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Supplementary Materials
Appendix A.
Behavioural classification
To determine the spatial distribution of foraging Balearic shearwaters, we aimed to identify
locations likely to be associated with foraging behaviours and remove track segments
predominantly associated with commuting flight and rest. This was initially performed on a
test dataset of 18 birds simultaneously tracked with GPS loggers, geolocators (GLS) and
time-depth recorders (TDRs).
To identify locations associated with commuting flight, the frequency distributions of
derived ground speeds for track segments ‘with’ and ‘without’ dive activity, and in which
birds showed high and low on-water activity (>50% and <50% time immersed, respectively),
were examined. Speed of movement was <7 ms-1 within 98% of track segments containing
dive activity, while 99% of dive time aligned with speeds <7 ms-1. Similarly, fast speed flight
rarely occurred in track segments with high on-water activity (<0.001% segments with
immersion values >0.5 had speeds >7 ms-1) (Appendix Fig. A.1). Sensitivity testing revealed
that kernel density estimates of retained locations (after the filtering process) were not
sensitive to changes in speed threshold between 4 - 10 ms-1 (Pearson’s product moment
correlation coefficients between pairs of kernel density surfaces were all >0.99).
Consequently, track segments with speeds >7 ms-1 were discarded, as this conservative
threshold allowed retention of dives that were associated with all speeds below this value.
The diurnal patterns of both dive activity and time spent immersed were examined for
the remaining data. Dives were almost entirely constrained to daylight hours or periods
surrounding crepuscular hours, while higher periods of on-water activity where identified
during the night-time (Appendix Fig. A.2). Subsequently, all track segments falling outside of
the period 07:00 – 20:59 Central European Time (CEST) were considered to be
predominantly associated with night-time rest and were discarded.
The filtering method retained 54% of GPS locations and 98% of dive time in the test
dataset. Figure A.3 demonstrates the filtering steps on the 18 TDR-tracked birds. Locations
likely to be associated with foraging for all 67 Balearic shearwater GPS tracks were then
extracted using the same process (56% of locations were retained).
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Fig. A.1. Distribution of derived ground speeds (ms -1) between the GPS locations of TDRtracked Balearic shearwaters (n = 18) for all track segments a) with and b) without associated
dive activity, and all track segments with c) high (≥ 50% time) and d) low (≤ 50% time) onwater time. Sub-plots in figure a and b show speeds >7 ms-1 from each respective figure.

3

Fig. A.2. The median (and interquartile range) a) proportion of total trip dive time in each
hour of the day, b) proportion of total trip time in each hour spent immersed and c) maximum
trip dive depth for 18 Balearic shearwaters tracked with GPS, GLS and TDRs. Times are
given in 24-hour Central European Summer Time format (CEST). Orange and blue dotted
lines indicate the mean time of dawn and dusk at all GPS locations during tracking periods
(07:27 and 20:18, respectively). Grey background shading indicates night-time hours.
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Fig. A.3. a) Track segments from 18 Balearic shearwater tracks used to inform the
behavioural classification method, b) all track segments associated with derived ground
speeds >7 ms-1 (orange) and <7 ms-1 (blue), c) remaining track segments after removal of
speeds >7 ms-1, coloured by night (orange) and day (blue), d) track segments likely to be
associated with foraging, after removal of night-time segments (locations between 21:00 and
6.59 CEST).
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Table A.1.
Covariance bandwidth matrices obtained from the plug-in bandwidth estimator and used in
kernel density estimates in the study. Kernel bandwidths (h) for longitude (x), latitude (y) and
the covariance between longitude and latitude are shown. Bandwidth values represent squared
standard deviations of x and y and are reported to the nearest 1 000 000.
KDE
Forage (All years)
Forage (2011)
Forage (2012)
Forage (2013)
Forage (2014)

Longitude h (m2)
39 000 000
107 000 000
84 000 000
34 000 000
33 000 000

Latitude h (m2)
44 000 000
76 000 000
100 000 000
22 000 000
102 000 000

Covariance
15 000 000
-37 000 000
73 000 000
24 000 000
26 000 000

Male (2013)
Female (2013)
Male (2014)
Female (2014)

