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Abstract The identification of feeding events is crucial
to our understanding of the foraging ecology of seabirds.
Technology has made small devices, such as time-depth
recorders (TDRs) and accelerometers available. However,
TDRs might not be sensitive enough to identify shallow
dives, whereas accelerometers might reveal more subtle
behaviours at a smaller temporal scale. Due to the limitations of TDRs, the foraging ecology of many shallow-diving seabirds has been poorly investigated to date. We thus
developed an algorithm to identify dive events in a shallowdiving seabird species, the Scopoli’s shearwater, using only
accelerometer data. The accuracy in the identification of
dives using either accelerometers or TDRs was compared.
Furthermore, we tested if the foraging behaviour of shearwaters changed during different phases of reproduction
and with foraging trip type. Data were collected in Linosa

Island (35°51′33″N; 12°51′34″E) from 12 June to 8 September 2015 by deploying accelerometer data loggers on
60 Scopoli’s shearwaters. Four birds were also equipped
with TDRs. TDRs recorded only 17.7% of the dives
detected by the accelerometers using the algorithm. A total
of 82.3% of dives identified by algorithm were too short
or shallow to be detected by TDRs. Therefore, TDRs were
not accurate enough to detect most of the dives in Scopoli’s
shearwaters, which foraged mostly close to the sea surface.
Our data showed that birds performed shorter foraging
trips and dived more frequently in the early chick-rearing
period compared with the late chick-rearing and incubation
phases. Furthermore, parents dived more frequently during short foraging trips. Our results suggest that Scopoli’s
shearwaters maximised their foraging effort (e.g. number of
dives, short trips) during shorter foraging trips and during
early chick-rearing.
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Introduction
Accurate dive identification is necessary to understand the
foraging ecology of a seabird species. Specifically, dive
rates reflect the effort performed by birds to obtain food
and are thus a measure of their foraging effort (Paiva et al.
2010a). Bio-logging devices, such as GPS and geolocators (Grémillet et al. 2004; Guilford et al. 2008; Dias et al.
2012), were extensively used to study the foraging behaviour of several seabirds. However, methods based on GPS
or geolocators have intrinsic limitations to identify dives,
because they rely on indirect measures of birds’ foraging activity (Jonsen et al. 2005; Pinaud and Weimerskirch
2005; Tremblay et al. 2007). Conversely, time-depth
recorders (TDRs) allow identifying dive occurrences by
measurement of pressure. For this reason, this device was
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used in several seabirds (Shaffer et al. 2009; Ronconi et al.
2010; Paiva et al. 2010a; Grémillet et al. 2014). However,
even high-accuracy TDRs might not be enough to identify
feeding events occurring in shallow water or close to the
sea surface. Indeed, during surface dives, a pressure sensor
placed on an animal’s back does not come in contact with
water, or at least not enough to detect a dive. Given that
most dives performed by shallow divers occur in the first
meters of the water column (Grémillet et al. 2014; Rollingson et al. 2014), it is possible that shallow dives might have
been underestimated due to the limitation of TDR.
Accelerometers can be used to identify and quantify animal movements (Shepard et al. 2008; Gómez Laich et al.
2011; Chimienti et al. 2016), and thus, they may help to
determine shallow feeding events. Accelerometers were
previously used to analyse details of diving behaviour in
deep-diving birds (Ropert-Coudert et al. 2006; Sakamoto
et al. 2009; Gómez Laich et al. 2011; Berlincourt et al.
2015). However, they have not been used in shallow-diving
seabirds.
In the present study, we developed an algorithm to identify dives using accelerometer data in a shallow-diving
species, the Scopoli’s shearwater (Calonectris diomedea).
