 1 g-GPS loggers on Selvagem Grande, Madeira, Portugal (30° 09′ N, 15° 52′ W), during the 2018 and 2019 breeding 
seasons. We also assessed the diet of WFSP by analysing 17 faecal samples from chicks and 1 regurgitation from an adult 
using DNA metabarcoding techniques. Additionally, we collected body feathers from ten WFSP chicks to determine mercury 
concentration. WFSP fed mainly in deep oceanic waters, travelling up to 400 km from the colony, and did not concentrate in 
any well-defined, population-level foraging hotspots. Some individuals foraged along the edge of the shelf, near the African 
coast and the Canary Islands, especially during chick rearing. The duration of foraging trips and the total distance travelled, 
were, on average, 5.1 days and 723 km during the incubation period and 3.0 days and 578 km during chick rearing. The 
diet of WFSP was dominated by fish and cephalopods (crustacean prey were not detected), with Myctophidae (FO = 71%) 
representing the main fish family. WFSP often consume mesopelagic fish, in line with their preference for deep oceanic 
waters and with a small difference in at sea behavior (i.e., travel speed) between the diurnal and nocturnal period. The rela-
tively high concentrations of mercury accumulated in body feathers of WFSP chicks (3.45 ± 1.44 mg  kg−1 dry weight; range 
1.68–6.01 mg  kg−1) support the idea that WFSP raise their chicks mostly on mesopelagic prey from deep pelagic areas.
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Introduction

Seabirds represent an important component of marine 
trophic networks worldwide (Fauchald 2009). They are 
major consumers in marine ecosystems (Furness 1978; 
Brooke 2004a, b) and use foraging areas ranging from tens 

to thousands of kilometres from their breeding grounds 
(Coulson 2002; Brooke 2004a). During the breeding season, 
seabirds are central place foragers, having to commute regu-
larly between foraging locations and the colony, to attend 
their eggs or feed their chicks. The at-sea distributions of 
most seabirds are linked to spatial distribution of prey, their 
abundance, and availability (Hunt and Schneider 1987; Fau-
chald et al. 2000; Depot et al. 2020). The diet of seabirds 
can reflect changes that occur at lower trophic levels, and 
thus, seabirds can be used as indicators helping to moni-
tor the marine environment (Romero et al. 2021). Informa-
tion on at-sea behavior and space-use of pelagic seabirds is 
essential to understand their role in ocean ecosystems and 
is also increasingly used to inform marine spatial planning 
(Camphuysen et al. 2012; Oppel et al. 2018).

In recent years, bird-borne GPS devices have provided 
new insights into the spatial distribution and movement pat-
terns for many large- and medium-sized seabird species at 
sea (BirdLife 2020; Yoda 2019). Although there has been 
much progress in the miniaturization of tracking devices, 
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foraging areas for the small procellariform seabirds are still 
largely unknown (Oro 2014; Rodríguez et al. 2019). How-
ever, in the last few years, lightweight (~ 1 g) GPS devices 
have become available, which now allow tracking even the 
smallest seabird species over extended periods of time (Hedd 
et al. 2018; Rotger et al. 2020; Bolton 2021).

The White-faced Storm Petrel Pelagodroma marina is 
a small burrow-nesting seabird (40–70 g; Marchant and 
Higgins 1990) of the Hydrobatidae family, comprising six 
subspecies, found in Atlantic, Pacific, and Indian Oceans 
in both Hemispheres (del Hoyo et al. 1992). Except for few 
breeding pairs in the Canary Islands (ca. 50 pairs, Rodríguez 
et al. 2003), the global population of the endemic European 
subspecies (Pelagodroma marina hypoleuca) is confined to 
a small archipelago, the Selvagens Islands, in the North-east 
Atlantic (Campos and Granadeiro 1999; Silva et al. 2015). 
Although further studies are required to confirm the actual 
population in the Selvagens archipelago, in 1996, population 
was estimated at 61,000 breeding pairs, of which 36,000 
were counted in Selvagem Grande for the same year (Cam-
pos and Granadeiro 1999).

Most studies on White-faced Storm Petrels have focused 
on breeding biology (Richdale 1943–1944; Campos and 
Granadeiro 1999; Menkhorst et al. 1984; Underwood and 
Bunce 2004). Their at-sea distribution is largely unknown, 
but ship-based observations report that White-faced Storm 
Petrels are generally seen foraging over continental shelves 
(Rankin and Duffey 1948; Warham 1990; Cramp and Sim-
mons 1997; Spear et al. 2007). In contrast, an analysis of sta-
ble isotopes of carbon in toe-nails of the Selvagem Grande 
population suggests that birds probably forage over the deep 
ocean around the Selvagens, rather than feeding close to the 
African coast (Furtado et al. 2016).

White-faced Storm Petrels are solitary-feeders and sur-
face foragers, pattering the water with their long legs with 
out-stretched wings (Watson et al. 1986; Warham 1990; 
Spear et al. 2007). The diet of White-faced Storm Petrels 
consists mostly of small fish, pelagic crustaceans, and sur-
face plankton (e.g., Imber 1984; Marchant and Higgins 
1990; Brooke 2004a, b; Spear et al. 2007). The species 
appears to be opportunistic (Spear et al. 2007), feeding both 
nocturnally and diurnally on a diverse array of Myctophi-
dae fishes, but also pelagic fishes (e.g., Bregmacerotidae), 
crustaceans (e.g., Hyperiidea, Euphausiid, crab megalops), 
and other non-cephalopods invertebrates (e.g., water-striders 
Halobates spp., Janthina sp.). However, information about 
the feeding ecology of White-faced Storm Petrels from the 
North Atlantic is very scarce (Waap 2015).