60 000 000
39 000 000
26 000 000
84 000 000

22 000 000
32 000 000
134 000 000
199 000 000

26 000 000
31 000 000
21 000 000
70 000 000

Low immersion (All)
Moderate immersion (All)
High immersion (All)

64 000 000
17 000 000
12 000 000

104 000 000
23 000 000
13 000 000

17 000 000
5 000 000
4 000 000

Low immersion (2011)
Moderate immersion (2011)
High immersion (2011)

76 000 000
40 000 000
47 000 000

94 000 000
33 000 000
32 000 000

-36 000 000
-18 000 000
-12 000 000

Low immersion (2012)
Moderate immersion (2012)
High immersion (2012)

93 000 000
30 000 000
18 000 000

404 000 000
49 000 000
20 000 000

64 000 000
23 000 000
14 000 000

Low immersion (2013)
Moderate immersion (2013)
High immersion (2013)

80 000 000
22 000 000
12 000 000

198 000 000
22 000 000
9 000 000

44 000 000
14 000 000
7 000 000

Low immersion (2014)
Moderate immersion (2014)
High immersion (2014)

97 000 000
16 000 000
13 000 000

183 000 000
48 000 000
33 000 000

33 000 000
12 000 000
11 000 000
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Fig. A.4. Kernel density estimates produced using different bandwidth (h) estimators for Balearic
shearwater foraging locations between 2011 and 2014 (n = 63, no within-year repeated measures).
Estimators/bandwidth: LSCV = Least-squares cross-validation, BCV = Biased cross-validation, PI =
Plug-in, SCV = Smoothed cross-validation, h = 10 000 000 m2, h = 50 000 000 m2, h = 100 000 000
m2, h = 500 000 000 m2 (h values shown in the bottom four figures were used for both x and y in the
covariance matrix). Kernel density estimates were produced in the Geospatial Modelling Environment
(Beyer, 2012) with a cell size of 1 km2.
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Appendix B.
Backward path analysis
We used a backward path analysis (BPA) (Bonadonna et al., 2005; Girard et al., 2004) to
identify the sections of track during which birds undertook actively oriented movements to
and from mainland foraging areas. This involved calculating the beeline distance of track
segments in relation to the path length travelled for increasing sections of track, starting at the
goal location of the animal and working backwards through the track towards the commute
start point. The point at which the beeline distance and the path length stopped increasing
linearly with respect to one another was taken to be the orientation distance (the distance at
which the bird began actively orienting toward its goal, see Fig. B.1 for example plot), and
the straightness index (SI) from this point to the goal was calculated (Bonadonna et al., 2005;
Girard et al., 2004).
Visually distinguishing the point at which the beeline distance stopped increasing
linearly with respect to the path length was prone to subjectivity. BPA was therefore
compared to four alternative methods used to define the point from the colony at which birds
initiated and ended commute phases (following similar methodology to Bonadonna et al.,
2005). The location before each bird i) crossed the 5 km boundary from the colony ii) crossed
the 10 km boundary from the nearest coastline of the Balearic Islands, iii) increased speed of
movement > 5 ms -1 and iv) increased speed of movement > 7 ms -1 was identified.
Straightness indices were calculated between these points and the goal location for the four
alternative methods listed above and compared to the straightness index obtained with BPA.
As initial foraging movements along the Balearic Islands prior to the mainland commute
influenced orientation parameters, only tracks in which birds headed directly to the mainland
were included in this comparison. No significant differences were found between straightness
indices calculated within outbound and inbound track sections for the five methods (KruskalWallis tests: Figure B.2a, Outbound: χ2 = 6.930, p = 0.140, n = 49; Figure B.2b, Inbound: χ2
= 8.203, p = 0.084, n = 49), therefore the use of backward path analysis to determine
orientation efficiencies was not deemed to involve significant assessor bias.
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Fig. B.1. The backward path length travelled versus the backward beeline distance for two
example outbound track sections (green: trip with direct commute to mainland, blue: trip in
which bird foraged off Mallorca prior to commute to mainland). Dotted black lines indicate
the orientation distance (the distance at which the backward path length and backward beeline
distance stopped increasing linearly with respect to one another and at which birds were
deemed to begin actively orienting toward their goal). Points indicate GPS fixes.