Then, we compared the accuracy of dive identification by
the algorithm with dives identified with TDR. This algorithm can increase our knowledge of Scopoli’s shearwater
feeding ecology as well as for other shallow-diving birds,
whose dives cannot be reliably detected by TDRs.
Scopoli’s shearwater is a pelagic seabird species nesting
only in the Mediterranean basin and it is now considered
as a separate species from Cory’s shearwater (Calonectris borealis) (Sangster et al. 2012). As a typical Procellariiform seabird, Scopoli’s shearwaters have single-chick
broods and slow nestling development: the egg is laid during the second half of May to hatch in mid July. Both adults
incubate the single egg alternately, and chick-feeding is
shared between parents. During the chick-feeding period,
adults forage at sea and return to feed the chick at night in
the nesting burrow. Fledglings leave their nests from mid to
end of October. Scopoli’s shearwaters exploit a wide range
of prey (Grémillet et al. 2014) and forage close to the sea
surface (Zotier et al. 1999). During incubation, parents perform mainly long trips lasting several days (Cecere et al.
2013). During chick-rearing, on the other hand, adults perform short trips for chick-feeding and longer trips for selfprovisioning (Congdon et al. 2005; Magalhães et al. 2008).
This dual-foraging strategy occurs especially in colonies
surrounded by low productive waters (Granadeiro et al.
1998; Paiva et al. 2010a). Thus, under these conditions,
short trips for chick-feeding occur in sub-optimal foraging areas close to the colony (Paiva et al. 2010b; Cecere
et al. 2014) at the expense of the parental body condition
(Weimerskirch et al. 1994). Conversely, long trips allow
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birds to visit more profitable areas far away from the colony
to feed for themselves and replenish their energy reserves
(Baduini and Hyrenbach 2003; Magalhães et al. 2008).
The Scopoli’s shearwaters nesting in Linosa Island are surrounded by low productive waters which are exploited by
birds during short foraging trips (Cecere et al. 2014). Thus,
we expected an increase of foraging effort performed by
birds (i.e., high dive rates) during short trips compared with
long trips.
We assessed how parental foraging effort changed over
three different reproduction phases: incubation, early and
late chick-rearing. Some differences in the foraging strategy
between incubation and chick-rearing have been described
in shearwaters (Shaffer et al. 2003; Navarro et al. 2007).
However, differences in birds’ foraging activity within
the chick-rearing period have been poorly investigated.
During chick-rearing, factors, such as body condition
and chick nutritional state, can affect the length of foraging trips undertaken by the parents (Weimerskirch 1998;
Quillfeldt et al. 2004; Ochi et al. 2010). Parents attend
the chick almost every night during early chick-rearing,
performing short foraging trips (in duration and distance
from the colony), and they decrease their nest attendance
over the chick-rearing period (Ramos et al. 2003). Therefore, we expect the highest foraging effort in early chickrearing. Finally, we investigated the effects of sex and time
of the day on the foraging behaviour of Scopoli’s shearwaters. Shearwater foraging activity occurs mostly during daytime (Shaffer et al. 2009). Indeed, diurnal foraging
might be more profitable than nocturnal for visual predators (McNeil et al. 1993). However, Scopoli’s shearwater
also forages at night (Rubolini et al. 2015). At this time,
shearwaters can take advantage on the migration to the surface of some prey species at night, such as crustaceans and
squids (Spear et al. 2007). However, it still not clear how
the night foraging activity in this species is related to the
phase or reproduction. We expect that shearwaters increase
their nocturnal foraging activity during the most energetic
demanding phase (e.g., early chick-rearing). According to
previous studies, we do not expect differences in foraging
behaviour between sexes (Navarro et al. 2009, Ramos et al.
2009; Cecere et al. 2013).