DNA metabarcoding of faecal samples is a non-invasive 
and robust method for identifying prey taxa (Symondson 
2002; De Barba et al. 2014; Buglione et al. 2018). With 
the development of high-throughput sequencing techniques 
(HTS) of DNA barcodes, it is now possible to detect DNA 

sequences from degraded biological material (Valentini et al. 
2009; Taberlet et al. 2012), including from faeces. The emer-
gence of such techniques opens promising opportunities to 
gather information on the diet of these small seabird species, 
avoiding the use of intrusive methods (Symondson 2002).

Seabirds that rely extensively on mesopelagic prey tend 
to display high mercury concentrations compared to species 
with an epipelagic diet (e.g., Carravieri et al. 2018; Furtado 
et al. 2019, 2021; Monteiro and Furness 1995; Kim et al. 
1996). This is due to the higher rate of microbial-mediated 
methylation of mercury in sub-thermocline low oxygen 
waters (Choy et al. 2009). Furthermore, pelagic seabirds 
show higher mercury concentrations as compared to coastal 
species (Monteiro and Furness 1995; Monteiro et al. 1996). 
Determination of feather mercury concentration hence 
allows further insights into the diet of seabirds, as mercury 
is deposited during feather growth, reflecting accumulation 
through diet over this period (Monteiro and Furness 2001).

Here, for the first time, we examine the foraging move-
ments of White-faced Storm Petrels in the NE Atlantic 
using GPS devices, during the incubation and chick rear-
ing periods of 2 consecutive years. We also briefly describe 
the prey delivered during chick rearing by examining chick 
faecal samples using DNA metabarcoding. In addition, we 
report the mercury levels in chick body feathers in Selvagem 
Grande, reflecting the concentration of this heavy metal in 
prey obtained in the foraging areas used during chick rearing 
(Stewart et al. 1997; Furtado et al. 2021).

Methods

Study area

Fieldwork was carried out on the island of Selvagem Grande 
(30° 09′ N, 15° 52′ W) (Fig. 1), the largest (245 ha) of the 
three islands which constitute the Selvagens Nature Reserve. 
Selvagem Grande is located in the North-east Atlantic, ca. 
300 km south of the Island of Madeira (Portugal) and con-
sists of a flat plateau surrounded by cliffs. The White-faced 
Storm Petrel breeds in burrows located in two well-defined 
areas of sandy soil in the plateau.

GPS tracking

In 2018 (April to May) and 2019 (April to June), a total of 
65 White-faced Storm Petrels were captured at their nests 
during incubation, and equipped with 0.95 g GPS devices 
(Pathtrack Ltd., UK). Between May and June 2019, another 
12 individuals were captured after feeding their chicks, using 
drop-traps set at the entrance of their burrows. Individuals 
were only tracked once, during the course of the study and 
41% recorded more than one trip.
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The GPS devices were attached to the base of the four 
central tail feathers using three narrow strips of TESA 
tape. The devices and attaching material weighed 1.1 g, 
corresponding to 1.9–2.4% of the body mass of tagged 
birds, below the 3% threshold above which it is believed 
the behavior of birds may be affected (Phillips et  al. 
2003). Total handling time was kept to a minimum (less 
than 10 min) and birds were returned to their burrows 
immediately afterwards to resume incubation or until 
leaving the chick.

During the first deployments in 2018 (incubation 
period, n = 23 deployments), GPS devices were set to 
record a location every 3 h, but subsequently we increased 
the frequency of locations to two fixes per hour (n = 15). 
In 2019, still during the incubation period, GPS devices 
(n = 27) were programmed to take fixes every hour. 
Shorter trips were expected during chick rearing, and 
therefore, we programmed 8 GPS devices to record a 
location every hour and four GPS devices were set to 
record a location every half hour. Prior to GPS deploy-
ment, a set of birds in nests were marked with a small 
white patch in the head. Nests were then inspected daily 
to avoid fitting GPS devices on individuals who had 
recently returned from foraging trips. In addition, a group 
of control nests (n = 30) was chosen and also monitored 
regularly to evaluate any impact of GPS on behavior by 
comparing duration of absences from the nest (i.e., trip 
duration) with those of deployed birds. We only checked 
controls during the incubation period. We tested for dif-
ferences in trip duration between tagged birds and control 
group, using a generalized linear model (GLM) with a 
Poisson distribution.