Fig. B.2. Straightness indices for a) outbound and b) inbound sections of track, calculated
using five methods for goal determination (5 ms = speed change above/below 5 ms-1, 7 ms =
speed change above/below 7 ms-1, 5 km = 5 km boundary from colony, 10 km = 10 km
boundary from coast, BPA = backward path analysis) (n = 49).
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Table B.1.
Mean (± SD) orientation parameters for outbound and inbound track segments of Balearic
shearwater foraging trips to mainland Spain during incubation in 2011 –2014 (n = 49).
Minimum and maximum values are shown in square parentheses. Chi-square values and pvalues summarise likelihood ratio tests used to compare full LMMs (containing a random
‘individual’ intercept term and ‘track segment’ as a fixed effect) with LMMs containing no
fixed effect. Orientation distance = the distance at which birds began actively oriented
movement towards their goal (defined by BPA). r2 = coefficient of determination from linear
regression analyses on oriented track sections of each trip.
Parameter
Straightness index (BPA)
Orientation distance (km)
r2

Outbound
0.98 (±0.03)
[0.83 - 0.99]
161.0 (±23.2)
[93.8 - 250.4]
> 0.99

Inbound
0.96 (±0.04)
[0.84 - 0.99]
182.9 (±25.8)
[133.4 - 268.0]
> 0.99

χ2 1
4.839

p
0.028

20.078

<0.001

-

-
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Appendix C.
Sensitivity testing for immersion class grouping
Table C.1.
Pearson’s product moment correlation coefficients between pairs of kernel density estimate
grids for datasets to which different immersion grouping levels had been applied (level 1:
≤0.15, >0.15-<0.85, ≥0.85; level 2: ≤0.10, >0.10-<0.90, ≥0.90; level 3: ≤0.05, >0.05-<0.95,
≥0.95). Grouping level values relate to on-water activity measured as the proportion of time
immersed during 1-hour GPS segments. Kernel density surfaces were highly correlated in all
cases (n = 60).
Grouping comparison
1-2
1-3
2-3

Low immersion
0.999
0.998
0.997

Moderate immersion
0.999
0.998
0.999

High immersion
0.996
0.986
0.996

Table C.2.
Mean (± SD) activity budgets for Balearic shearwaters during foraging trips in March-April
between 2011 and 2014. Three categories based on the proportion of time that birds spent
immersed during a GPS track segment are shown (Low immersion: ≤5% time immersed,
moderate immersion: >5 to <95% time immersed, high immersion: ≥ 95% time immersed).
Year
Period
2011 (n = 15) Day
Night
2012 (n = 9) Day
Night
2013 (n = 22) Day
Night
2014 (n = 14) Day
Night

Low immersion (%)
9.0 (±5.3)
6.6 (±8.1)
7.2 (±3.6)
3.7 (±4.3)
8.4 (±3.0)
4.4 (±3.6)
10.5 (±4.9)
4.3 (4.7)

Moderate immersion (%)
57.6 (±8.5)
22.3 (±5.1)
46.2 (±3.3)
18.9 (±6.4)
51.5 (±5.2)
20.3 (±4.6)
51.6 (±4.0)
17.8 (±4.0)

High immersion (%)
33.4 (±8.8)
71.1 (±10.2)
46.7 (±4.9)
77.4 (±8.2)
40.0 (±6.1)
75.2 (±6.0)
37.9 (±7.5)
77.9 (±7.2)

All years

7.3 (±3.9)

39.4 (±5.0)

53.4 (±6.6)