Methods
Data collection
The study was carried out on Linosa, a small island
(5.43 km²) located in the Sicilian Channel (35°51′33″N;
12°51′34″E), from 12 June to 8 September 2015. Linosa hosts the largest colony of Scopoli’s shearwater with
10,000 breeding pairs (see Massa and Lo Valvo 1986).
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Most of the nests are located in natural caves and crevices
in a volcanic substrate in the northern part of the island,
in an area named “Mannarazza”. We collected data on
60 complete foraging trips of different birds (29 females
and 31 males) for a total of 232 days (Table 1). Four of
the 60 birds, two during incubation and two during the
chick-rearing period, were equipped with Axy-depth dataloggers (Technosmart Europe S.r.l) that weighed 6.5 g
(12 × 31 × 11 mm). The Axy-depth logger consists of a triaxial accelerometer logger set at 25 Hz and a TDR (timedepth recorder) which recorded temperature and pressure
at 1 Hz frequency with an accuracy of 0.1 °C and 5 mBar
(≈0.05 m), respectively. The other 56 birds were equipped
with Axy-3 accelerometer dataloggers (Technosmart
Europe S.r.l) that weighed 3.5 g (9.5 × 15 × 4 mm), recording tri-axial acceleration between −4 and 4 g at 25 Hz and
temperature with an accuracy of 0.1 °C at 1 Hz. Axy-depth
and Axy-3 have the same accelerometer components. During incubation, we monitored parental nest attendance by
recording the identity of the bird using the ring number.
Then, each bird was painted using non-toxic colour to identify it from the partner and avoid handling it again. During
incubation, birds were captured at the nest and equipped
with a device during the day, to avoid interfering with nocturnal turn-over of parents. After hatching, the adult birds
were captured at night when they came to feed the chick.
The chick-rearing period was divided into two sub-phases
according to the chick age when the first long trip was performed by a parent as follows: early chick-rearing (from
hatching until 20-day-old chicks; R1) and late chick-rearing
(from 21- to 40 day-old chicks, R2). Devices were attached
to the back feathers using three stripes of marine waterproof Tesa® tape (Wilson and Wilson 1989). The complete
procedures lasted a maximum of 10 min after which the
birds were released into the nest. The nests were checked
for returning birds every day after device attachment. The
birds were recaptured at the nest for recovering the devices
which were carefully removed from feathers together with
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the tape. No nest desertion was observed during the study.
Birds were sexed by bill measurements (Lo Valvo 2001)
and vocalizations.
Identification of foraging trip length
The accelerometer recorded acceleration in three axes,
according to the bird orientation: X (head–tail), Y
(right–left), and Z (dorso–ventral). Vectorial dynamic
body
acceleration
was
calculated
√
(VeDBA (g) =
a2x + a2y + a2z ) with 1 s smoothing,
where ax, ay, and az represent dynamic acceleration values from X, Y, and Z axes, respectively (see also Gleiss
et al. 2011). The acceleration data were used to identify
birds’ colony attendance by the “Resting at the colony”
behaviour (Fig. 1) which was assigned when VeDBA was
≤0.1. The duration of each foraging trip was calculated
based on the end and the subsequent beginning of the
“resting at the colony” behaviour. Only the first trip of
each bird was included in analyses.