GPS data processing

All GPS data were informally scanned for the presence of 
unrealistic fixes, identified as very large displacements asso-
ciated with sudden changes in direction. These points (< 10) 
were eliminated before any analysis. All tracks from a single 
individual were split into individual trips, setting the start 
of the trip as the first fix obtained at more than 10 km from 
the colony, and the end if a fix was within 20 km from the 
colony (without any subsequent point further away from 
the colony). Several trips (25 out of 55) were not complete, 
due to battery failure (often in the end of the trip) or to 
other unknown cause (in this case, creating some gaps in 
the trips). Based on the degree of completeness of the trips, 
and on our daily attendance records at each nest, some of the 
trips were used to calculate trip metrics (last GPS fixes miss-
ing only when returning birds were very close to the colony, 
n = 55 trips). Incomplete trips were also used to calculate 
kernel utilization distributions when areas of intensive use 
could be clearly identifiable (n = 48) or to calculate other 
trip metrics (e.g., maximum trip distances) when track-
ing data clearly indicated that birds were clearly on their 
return to the colony (n = 46). We considered complete trips 
(n = 17 for incubation; n = 13 for chick rearing) to calculate 
total distance travelled (km), maximum distance (km) from 
the colony and trip duration (h). In addition, we also used 
nearly complete trips based on the quality of the trips for 
each trip characteristic parameter [total distance travelled 
(n = 10 for incubation; n = 5 for chick rearing), maximum 
distance (n = 11 for incubation; n = 5 for chick rearing), and 
trip duration (n = 6 for incubation; n = 4 for chick rearing)]. 
Finally, for the identification of foraging areas and to calcu-
late the depth at foraging areas, we used data from complete 
tracks (n = 17 for incubation; n = 13 for chick rearing) and 
nearly complete trips (n = 14 for incubation; n = 4 for chick 
rearing).

Kernel utilization distributions were calculated for the 
incubation and chick rearing period on projected coordi-
nates (UTM zone 28N, datum of Selvagens, EPSG = 2943) 
linearly interpolated at 1 h, using adehabitatHR package 
(Calenge 2006), setting the smoothing parameter (h) at 
10,000 m (close to the average step length recorded per hour, 
see “Results”). We excluded from this analysis all interpo-
lated points, whenever their time difference was ≥ 4 h. All 
fixes were then interpolated at 1 h intervals for subsequent 
analysis. To assess the differences in speed (hence total 
extent) estimated at different sampling intervals, we resam-
pled all trips obtained at 0.5–1 h and 2 h intervals, and cal-
culated the mean speeds in each case. As expected, shorter 
sampling intervals delivered higher estimates of speed 
(0.5 h = 9.4 ± 5.5 km  h−1) than those estimated at longer 
periods (1 h = 8.9 ± 5.3 km  h−1; 2 h = 8.4 ± 5.4 km  h−1), but 
the differences were small, particularly between 1 and 2 h 

Fig. 1  Study area in the NE Atlantic, showing the location of Sel-
vagem Grande (red triangle)
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(ca. 5.8%). Since all trips were interpolated at 1 h (hence 
eliminating biases due to 0.5 h sampling intervals), we did 
not undertake any correction to deal with differences in fix 
intervals. All fixes were classified as diurnal or nocturnal 
according to the civil twilight, i.e., setting them as nocturnal 
whenever the fix was obtained when the sun was – 6° or 
less below the local horizon and diurnal otherwise [func-
tion crepuscle in maptools R package (Bivand and Lewin-
Koh 2020)]. To quantify any difference in sea-floor depth 
between incubation and chick rearing, we intersected the 
50% kernel utilization distribution (UD) of each individual 
with the bathymetric data obtained from ETOPO1 Global 
Relief Model (at 1 arc-min resolution, https:// www. ngdc. 
noaa. gov/ mgg/ global), from which we calculated an average 
value of depth per individual. We also identified all fixes 
lying within the 50% UD of all individuals during incubation 
and chick rearing, to quantify the proportion of fixes in these 
areas during the day and during the night in each period.

Chick diet determination with DNA 
metabarcoding

DNA isolation and sequencing

In 2019, we collected faecal samples from 28 chicks 
at their nests. The mean age of the chicks sampled was 
19.6 ± 9.4 days (range 3–33). A tinfoil sheet was placed at 
the bottom of the nest chamber each morning (after the adult 
had left the nest), where chicks would defecate naturally. 
The nest chamber was inspected regularly during the morn-
ing period until the faecal samples were collected. If dur-
ing that period, the chick had not defecated, the tinfoil was 
retrieved and sampling would be resumed the following day. 
Faecal samples were collected with a plastic spatula and 
stored in 2-mL tubes with absolute ethanol and stored at 
– 20 °C. One spontaneous regurgitate from an adult about 
to feed its chick was also included in diet analysis. DNA 
was isolated from each sample with a Norgen Stool DNA 
isolation kit (cat#27600, Norgen Biotek, Canada). The tubes 
were centrifuged for 1 min at 13,000 rpm and ethanol was 
carefully removed by aspiration with a micropipette before 
transferring the solid phase into the bead tubes. Samples 
were incubated in lysis buffer with gentle vortex for 1–2 h 
at room temperature before horizontal bead beating in a 
vortex at full speed. DNA was eluted in 65 µL of elution 
buffer at the final step of the protocol. The elution buffer 
was preheated at 70 °C and allowed to incubate at room tem-
perature for 30 min before centrifuging. DNA samples were 
evaporated with SpeedVac to a final volume of 20 µL, using 
then Qubit 2.0 [Invitrogen with Qubit dsDNA HS Assay kit 
(Thermo Fisher Scientific)] to measure final DNA concen-
tration. Samples with less than 1 ng/µL were discarded (8 

samples) and the remaining (20 samples) were used for DNA 
metabarcoding. Libraries were prepared by AllGenetics and 
Biology SL (http:// www. allge netics. eu), aiming to target the 
main prey groups with the 16S gene: fishes/cephalopods and 
crustaceans. Primers and the blocking primer used as well 
as conditions for DNA amplification by polymerase chain 
reaction (PCR) are provided in the Online Resource 1. All 
samples that produced a PCR product were sequenced in 
NovaSeq PE250 (Illumina). Amplifications with the crus-
tacean primers were successful for the regurgitate sample 
but failed for the faecal samples, despite several rounds 
of optimization. The DNA concentrations obtained from 
the regurgitate sample were high (24.2 ng/μL), but it was 
very low for several faecal samples (mean 7.5 ng/μL, range 
1.03–30.4 ng/μL), which likely added difficulties to obtain 
successful amplification of DNA fragments. DNA obtained 
from faeces is expected to present higher degradation as 
compared to stomach content due to longer digestion time 
of prey tissues (Sousa et al. 2019).