All
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Fig C.1. Kernel density estimates for Balearic shearwater GPS locations allocated to three
immersion classes based on thresholds applied to geolocator activity data (a-c: 2011, d-f:
2012, g-i: 2013, j-l: 2014). Immersion classes related to the proportion of time spent
immersed during a track section between two GPS fixes: a,d,g,j) ≤ 0.05, b,e,h,k) ≥ 0.95,
c,f,i,l) > 0.05 - < 0.95. 25%, 50%, 75% and 95% kernel density kernels are shown (n = 60).
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Appendix D.
Wind modelling
ECMWF operational models (ECMWF 1995) were used to investigate the influence of wind
on choice of foraging area during the beginning of a trip, as they provided high-resolution U
and V wind component data. To validate use of operational data we compared wind
components from these models, with those obtained from the lower-resolution ECMWF
ERA-interim reanalysis model (ECMWF 1996). Daily averages of U and V components
during tracking periods in each study year were obtained from a 0.75° x 0.75° geographical
box within the Mediterranean. Mean values for both datasets were highly correlated for both
U and V components (Fig. D.1; Pearson’s product moment correlation, U: t211 = 56.41, r2 =
0.97, p < 0.001; V: t211 = 54.97, r2 = 0.97, p < 0.001).

Fig. D.1. Time series of U component (top figures) and V component (bottom figures) 10 m
surface wind fields from 6-hourly 0.75° ECMWF ERA Interim data (black points) and 0.125°
ECMWF operational data (red points). Daily mean wind vectors were extracted for both
datasets from a 0.75 x 0.75° geographical box within the northwestern Mediterranean (box
boundaries: bottom left = 40.125° N, 3.375° E; top right = 40.875° N, 4.125° E).
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Table D.1.
Summary of final binomial GAMM (with a random intercept term for ‘individual’) for the
probability of birds heading to either local or mainland foraging grounds as a function of
‘wind direction’ and ‘wind speed’. Effective degrees of freedom (edf) for each smooth term
(s) are shown in parentheses. P-values, % deviance explained by the model and the adjusted
R2 value are given.
Covariate
Wind direction
Wind speed

edf
s(1.524)
s(0.916)

Standard deviation

F-value
p
3.513
0.015
2.410
0.006
Random intercept
0.0001

Adj. R2
0.401
Residual
1.171

Table D.2.
Summary of binomial GAM for the probability of birds heading to either local or mainland
foraging grounds as a function of wind direction and wind speed. Effective degrees of
freedom (edf) for each smooth term (s) are shown in parentheses. P-values, % deviance
explained by the model and the adjusted R2 value are given. Model performance was assessed
using the area under the ROC curve (AUC = 0.90).
Covariate
Wind direction
Wind speed

edf
s(1.804)
s(2.601)

p
0.002
0.003

Deviance (%)
43.7

Adj. R2
0.481

Fig D.2. Frequency distribution of the median distance of birds from the colony during the
first day of the foraging trip. Birds that commuted directly to mainland Spain are shown in
red (n = 48) and those that initially remained around the Balearic Islands in blue (n = 17). The
dotted black line indicates the distance threshold used to assign birds to a foraging area.
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Appendix E
Breeding success
Table E.1.
Breeding success (chick hatching and fledgling success) of experimental and control pairs for
each study year. The proportion of total nests in each group that bred successfully is shown
(numbers in brackets show sample sizes). P-values from Fisher’s exact tests between all
tagged and control nests are shown. GPS-GLSi = birds fitted with GPS loggers and short-term
geolocators (during incubation only); GPS-GLSy = birds fitted with GPS loggers and longterm geolocators (to track year-round movements: unpublished data); GPS-TDR = birds fitted
with GPS loggers, geolocators and TDRs (during incubation only); Total = all birds fitted with
one or multiple tracking devices. P-values <0.05 are given in bold.

Parameter

Hatching
success

Group
GPS-GLSi
GPS-GLSy
GPS-TDR
Total
Control
p

2010a
1.00 (5)
1.00 (5)
0.70 (27)
0.296

2011
0.71 (14)
0.71 (14)
0.77 (22)
0.712

Yearb
2012
1.00 (7)
1.00 (3)
1.00 (10)
0.92 (38)
1.000

2013
1.00 (5)
0.86 (7)
1.00 (5)
0.94 (17)
0.68 (34)
0.042

All
0.87 (31)
0.86 (7)
1.00 (8)
0.89 (46)
0.78 (121)
0.123

GPS-GLSi
1.00
0.71
1.00
1.00
0.87
GPS-GLSy 0.86
0.86
Fledging
GPS-TDR
1.00
1.00
1.00
success
Total
1.00
0.71
1.00
0.94
0.89
Control
0.63
0.64
0.79
0.65
0.69
p
0.155
0.727
0.177
0.038
0.006
a
GPS deployment trial with dummy devices
b
Field constraints prevented collection of full breeding success data in 2014. Breeding failure was
recorded in two experiment nests during the 2014 field period.