Fig. 1  Acceleration pattern of “Resting at the colony” behaviour:
vectorial dynamic body acceleration (VeDBA) ≤0.1 g (see details
in “Methods”). VeDBA (black), X (head–tail, green), Y (right–left,
blue), Z (dorso–ventral, red)

Table 1  Mean (±SD) trip length and dive parameters of Scopoli’s shearwaters identified with accelerometer in all reproductive phases and
sexes
Incubation
Sex (n)
Mean trip length (days)
Dive rates (dives d ay−1)
Short dives (<2 s)
Dive events (≥2 s)
Mean duration of all dives (s)
Mean duration of dive events (s)

Males (n = 12)
6.9 ± 2.5
34.8 ± 24.5
19.3 ± 12.4
15.5 ± 13.1
2.6 ± 0.4
4.4 ± 0.7

Females (n = 8)
8.6 ± 1.0
20.1 ± 17.0
11.6 ± 11.2
8.5 ± 7.0
2.5 ± 0.6
4.1 ± 0.8

Early chick-rearing

Late chick-rearing

Males (n = 12)
1.2 ± 0.6
48.7 ± 41.2
23.0 ± 16.7
25.6 ± 25.7
3.1 ± 1.6
5.0 ± 1.8

Males (n = 8)
3.2 ± 2.3
17.6 ± 9.7
9.5 ± 6.0
8.1 ± 5.1
2.7 ± 0.8
4.6 ± 1.6

Females (n = 12)
1.6 ± 0.9
72.7 ± 45.5
36.7 ± 25.8
36 ± 21.7
2.7 ± 0.6
4.3 ± 0.9

Females (n = 9)
2.7 ± 1.4
19.2 ± 19.0
12.0 ± 13.4
7.2 ± 6.4
2.1 ± 0.6
4.1 ± 1.3

The dive rates (dives day−1) identified by accelerometers were divided into two groups according to the dive duration: short dives (<2 s) and
dive events (≥2 s)
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Identification of dives
Time-depth recorder (TDR) data were used to identify
dives based on the pressure sensor. Atmospheric pressure
(Pa in mBar, ≈1025 mBar) was estimated as a baseline
of measured pressure (Pm in mBar). Then, the difference
was converted in depth (D in m) using the relationship:
D = 0.01 × (Pm − Pa), where 1 mBar pressure difference corresponds to 0.01 m depth difference. Because the pressure
sensor is very sensitive (5 mBar), considering very lowpressure variance as a dive might be misleading. Indeed,
low-pressure differences might be caused by other behaviours (e.g., take off, fast turning). For this reason, only
dives ≥0.2 m were considered. TDRs recorded dives with
minimum duration ≥2 s.
Dives recorded by TDRs were used to develop two algorithms for dive identification (see Supplementary Materials) using only accelerometer data and running on Igor Pro
(WaveMetrics, Version 6.05). Specifically, we analysed
data from four birds equipped with Axy-depth data loggers (TDR and accelerometer). First, we visually analysed
the acceleration patterns (X, Y, and Z accelerations) corresponding to the dives detected by TDRs. This preliminary
step aimed to identify characteristic acceleration patterns
of dives. As we expected, X acceleration (head–tail) effectively identified the bird orientation. Thus, only X acceleration was used in the algorithm (see Fig. 2). Second, we
set the threshold values of X acceleration in each step of
dive identification (see in the following) until a high overlap between the dives identified by the algorithm and the
dives recorded by TDRs was reached. The first algorithm
used the raw value of X acceleration. The starting point of
a dive was defined by specific conditions: since dives had
the shape of convex waves, U or V-shape, the script filtered
them if the value of X acceleration reached <−1, representing a downward orientation of the bird (see Fig. 2a, step 1).
Then, starting from there, the script scanned backwards in
the descending part of the X wave until reaching X = −0.3,
as this value defined the dive starting point (see Fig. 2a,
step 2). The slopes of the smoothed X acceleration—using
boxcar algorithm with box size 3 (0.12 s)—were a condition to dive validation: it had to be smaller than −1 for at
least 0.2 s from the starting point (i.e., a downward orientation lasting at least 0.2 s). Then, the script scanned
forward and determined the end of dive when X > 0 and
subsequently returned to 0. This last part represented the
ascending phase (see Fig. 2a, step 3). The second algorithm
used a smoothed X acceleration using a boxcar algorithm
with box size 25 (1 s). First, the script found the smoothed
X < −0.5, then scanned backward to find smoothed X > −0.3
as a starting point. Then, the script scanned forward and
determined the end of dive when smoothed X > 0.5. For
each dive, the date/time and duration were calculated. We
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Fig. 2  Comparison between dives identified by the time-depth
recorder (TDR) and the algorithm applied to accelerometer data. a
Dive event: identified by TDR and algorithm (dive duration ≥2 s).
The three main steps for dive identification are indicated by arrows
(see “Methods”). b Surface dive: very short duration dive (dive duration <2 s). Green absolute X acceleration; grey static X acceleration;
black part identified as a dive by the algorithm

used both algorithms together to identify dives; hence,
we refer to these only as “algorithm” hereafter. Dive data
obtained by TDRs were only used to develop the algorithm
and to test its reliability and were not included in statistical
analyses.
Data analysis
The “Dive rate per day” (mean dives day−1) was calculated
for each individual. The “Dive rate per hour” (dives h−1)
was used only to compare night dive rates. Given that 1-day
foraging trips did not include the whole night, we did not
include trips with length <2 days to calculate dive rates per
hour at night. We tested for differences between the proportion of males and females that performed at least one dive
during night time using a Chi-squared test.
The effect of the reproductive phase (factorial variable with three levels) on “dive rate per day” was tested
using Kruskal–Wallis rank sum test and post-hoc Dunn’s
test of multiple comparisons in the DescTools R package
(Signorell 2015). The difference in the “Dive rate per day”
between short and long foraging trips was tested with a
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Wilcoxon signed-ranks test. General linear model (GLM)
was used to test the effect of “phase of reproduction” and
“sex” as covariates on the “night dive rate per hour” as
dependent variable. Distribution and spatial autocorrelation
of residuals were checked using partial residual and quantile–quantile (Q′Q) plots. All statistical analyses were performed with R version 3.3.1 (R Core Team 2015).