Sequence analysis and taxonomic assignment

Sequence data were processed under Qiime2-2021.4 pipe-
line (Bolyen et al. 2019) with the DADA2 plugin (Callahan 
et al. 2016) to trim primer sequences, filter reads by quality 
(Phred ≥ 20), merge paired-end reads (setting a minimum 
overlap of 50 bp for pairing forward and reverse reads), and 
collapse them into a list of unique Amplicon Sequence Vari-
ants (ASVs). ASVs were then classified with Qiime2 clas-
sify-consensus-vsearch (Rognes et al. 2016; Bokulich et al. 
2018) with the 16S Midori UNIQ-NUC_GB244 database 
as reference (Machida et al. 2017), setting 0.8 as minimum 
identity and 0.7 as minimum cover (full list of commands 
are provided in Online Resource 1). Taxa assignments by 
vsearch were confirmed by querying ASVs against Gen-
Bank with NCBI BLASTn (https:// blast. ncbi. nlm. nih. gov/ 
Blast. cgi). Assignments to species level were confirmed if 
ASVs had a 98–100% match to the best hit in blastN or 
adjusted to the least common ancestor whenever other taxa 
were assigned with similar identity or no occurrence of the 
species in the North Atlantic was documented. Unassigned 
and non-target contaminant sequences were discarded from 
further analyses.

Mercury analysis

We collected eight-to-ten back body feathers from ten 
White-faced Storm Petrel chicks during the 2019 breed-
ing season for quantification of total mercury. The mean 
age of the chicks sampled was 33.2 days (SD 2.44, range 
30–36 days). These ten chicks were also included in the diet 
determination using DNA metabarcoding. The difference 
between faecal and feather sampling was 3.7 days (range 

https://www.ngdc.noaa.gov/mgg/global
https://www.ngdc.noaa.gov/mgg/global
http://www.allgenetics.eu
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2–6 days). Feathers were clipped at the superior umbilicus 
of the feather, excluding the calamus, and stored in poly-
ethylene bags. Samples were weighed on a Sartorius M5P 
micro balance (Sartorius AG, Goettingen) (mass between 
0.441 and 3.020 mg, mean 1.23 ± 0.59 mg) and analysed 
according to the method described in Furtado et al. (2021). 
Total mercury in the body feathers was quantified by atomic 
absorption spectrophotometry with thermal decomposition 
(Costley et al. 2000) in LECO AMA-254 with a detection 
limit of 0.01 ng of mercury. At least two aliquotes of each 
sample were analysed, until the standard deviation was 
< 10%. Subsequently, the mean of the repeated mercury 
measurements was used for statistical analysis. Blanks were 
systematically run between samples (two procedural blanks). 
The mercury concentrations in procedural blanks were 
always below the detection limit of the equipment (0.01 ng 
of mercury). Precision and accuracy of the analytical method 
were evaluated by analysis of certified reference material 
(lobster hepatopancreas TORT-3; NRC, Canada). Reference 
values were of 0.292 ± 0.022 mg  kg−1 dry weight (dw), and 
the mean determinations ± SD were 0.280 ± 0.176 mg  kg−1 
dw (n = 8). Thus, the recovery of the Certified Reference 
Material (CRM) was 95.9%. Results were corrected using 
the daily recovery efficiency of CRM.

Statistical analysis

Comparisons of trip metrics between individuals tracked 
during incubation and chick rearing were carried out using 
general linear models. We also compared the distance trav-
elled by birds during the day and night in both reproduc-
tive phases, used linear mixed models (LMM), assuming 
a Gaussian error distribution. To do this, we calculated the 
distance travelled between consecutive points for each bird 
[i.e., travel speed (km  h−1)] using time of day (daylight and 
night, classified as above) and phase (incubation and chick 
rearing) as factors, and setting the individual as a random 
factor. We started with a full model (random effects and 
interaction between day and phase), and then compared it 
with increasingly simpler models, using ANOVA-like test 
for random and fixed effects. These tests were carried out 

using lmerTest (Kuznetsova et al. 2017) and lme4 packages 
(Bates et al. 2015) for R (R Core Team 2021). We estimated 
the bearing of the position of each individual in relation to 
the colony at a distance of 10 km, and tested the uniformity 
in the direction of departure from the colony, using Rayleigh 
uniformity test in circular package (Agostinelli and Lund 
2017).

Results

GPS retrieval

Overall, 66 out the 77 deployed GPS were recovered. All 
individuals tracked during the chick rearing period were 
recaptured at their nest. During incubation, nine birds could 
not be recaptured and eventually deserted their nest. Two 
birds lost the GPS attached. Four GPS did not deliver data 
due to device failure. From the 62 remaining GPS with data, 
we were only able to extract 55 trips for trip metrics calcula-
tion. There were no significant differences in trip duration 
between the recaptured birds with GPS and the control group 
[means (± SD): 6.5 ± 1.4 days (n = 109) vs 6.2 ± 1.7 days 
(n = 53), respectively, GLM χ2

1 = 0.59, P = 0.44].