Table E.2.
Summary of trip characteristics for GPS-tracked birds with and without simultaneously
deployed TDRs. Chi-square values and p-values summarised likelihood ratio tests used to
compare full LMMs (containing a random ‘individual’ intercept term and ‘device type' as a
fixed effect) with LMMs containing no fixed effect. Trip range, trip duration and total
distance travelled did not differ significantly between the two groups.
Device type
GPS
GPS-TDR

χ2 1

n
48
19
-

Trip range (km)
232.5 (± 82.1)
220.1 (± 85.3)
0.316 (p = 0.574)

Trip duration (hours)
142.5 (± 58.0)
143.1 (± 39.6)
0.002 (p = 0.966)

Total distance (km)
803.2 (± 335.1)
770.3 (± 285.6)
0.149 (p = 0.700)
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Fig E.1. The density distributions of trip durations seen in GPS-tracked birds (GPS birds; red
bars, n = 48) and paired geolocator-tracked control birds that initiated foraging trips on the
same day (±1 day) (GLS birds; blue bars, n = 48). Data from birds tracked only with
geolocators were collected between 2011 and 2014 during a simultaneous migration study at
the colony (see Guilford et al., 2012 for methods). A small number of GPS-tracked
individuals engaged in long foraging trips not seen in control birds, however differences in
the empirical distributions of trip durations between the two groups were not significant
(Two-sample Kolmogorov-Smirnov test, D = 0.271, p = 0.06).

Table E.3.
Summary of the number of device deployments, bird recoveries and full tracks obtained in
each year of the study. The numbers of device recoveries and partial tracks are show in the
respective column in square parentheses.
Year No deployments
Bird recoveries
Abandonments Full tracks
2011 24
22 [20b]
2
16a [3]
2012 17
17 [12]
0
14a [0]
2013 24
23 [22]
1
23a [0]
2014 17
15 [15]
2
14 [1]
Total 82
77c [69b]
5
67
a
multiple within-year tracks obtained from one bird (2011, 2013 = 2 tracks; 2012 = 3 tracks)
b
two waterlogged devices recovered
c
eight devices lost at sea before the bird returned to the colony and could be recovered
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Appendix F.
Foraging distribution and SPA overlap

Fig. F.1. Foraging locations of 67 Balearic shearwaters tracked from Sa Cella, Mallorca
during incubation periods (March - April) between 2011 and 2014. Special Protection Areas
(SPAs: green), Special Areas of Conservation/Sites of Community Importance (SACs/SCIs:
blue, pSCIs not included) and other Marine Protected Areas (orange) off Spain and France are
shown (sources: European Commision, 2014; IUCN and UNEP-WCMC, 2014; Ministerio de
Agricultura, Alimentación y Medio Ambiente, 2014). Grey lines indicate the 200 m and 1000
m isobaths.
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Fig. F.2. Kernel density estimates (50% and 90% probability contours) for foraging locations
of male and female Balearic shearwaters during a) 2013 and b) 2014 (KDE bandwidth
selector: plug-in, cell size: 1 km2).
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Fig G.1. Mean chlorophyll-a concentration (Chl-a, mg m3: left column), sea surface
temperature (SST, °C: middle column) and thermal frontal activity (Fcomp: right column) in
the western Mediterranean during the main tracking periods in 2011 – 2014 (April). Fcomp
combines information on the frontal gradient, persistence of fronts (ratio of frontal
observations to cloud-free images during the month) and proximity to neighbouring fronts
(Miller, 2009). 1 km2 Chl-a (AQUA-MODIS), SST (AVHRR) and composite front data
(Miller, 2009) were processed by Neodaas, Plymouth. Coloured lines show the 25%, 50%,
75% and 95% kernel density (KD) contours of tracked Balearic shearwaters in each study
year.
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