Results
Comparison of dive detection from TDR
and accelerometer data
Our algorithm based on acceleration data identified 87%
of dives detected by TDR (n = 156), validating our method
(for dives with depth >0.5 m, the correspondence between
dives detected by algorithm and TDR increased to 94%).
These represented 17.7% of the total dives calculated by
the algorithm using accelerometer data (n = 883; Table 2).
Therefore, the algorithm detected almost five times more
dives than the TDR (n = 727): About 62.7% of dives identified only by the algorithm (n = 456) could not be detected
by the TDR, because they were below the 1 s resolution of
the device (Fig. 3a). The remaining 37.3% (n = 271) were
likely very shallow, i.e., below the 0.2 m depth. Indeed,
most dives of Scopoli’s shearwaters were very shallow, as
around 50% of the dives identified by TDRs occurred in
the first 0.5 m of depth and 78% were less than 1 m deep
(Fig. 3b). The distribution of dive duration was comparable
between the two devices (Fig. 3a).
Trip length and dive analysis
Given that the frequencies of trip length during chick-rearing had a bimodal distribution with a cut-off point at day
3 (Fig. 4), we divided all trips into short trips (trip length
≤3 days) and long trips (trip length >3 days). Only long
trips were observed during incubation and the maximum
trip length was 10 days. During the entire duration of chickrearing, 1-day trips were the most frequent. Specifically,
during the first 20 days after hatching (R1), the parents
performed only short trips. Conversely, in R2, the birds
performed both long and short trips resulting in a higher
mean trip length (Table 1). The mean trip length was lowest during R1, followed by R2 and then INC (Kruskal–Wallis test, H = 43.2, P < 0.001; Dunn’s test, R1–INC: mean
rank diff = −34, P < 0.001; R2–INC: mean rank diff = −22,
P < 0.001; R1–R2: mean rank diff = −12, P = 0.025). The
average trips’ length did not differ between the sexes (Wilcoxon sum of ranks test, W = 431.5, P > 0.05).
We identified a total of 7318 dives from accelerometer
loggers: 4002 short dives (dive duration <2 s) and 3316

Fig. 3  a Percentage of occurrence of the duration of dives identified
by time-depth recorders (TDR) and the algorithm applied to accelerometer data. b Dive depth distribution identified with TDR loggers in
Scopoli’s shearwaters

dive events (dive duration ≥2 s). These groups were made
according to the TDR minimum resolution of dive identification: short dives were not detectable from TDRs, being
below the minimum resolution of the device (2 s). Given
the very short duration of short dives, we assumed that they
occurred close to the sea surface.
Since we did not find difference between short dives
and dive events between phases and type of trip, we
analysed all dives together. Birds performed on average ± SD = 202.4 ± 145.9 dives (n = 19) per trip during incubation and 84.7 ± 156.4 dives (n = 41) during
chick-rearing (R1 + R2). The mean dive rate per hour was
1.1 ± 0.7 (n = 19) during incubation and 1.7 ± 1.6 (n = 41)
dives during chick-rearing (R1 + R2).
Dive rates per day differed among reproductive phases
(Kruskal–Wallis test, H = 17.1, P < 0.001; Table 1). Specifically, Scopoli’s shearwaters dived more often during
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Table 2  Mean (±SD) values
of dive parameters from four
birds equipped with timedepth recorders (TDRs) and
accelerometers

Mar Biol (2017) 164:77

N dives total
Mean dive depth
Dive mean duration (s)

Dives from TDR

All dives from Dive events from
acc.
acc. (≥2 s)

Short dives
from acc.
(<2 s)

179
0.78 ± 0.79
3.4 ± 2.1

883
ND
3.2 ± 4

456
ND
1

427
ND
5.7 ± 4.7

Dives identified by accelerometers were divided into two groups according to the dive duration calculated
by the algorithm from acceleration data: short dives (<2 s) and dive events (≥2 s). Short dives were not
detectable by TDRs due to the short duration. Standard deviations were reported with means (mean ± SD)
Table 3  Results from the general linear model (Identity link function) of the effect of (1) “sex” and (2) “phase” (incubation:INC, early
chick-rearing:R1, and late chick-rearing:R2) on the “night dive rate
(dives h−1)”, followed by Tukey post-hoc test
Estimate (SE)