Foraging trips

Total distance travelled, maximum distance from the colony, 
and trip duration were not significantly different between 
years during the incubation period (ANOVA, F1,25 = 0.78, 
P = 0.39, F1,26 = 1.16, P = 0.29 and F1,21 = 3.79, P = 0.06), 
so data from the 2 years were pooled.

Trip characteristics during incubation and chick rear-
ing are summarized in Table 1 and are based on 30 com-
plete trips and 19 nearly complete trips recorded, for both 
breeding phases. No significant differences in total distance, 
maximum distance, and trip duration were found between 
breeding periods (all P > 0.05; Table 1). However, there was 
a tendency for more distant foraging trips during incubation 
[18 birds (67%) undertook foraging trips over 500 km and 10 
individuals (37%) travelled over 1000 km] compared to the 

Table 1  Characteristics of 
foraging trips of White-faced 
Storm Petrel tracked with GPS 
devices from Selvagem Grande 
Island in 2018 and 2019 and 
comparisons between periods

Values are means ± SD, range and sample sizes in parentheses

Foraging trip characteristics Incubation 2018/2019 Chick rearing 2019 ANOVA F test

Total distance (km) 723 ± 487 (83–1800, n = 27) 578 ± 561 (72–1843, n = 18) F1,43 = 0.85
P = 0.36

Max. distance (km) 254 ± 157 (21–468, n = 28) 214 ± 208 (17–571, n = 18) F1,44 = 0.56
P = 0.46

Duration (h) 121 ± 81 (16–255, n = 23) 73 ± 69 (16–215, n = 17) F1,38 = 3.9
P = 0.055

Depth at foraging areas (m) 3190 ± 865 (n = 31) 2783 ± 1006 (n = 17) F1,46 = 2.2
P = 0.15
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chick rearing period [seven birds (49%) undertook foraging 
trips over 500 km, and only three birds (17%) travelled over 
1000 km] (see Online Resource 2).

Throughout the breeding period, birds were mostly asso-
ciated with offshore pelagic areas (average depth > 2000 m; 
Table 1 and Fig. 2). Most trips targeted deep waters around 
the colony. During the chick rearing period, four birds for-
aged in the shelf edge/slope, two near the African coast and 
the others on the west side of Fuerteventura Island (Fig. 2b). 
Birds set off in all directions from the colony during the 
incubation period (Rayleigh uniformity test: test statis-
tic = 0.29, P = 0.06, Fig. 2a), but tended to leave the island 
to the east during chick rearing (83° from the geographi-
cal north, Rayleigh uniformity test: test statistic = 0.53, 
P = 0.002). White-faced Storm Petrel did not seem to con-
centrate in any well-defined foraging hotspots (Fig. 2).

Birds travelled slightly but significantly faster dur-
ing the night (effect of period: day = 6.6 ± 2.2  km/h, 
night = 8.4 ± 2.3 km/h, LMM, t = 3.0, P = 0.004, Fig. 3) and 
also faster during chick rearing (effect of breeding phase: 
incubation = 7.1 ± 2.3 km/h, chick rearing = 8.6 ± 2.0 km/h, 
LMM t = 2.7, P = 0.01), with no significant interaction 
(t = 1.8, P = 0.08). The 50% UD of all individuals tended 
to contain slightly more diurnal than nocturnal fixes 
(day:night ratios, incubation = 1.20 (n = 1512 fixes); chick 
rearing = 1.49 (n = 558).

Diet

Prey sequences were detected in 17 samples (out of 20) 
and they all contained fish. European pilchard Sardina pil-
chardus (Clupeidae) predominated in samples (FO = 71%), 
followed by Warming’s lantern fish Ceratoscopelus warm-
ingii (Myctophidae, FO = 29%) and Longspine snipefish 
Macroramphosus scolopax (FO = 24%) (Table 2). Myct-
ophids were represented by 8 species, from 6 genus. Mes-
opelagic prey were present in 94% of the samples.

Cephalopods occurred in 24% of the faecal samples, 
with Mastigoteuthis magna being the most detected spe-
cies. The regurgitate of the adult presented a high number 
of taxa (9 different prey), including some crustaceans.

Mercury

The mean mercury concentration in chick back body feath-
ers was 3.45 ± 1.44 mg   kg−1 dry weight (n = 10), with 
concentrations ranging from 1.68 to 6.01 mg   kg−1 dw. 
Following the equation published by Ackerman et  al. 
(2016), the average mercury concentration of chick feath-
ers would correspond approximately to a blood mercury 
concentration of 0.43 ± 0.24 mg  kg−1 wet weight (range 
0.27–0.63 mg  kg−1).

Fig. 2  Foraging trips of White-faced Storm Petrel during incubation (a) 2018 and 2019 (n = 31) and chick rearing (b) 2019 (n = 17) from Sel-
vagem Grande and 50% utilization distribution of each individual. Selvagem Grande is represented with a triangle
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Discussion

In this study, we present novel data on foraging movements 
of the White-faced Storm Petrel during the incubation and 
chick rearing periods from the largest colony of this spe-
cies in the North Atlantic. The White-faced Storm Petrel 
departed from the colony without a strong preference in 
directionality and used mostly deep oceanic waters. They 
seem to have a marked nocturnal activity during the chick 
rearing period, feeding mostly on mesopelagic prey, which 
is corroborated by the relatively high concentrations of mer-
cury accumulated in feathers.