F2,54

P

4.23

0.347
0.046*

−1

Night dive rate (dives h )
Intercept
2.08 (2.19)
Sex
Males–Females
4.98 (2.34)
Phase
R1–INC
7.17 (3.04)
R1–R2
10.9 (3.3)
INC–R2
3.7 (2.7)

5.62

0.007*
0.059
0.005*
0.36

*Significant results (P < 0.05)
Fig. 4  Distribution of foraging trip length during (INC) incubation
(black), (R1) early chick-rearing (white), and (R2) late chick-rearing
(grey). Trips were classified according to the bimodal distribution of
trip frequencies during chick rearing, dividing short (≤3 days) from
long (≥4 days) trips

R1 compared with INC (Dunn’s test, R1–INC: mean rank
diff = 14.5, P = 0.01) and R2 (Dunn’s test, R1–R2: mean
rank diff = 22.1, P < 0.001). Birds dived more frequently
during short trips compared with long trips (Wilcoxon
signed-ranks test, W = 591, N = 60, P = 0.03).
On average, birds of both sexes dived less frequently
at night, during all phases (Wilcoxon sum of ranks test,
W = 1289, P < 0.001). Considering only the night dives,
birds dived more frequently during early chick-rearing,
compared with other reproductive phases (Table 3).
Males performed more night dives than females (Table 3,
see Supplementary Materials). Furthermore, a higher
number of males performed at least one dive at night
compared to females (Chi-square test, X = 6.4, P = 0.01).
The dive rate was higher in the early morning and
early afternoon (Fig. 5a). Females performed more dives
than males in the afternoon (Fig. 5b). During early chickrearing, birds dived more intensively in the early morning and in the late afternoon compared with other phases
(Fig. 5c).
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Discussion
We developed an algorithm to identify dive events using
only accelerometer data. To our knowledge, this is the first
study where diving activities, including very shallow dives,
were identified in a shallow-diving seabird. We measured
dive rates and foraging trip lengths to describe parental foraging effort during three reproductive phases (incubation,
early chick-rearing, and late chick-rearing). Our results suggest that Scopoli’s shearwaters vary their foraging effort
according to the phase of reproduction. The maximum
effort was observed during the early chick-rearing phase
when parents performed only short trips with the highest dive rate. Moreover, birds dived more frequently during short than during long trips. Finally, although foraging
effort was similar between sexes, males performed more
dives than females during the night.
Identification of dives
Using time-depth recorders (TDRs), we detected only
17.7% of the dives identified by the algorithm. Most of the
dives detected by the algorithm (82.3%) were not identified by the TDRs, being either too short in duration (<2 s)
or because they probably occurred in very shallow water.
We assumed that short duration dives, which accounted for
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Fig. 5  Radar plot of dive rates (dives h−1) for a all dives, b males
(blue) and females (red), c incubation (green), early chick-rearing
(blue) and late chick-rearing (yellow). Time in GMT 0 (local time
area GMT +2). Night time between 18:30 and 2:30 (GMT 0)

55% of all dives performed by birds, were shallow or even
from the sea surface. The prevalence of shallow dives in
Scopoli’s shearwaters was also confirmed by the depth data
recorded by TDRs: 50% of dives were registered in the first
0.5 m of depth and 78% were less than 1 m deep. Similarly, in many seabird species, dives are predominantly less
than 5 m deep (Paiva et al. 2010a; Rollinson et al. 2014;
Meier et al. 2015). In these species, the number of shallow
dives recorded with TDR was most likely underestimated.
Therefore, our algorithm can increase the knowledge of the