Individual foraging trips of White-faced Storm Petrel 
covered an average distance of more than 700 km while for-
aging during the incubation and more than 500 km during 
the chick rearing periods. Some individuals travelled more 
than 1000 km in one foraging trip during incubation, and 
further than 400 km off Selvagem Grande. Although remark-
able that a small petrel such as the White-faced Storm Petrel 
is able to travel so far during the breeding season, this is 
consistent with recent tracking results for other small spe-
cies of Procellariiformes. For instance, the Leach’s Storm 
Petrel Hydrobates leucorhous and Fork-tailed Storm Petrel 
Hydrobates furcatus, both weighing ca. 50 g birds, are able 
to travel distances up to 1600 km from the colony during 
the breeding season (Pollet et al. 2014; Halpin et al. 2018; 
Hedd et al. 2018; Bolton 2021; Collins et al. 2022). Rotger 
et al. (2020) also reported that Mediterranean Storm Pet-
rels Hydrobates pelagicus melitensis in the Mediterranean 

Sea ranged up to 350 km from breeding colonies during 
incubation. As commonly observed in Procellariiformes 
(e.g., Guilford et al. 2008; Cecere et al. 2013), White-faced 
Storm Petrels made shorter foraging trips during chick rear-
ing compared to incubation to ensure regular feed to their 
chicks (the lack of statistical significance is probably due 
to the small sample size and to the large variability in the 
tracking data).

Petrels are highly efficient flyers, using updrafts, slope, 
and dynamic soaring to exploit wind energy (Warham, 
1990). Some small seabirds (e.g., Bulwer’s petrel Bul-
weria bulwerii; Gadfly petrels Pterodroma spp.) often 
choose to fly with favorable side winds that enable them to 
travel at high ground speeds and low energetic cost (Dias 
et al. 2016; Ventura et al. 2020). Storm petrels, mostly 
the northern storm petrels (Family Hydrobatidae), use 
dynamic soaring to travel over the ocean surface (Penny-
cuick 1982; Warham 1990) but this method does not seem 
to be used by White-faced Storm Petrel to any large extent 
(Pennycuick 1982; Erickson 1955; Cramp and Simmons 
1997). In fact, White-faced Storm Petrel most frequently 
exhibit a distinctive flight pattern when feeding as they hop 
using both feet along the surface of the water facing the 
wind with extended wings (Marchant and Higgins 1990). 
This behavior is used to a varying degree among species, 
and it seems to be related to the general morphological 
differences between species (del Hoyo et al. 1992; Sau-
sner et al. 2016). Some species, such as the White-faced 
Storm Petrel, use pattering almost exclusively, whereas 

Fig. 3  Travel speed (speed, km  h−1) of White-faced Storm Petrel during incubation and chick rearing from Selvagem Grande during day and 
night. Samples sizes are indicated in the x-axis
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other species, such as Leach’s Storm Petrel (Hydrobates 
leucorhoa), rarely use it (del Hoyo et al. 1992). Patter-
ing is also prominent in the Oceanitidae family (southern 
storm petrels). Moreover, Sausner et al. (2016) suggested 
that species that pattering the most have low wing loading 
(mass (g)/total wing area  (cm2)), low foot loading (relative 
foot size − mass (g)/foot area  (cm2)), and a long tarsus 
in contrast to species that were classified as intermedi-
ate or least pattering (e.g., Hydrobates leucorhous). This 
might can explain differences in flight performance, as 
species increase flight speed with increasing wing loading. 
This unique flight behavior and morphology (wide wings 
and very long legs and feet) may be limiting White-faced 
Storm Petrel capability of undertaking exceptionally long 
foraging trips as the Hydrobates species mentioned above 

do (e.g., Pollet et al. 2014; Hedd et al. 2018; Collins et al. 
2022).

Many seabird species breeding in oceanic tropical 
environments are known to forage in multiple directions 
owing to the spatial unpredictability of prey (Hennicke and 
Weimerskirch 2014; Oppel et al. 2015; Mott et al. 2016). A 
recent study by Oppel et al. (2018) showed that some fami-
lies of seabirds, such as storm petrels, disperse widely at 
sea and exhibited large foraging ranges. Our data indicate 
that during the incubation period, White-faced Storm Pet-
rels also seem to travel without directionality, not showing 
a clear choice for any well-defined foraging hotspots (the 
east directionality shown in chick rearing is probably due 
to the small sample size). This movement pattern suggests 

Table 2  Frequency of 
occurrence (FO %) of prey in 
the diet of White-faced Storm 
Petrel during the chick rearing 
period as assessed from 17 
faecal samples from chicks and 
1 regurgitate from an adult

Hyphen (-) represents the non-presence of a given taxon

Order Family Taxon FO (%)

Faecal 
samples 
(N = 17)

Regurgitates 
samples 
(N = 1)

FISH 100 Present
Beloniformes Belonidae Scomberesox saurus – Present
Carangiformes (FO = 24%) Carangidae Seriola sp. 6 –

Unidentified – Present
Coryphaenidae Coryphaena hippurus 18 –

Clupeiformes Clupeidae Sardina pilchardus 71 –
Myctophiformes (lantern-

fish) (FO = 71%)
Myctophidae Bolinichthys sp. 6 –

Ceratoscopelus warmingii 29 –
Diaphus mollis 6 –
Diaphus perspicillatus 12 –
Diaphus sp. 18 –
Hygophum hygomii 6 –
Lobianchia dofleini 6 –
Lobianchia gemellarii 6 –
Notoscopelus resplendens 6 –

Scombriformes Scombridae Scomber sp. 6 –
Stomiiformes (dragon-

fish and hatchetfish) 
(FO = 35%)

Gonostomatidae Bonapartia pedaliota 12 –
Cyclothone sp. 12 Present

Sternoptychidae Argyropelecus sp. 12 Present
Sternoptyx diaphana 18 –

Syngnathiformes Centriscidae Macroramphosus scolopax 24 Present
CEPHALOPODS 24 Present
Teuthida (FO = 24%) Mastigoteuthidae Mastigoteuthis magna 18 –

Neoteuthidae Neoteuthis thielei 6 Present
Chiroteuthidae Unidentified 6 –

CRUSTACEA – Present
Decapoda Oplophoridae Systellaspis debilis – Present
Euphausiacea Euphausiidae Euphausia hemigibba – Present

Euphausia sp. – Present
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that while prey may be typically unpredictable in this area, 
they are widely distributed.

The oceanic areas of the subtropical eastern North Atlan-
tic are characterised by warm sea surface temperatures and 
low productivity, differing from the nutrient-rich waters of 
the coastal upwelling of West Africa associated with the 
Canary Current (Cropper et al. 2014; Paiva et al. 2010). 
White-faced Storm Petrel does not seem to be associated 
with seamounts or core upwelling areas in the African 
coast, in contrast with other Procellariiform species from 
this and adjacent colonies. For example, Cory’s shearwa-
ter Calonectris borealis from Selvagem Grande forage the 
oceanic domain around the islands, the African continental 
shelf (from Morocco to Mauritania), and the nearest sea-
mounts (e.g., Alonso et al. 2012; Ramos et al. 2013; Romero 
et al. 2021). On the other hand, the Bulwer’s petrel explores 
areas around the colony and waters close to the Azorean 
archipelago (mid-Atlantic) (Dias et al. 2016), but birds from 
the Canary Islands also use the shelf-break to forage during 
the breeding season (Rodríguez et al. 2013). Deserta and 
Madeira’s petrel (Pterodroma deserta and P. madeira) per-
form very large clockwise foraging trips assisted by favour-
able winds, and use a large pelagic region around the archi-
pelagos of Madeira and Azores (Ramos et al. 2016; Ventura 
et al. 2020). The distribution of White-faced Storm Petrels 
far from the continental shelf confirms the highly pelagic 
behavior of this species. Notwithstanding, they also forage 
in the continental shelf edge and near the Canary Islands. 
Due to the influence of the Canary Current, the African shelf 
and shelf-break represent productive areas in the north-east 
Atlantic (Barton et al. 1998), which leads to enhanced pro-
ductivity of the shelf edge areas (Hunt et al. 1999; Weimer-
skirch 2007).

The diet of White-faced Storm Petrels, as assessed 
through DNA metabarcoding of chick faeces during the 
chick rearing period, was dominated by fishes and a few 
cephalopods species. The main fish family found was Myc-
tophidae (FO = 71%), and is in accordance with the study 
by Spear et al. (2007) in the Pacific and by Waap (2015) 
in the North Atlantic. The presence of mesopelagic prey 
in the diet of surface seizing seabirds is striking. They 
are probably available to White-faced Storm Petrel during 
the night, when they ascend to more superficial waters to 
feed on zooplankton. Alternatively, they can be forced to 
the surface by underwater predators, such as whales, dol-
phins, and tuna, which are abundant in the region. Still, 
the presence of such prey is also frequent in the diet of 
other small seabirds that nest in the North Atlantic, such 
as Bulwer’s Petrel, Madeiran Storm Petrel Hydrobates 
castro, and Leach’s Storm Petrel (Zonfrillo 1985; Mon-
teiro et al. 1996; Hedd and Montevecchi 2006; Hedd et al. 
2009; Waap 2015; Waap et al. 2017; Carreiro et al. 2020). 
Cephalopods were the second most abundant group in the 

diet of White-faced Storm Petrel (FO = 24%), with Mas-
tigoteuthis magna being the most detected species. The 
cephalopod species present occur mainly in mesopelagic 
or even bathypelagic environments, although some species 
are epipelagic when in larval or juvenile stages (Clarke 
1986).

The European pilchard, an epipelagic species, also 
occurred frequently (FO = 71%) in the diet of White-faced 
Storm Petrel. Sardines are abundant in coastal waters being 
one of the most abundant pelagic species off the NW African 
Coast (Machu et al. 2009). In the coastal (neritic) waters 
of the Madeira Archipelago, especially off the south coast 
of Madeira Island, there is a year-round fishery for small 
pelagic fishes, including the European pilchard. Fish larvae, 
e.g., of Sardina pichardus, from the spawning area of north-
west Africa are known to be transported to the waters of the 
Canary Islands. This can explain the foraging movements 
of some tracked White-faced Storm Petrel near the African 
continental shelf edge and near the Canary Islands. Storm 
petrels in general are not usually observed foraging inshore, 
although the European Storm petrel (Hydrobates pelagicus) 
frequently does so (D’Elbee and Hemery 1998; Poot 2008).