Page 7 of 11

77

foraging ecology of other shallow divers. This is an important result, because until now, the identification of shallow
dives has always been limited by the pressure and time
resolution of TDRs in shallow-diving seabirds (Grémillet
et al. 2014).
Although it is known that Scopoli’s shearwaters feed
often very close to the sea surface (Zotier et al. 1999), to
our knowledge, such a high proportion of shallow and short
duration dives (82.3% of total) has never been recorded in
a seabird species before. Since seabirds feed mostly on the
sea surface when exploiting fishery discards (Grémillet
et al. 2008), the high number of shallow dives recorded in
Scopoli’s shearwater might reflect extensive use of fisheries
discards by the birds in this study.
A better knowledge of the foraging ecology of threatened shallow-diving seabirds can be crucial when planning future conservation actions. In the Mediterranean Sea,
commercial fisheries produce huge amounts of discards and
offal which are made available for marine species (Kelleher
2005). Some threatened species, such as the Balearic shearwater (Puffinus mauretanicus), largely exploit fisheries’
discards (Arcos and Oro 2002). A large amount of surface
dives in particular conditions might indicate that birds feed
predominantly on fisheries discards. Studies using accelerometers may thus help to assess and quantify the use of discards in several seabirds.
It is apparent that TDRs alone can detect only a little part of the dives in a shallow diving seabird and that
TDRs, therefore, cannot provide reliable data about the
foraging ecology in such species. TDR needs to be in contact with water for a certain time and in a certain depth to
successfully record a dive. Conversely, accelerometers,
using only body acceleration, can identify even very shallow dives, where birds might only partially immerse their
body into the water, in a very typical way for many Procellariiformes (Ashmole 1971). Dive data from previous
studies on Scopoli’s shearwater are in line with our results:
Grémillet et al. (2014) recorded 9 ± 8 (2012) and 49 ± 47
(2013) dives per trip using TDRs during chick-rearing,
while our algorithm recorded 84.7 ± 156.4 dives per trip in
the same period. Rubolini et al. (2015) recorded an average
of 0.35 ± 0.02 dives per hour using compass loggers during
chick-rearing. Compass loggers identified dives using temperature variations recording every 5 s. In the same reproductive phase, our algorithm identified 1.7 ± 1.6 dives per
hour. Time interval of 5 s of compass logger was not sufficient to record short dives, since 85.8% of dives recorded
by the algorithm were shorter than 5 s.
Our algorithm identified 87% of the dives deeper than
0.2 m obtained by the TDR and 94% of dives deeper than
0.5 m. The high overlap between dives identified by TDR
and algorithm validated our method. However, the dive
accuracy of identifications of the algorithm decreased with
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shallower dive depths. Short dives were more difficult to
detect by the algorithm, probably due to less defined shape
of short dives. Although our algorithm was able to identify
a relatively high number of shallow dives, this might still
underestimate the number of surface dives.
Since it was not possible to video-record the diving
behaviours of birds, we could not exclude the possibility
that our algorithm and the TDR detected some preening
event. However, we visually observed that many preening
events happened with a rhythmic upward or right–left bird
orientation which would not be classified as a dive by the
algorithm.
Effect of phase and trip type on foraging effort
During incubation, parents performed only long foraging trips for self-provisioning, as observed in a previous study in the same colony (Cecere et al. 2013). In this
phase, birds forage for themselves and they can exploit
highly productive areas far away from the colony (Paiva
et al. 2010a). Later, parents reduced their mean trip length
during chick-rearing phase. During this period, the energetic demands of the parents increase (Shaffer et al. 2003;
Navarro et al. 2007), since they must feed both their chick
and themselves. Our observations showed that Scopoli’s
shearwater foraging ecology changed also within the chickrearing period. Specifically, the highest foraging effort was
observed at the early chick-rearing. In this phase, adults
performed only short trips and dived more frequently compared to the late chick-rearing period.
The change of foraging strategy can be explained considering both parental duties and environmental constraints
during short and long foraging trips. During short trips,
Scopoli’s shearwaters from Linosa have only access to low
productive foraging areas surrounding the colony (Cecere
et al. 2014) due to the need to feed the chick frequently.
Therefore, parents increased their foraging effort at the
beginning of chick-rearing to maximise the energy delivery to the chick in time constraint conditions, in accordance
with the model proposed by Ydenberg et al. (1994). However, short foraging trips are very expensive for parents,
which lose weight, as observed in some albatross species
(Weimerskirch et al. 1994; Stahl and Sagar 2000; Terauds
and Gales 2006). In line with this, birds dived more frequently in short trips compared with long trips. The high
number of dives recorded in this study during short trips
is in accordance with Paiva et al. (2010b) who recorded
an increase of birds diving effort in Cory’s shearwater