Although crustaceans are known to be an important group 
in White-faced Storm Petrel diet (Croxall et al. 1997; Spear 
et al. 2007; Waap 2015), we only recorded them in the adult 
regurgitate sample. None were recorded in the chick faecal 
samples. The efficiency of the crustacean DNA amplifica-
tion in the faecal samples might have been reduced because 
of the lower yield of DNA extracted. Another hypothesis is 
that crustaceans were not detected, owing to a high degra-
dation of their DNA which prevented PCR amplification. 
Due to longer gut retention, high assimilation, and diges-
tion efficiency, samples derived from chick faeces contain 
more degraded DNA sequences, and hence, less identifiable 
DNA sequences than those obtained from adult regurgitates 
(e.g., Wilson et al. 1989; Hilton et al. 2000). The same PCR 
protocol applied to the regurgitate sample returned several 
crustacean species, which is consistent with the macroscopic 
observation of regurgitated tissues, containing about a dozen 
of small sized Euphausiidae (< 1 cm) partially digested.

The absence of crustaceans in the chick faeces may also 
result from parents selecting higher quality food for their 
offspring (Wanless et al. 2005). In Newfoundland and Nova 
Scotia, Leach’s storm petrels rely heavily on mesopelagic 
fish while raising chicks (Hedd and Montevecchi 2006; 
Hedd et al. 2018), as these are energy-rich fish (Lea et al. 
2002; Hedd and Montevecchi 2006) but also smaller propor-
tions of euphausiid and hyperiid crustaceans of lower energy 
content (Hedd and Montevecchi 2006). Conversely, in win-
ter, their diet likely consisted of a significant proportion of 
crustaceans (Hedd and Montevecchi 2006). Wilson’s Storm 
Petrel Oceanites oceanicus also adjust their diet for more 
energetic prey during the chick rearing period, increasing the 
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amount of myctophid fish and decreasing of krill (Quillfeldt 
2002; Gladbach et al. 2007).

Seabirds that are more specialized in mesopelagic prey, 
such as several species of Oceanodroma, Fregetta, Ptero-
droma, and Bulweria, tend to forage more frequently in off-
shore/oceanic waters and are markedly nocturnal (Warham 
1990; Brooke and Prince 1991; Spear et al. 2007). Mes-
opelagic fish (e.g., Myctophidae, Photichthyidae, and Ster-
noptychidae) and cephalopods display diel vertical migra-
tions that make them available to shallow divers at night 
(Gjøsaeter and Kawaguchi 1980; Watanabe et al. 1999). 
These groups were frequent in the diet of White-faced Storm 
Petrel, which fits well with the observed high activity during 
the night. Our results showed that White-faced Storm Petrels 
seem to behave differently during the incubation period than 
during the chick rearing period. Due to a higher travel speed 
during the night in the incubation period, we hypothesized 
that White-faced Storm Petrel may be pattering less, and 
therefore, it may not be feeding as much at night as during 
the chick rearing period. It is possible that during the chick 
rearing as this is a more energetically demanding time, birds 
tend to search for prey both day and night, presenting similar 
travel speed during day and night at this breeding period. 
This fits also with the finding that the birds consumed both 
mesopelagic and epipelagic prey during the chick rearing 
period. This is also in line with their oceanic distribution 
while foraging, since mesopelagic fish are scarce or absent 
in the continental shelf and other shallower areas (Gjøsaeter 
and Kawaguchi 1980; Nybakken 2001; Pusch et al. 2004).

The chicks of White-faced Storm Petrel showed no sig-
nificant differences in mercury concentration in body feath-
ers compared to the chicks of Bulwer’s Petrel, a specialist 
predator of mesopelagic prey (Waap et al. 2017) from the 
Deserta Grande, Madeira (275 km north of our study site), 
that showed a mercury concentration in body feathers of 
4.38 ± 1.69 mg  kg−1 dw in 2018 (mean ± SE, Furtado et al. 
2021) (Welch’s t test, t = − 1.491, df = 0.28, P = 0.148). Sea-
birds feeding on mesopelagic prey present higher mercury 
concentrations in feathers than those feeding predominantly 
on epipelagic prey (Monteiro and Furness 1995; Kim et al. 
1996; Monteiro et al. 1996; Bond and Diamond 2009; Carra-
vieri et al. 2018; Furtado et al. 2019, 2021). Hence, mercury 
measurements in feathers support the idea that White-faced 
Storm Petrels raise their chicks mostly on mesopelagic prey. 
In addition, deep water pelagic fishes are known to accumu-
late higher mercury concentrations than nearshore species 
(Monteiro et al. 1996; Burger and Gochfeld 2000).

Currently, there are insufficient data to evaluate the 
cumulative effects of mercury for many seabird popula-
tions. A recent study by Pollet et al. (2017) found that 
levels of mercury in blood of adult Leach’s storm petrels 
(0.78 ± 0.43 mg   kg−1 wet weight) were relatively high 

(compared to other species of seabirds from the same 
region), and yet did not appear to adversely affect their 
offspring development or the return rates of adults from 
previous years. It is also expected that the mercury con-
centration in feathers found in our study (corresponding to 
0.43 ± 0.24 mg  kg−1 wet weight in blood, following Acker-
man et al. 2016) will not cause negative effects in chicks.

Smaller seabird species, such as White-faced Storm Pet-
rels, can reflect changes that occur at lower trophic levels 
and thus be potential bioindicators of marine conditions 
and therefore sentinels to environmental changes which 
respond at a faster speed compared to larger seabirds 
(Grémillet and Charmantier 2010). This study presents 
the first baseline information on the foraging ecology of 
this species, and one of the still few studies that document 
the foraging strategies of storm petrels, which broadens 
our view on the range of behaviors displayed by pelagic 
seabirds.
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