(Calonectris borealis) when foraging over low productivity
waters.
The high foraging effort performed by birds in the early
chick-rearing is also supported by night-time foraging
activity: we found an increase of diving activity at night
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during early chick-rearing compared with other phases.
Although nocturnal foraging might be less profitable than
diurnal foraging (McNeil et al. 1993), parents might need
to continue foraging during night during highly energetically demanding periods.
During the late chick-rearing period, parents performed
both long and short trips. Birds need to perform long trips
to replenish their energy reserves after short trips (Baduini
and Hyrenbach 2003) having access to more profitable
foraging areas (Paiva et al. 2010a). As a consequence, we
observed a lower foraging effort during late chick-rearing
compared with the early phase of chick-rearing, as birds
dived less frequently.
Surprisingly, we did not find differences in dive frequency between incubation and late chick-rearing, even
though several studies suggested an increase of parents
foraging effort during chick-rearing (Shaffer et al. 2003;
Navarro et al. 2007). Nevertheless, these studies considered
chick-rearing as a single phase covering possible differences in birds’ foraging activity over it.
Effect of daytime and sex on foraging effort
Dive frequency in Scopoli’s shearwater was not constant over the day. We found two peaks in the dive rate: at
dawn and between 12:00 and 14:00 GMT (14:00–16:00
local time). A peak in diving activity at dawn was also
observed in Sooty shearwaters (Puffinus griseus) (Shaffer
et al. 2009), and this might allow birds to take advantage of
the vertical migration of certain prey species (e.g., squid)
which ascend during night. The second peak might be due
to the birds’ arrival to potential foraging areas (Grémillet et al. 2004). The peak of dives during afternoon was
more prominent during early chick-rearing. Given that
birds performed only short trips during early chick-rearing,
the number of dives during the afternoon was higher during short trips than during long trips. The dive rates per
hour recorded in this study differed from observations of
Rubolini et al. (2015) who noticed a peak of dive activity
at 21:00 (local time) when we observed the minimum dive
rates. This difference might be methodological, based on
the estimation of dive occurrences using compass loggers.
Given that compass loggers use only temperature variation
to record a dive, is it possible that some of their recordings
might be preening events instead of real dives. Indeed, at
21:00, birds usually aggregate in front of the colony (raft)
waiting for good conditions to visit the nest (Rubolini et al.
2015).
Mean trip lengths and dive rates were similar between
males and females. Our results are in accordance with
those of other studies which investigated sex difference
in foraging activity (Phalan et al. 2007; Zavalaga et al.
2010) and trip length (Ramos et al. 2009). Nevertheless,
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males dived more frequently than females during nighttime. Moreover, almost all males (17/18) performed
at least one dive during night-time compared to 13 of
20 females. We observed a peak in the number of dives
during the afternoon performed by females. Conversely,
males showed a more constant dive activity during the
day. The sexual dimorphism in this species might explain
the difference of foraging behaviour between sexes: Scopoli’s shearwater males are larger than females in body
mass, wing surface (Massa and Lo Valvo 1986), and wing
loading. Since some birds might prolong their foraging
trip overnight, because they did not forage enough during day-time (Bolton 1996), males could need to feed
more frequently at night than females due to their size
and higher flight cost, which is positively correlated with
wing loading (Hertel and Ballance 1999). However, the
different dive patterns of males and females might also be
caused by a different feeding strategy. Some prey species,
such as squid, migrate to the surface during night. Males
might exploit these species at the sea surface more frequently than females to reduce flying time (Navarro et al.
2007). Thus, although our study enhanced the knowledge
of sex differences in foraging behaviours, further investigations would be necessary in the future.

Conclusion
In this study, we developed a new method to accurately
estimate foraging activity in a shallow-diving seabird using
only accelerometer data. In Scopoli’s shearwater, most of
dives were very short and occurred close to the sea surface. This was an important result since TDR (time-depth
recorder) underestimated the foraging behaviour in this
species and likely in other shallow-diving seabirds. Our
algorithm can enhance the knowledge of the foraging ecology of several shallow diving birds, where the TDRs do not
reliably detect shallow dives. The high accuracy and small
size of accelerometers can effectively allow detailed studies
on shallow-diving species and medium-sized seabirds that
cannot be equipped with other loggers due to size or weight
limitation. Our algorithm can be used concurrently with
TDR to provide reliable data about the foraging ecology
of several seabirds. The algorithm can effectively identify
shallow dives from accelerometer data, while TDR data
provides depth information for deeper dives.
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