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Text S1 Supplementary Methods 
 
Bird capture 
In order to capture birds, we secured conical nets of HDPE monofilament (mesh size 18 mm; 
entrance 40 cm diameter, made from 6 mm diameter copper wire; total net length 80 cm) 
over the entrances to burrows containing an incubating or brooding adult prior to dusk. We 
checked nets every 15 minutes until midnight and then removed them. Most birds were 
caught as they entered their burrows but some were caught as they left. We recaptured birds 
either as described above or by extracting them by hand from their burrows during the day. 
We weighed each bird on capture and recapture. 

 
Molecular sex determination 
DNA was extracted from the blood samples using a DNeasy Blood and Tissue kit (Qiagen, 
Manchester, UK), following the manufacturer’s protocol. PCR reactions were performed in 
10ul volumes on a M J research PTC-200 machine, using Gotaq G2 Flexi DNA polymerase 
(Promega, Madison, WI, USA). Final reaction concentrations were 200 µM dNTP’s, 2 mM 
MgCl2, 0.4 Utaq and 80 ng of the following primers: 2550F 5' GTT ACT GAT TCG TCT 
ACG AGA  -3 2718R 5' ATT GAA ATG ATC CAG TGC TTG -3' (Fridolfsson and Ellegren 
1999). The thermal profile comprised an initial denaturing step of 94°C for 2 minutes, 
followed by 30 cycles of 48°C for 60 s, 72°C for 60 s and 94°C for 45 s, followed by 48°C 
for 60 s and a final extension at 72 °C for 5 minutes. PCR products were separated in 2% 
agarose gels in 1X TBE, and visualised via Sybersafe (Invitrogen, Carlsbad, CA, USA) 
staining. 

 

Identification of foraging locations 

We used the function fitHMM from the moveHMM package to fit an HMM to the data. This 
approach has proved as effective as classification of seabird behaviour based on subjectively 
specified speed and tortuosity criteria, but has the advantage that classification is objective 
(Bennison et al. 2018). We assumed three behavioural states, and that step lengths followed a 
gamma distribution and turning angles followed a wrapped Cauchy distribution. 

 

The fitHMM functions requires starting values for four parameters for each state: 

- Step length mean 
- Step length standard deviation 
- Turning angle mean 
- Turning angle concentration (low values correspond to many turns, high values to few 

turns) 
 

Initial values for each of the three states were based on initial exploration of the observed 
distributions of step length and turning angles, and are presented in Table S1. 
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Fisheries activity data 
GFW data 
GFW data were available for the years 2012 – 2018. Kroodsma et al. (2018) describe in detail 
how GFW estimate fishing effort from AIS data. In brief, all vessels >300 gross tonnage are 
required to broacast AIS data, as are all fishing vessels in the Falklands Interim Conservation 
and Management Zone and the Falklands Outer Conservation Zone, as well as in Argentinian 
EEZ. Raw data comprising the identity, position, speed, and turning angle at a temporal 
resolution of seconds are received from these vessels and collated. A convolutional neural 
network, trained on a subset of these data, is then used to detect fishing activity by gear type, 
which it achieves with >90% accuracy (Kroodsma et al. 2018). Total daily fishing effort by 
gear type is then calculated on a 1/100° grid. 
 
VMS data  
VMS devices are fitted to all licenced vessels operating in Falkland Island waters. VMS data 
available to us spanned January, 2008 to 2017. The FIFD classified vessels either as jiggers, 
longliners or trawlers. The median intervals between raw VMS locations was 200 minutes but 
data were received from some vessels at different temporal resolutions (interquartile range 
120 – 202 minutes) so we re-sampled locations by linear interpolation to a standard interval 
of 200 minutes. We assumed vessels were fishing if their speeds were <6 knots (Catry et al. 
2013). We then calculated fishing effort as described above, excepting that, to reduce the 
effect of vessels being spuriously classified as fishing as they slowed approaching port, we 
excluded locations of trawlers within 20 km, and locations of longliners or jiggers within 60 
km, of Port Stanley. 
 
GLS data analysis 
GLS loggers sampled light level (full range) every minute and recorded the maximum every 
5 minutes. They sampled temperature (±0.125°C, accuracy 0.5°C) every 5 minutes and 
recorded the minimum, mean and maximum every 4 h, and sampled wet/dry status every 30 
seconds, recording the number of wet samples every 4 h. Our study period spanned the 
Austral spring equinox, during which light-based latitude estimation is unreliable (Lisovski et 
al. 2012). We therefore estimated locations using both light and temperature data. To do so, 
we first identified dawn and dusk transitions interactively using the BAStag package in R 
(Wotherspoon et al. 2016), with a threshold angle of 1.5°. We then applied an algorithm 
developed by Merkel et al. (2016), and implemented in the probGLS package in R, which 
estimates the most likely path taken by birds, given the observed threshold times, tag 
temperatures and flight activity, as well as assumptions about the speed of the birds, errors 
associated with transitions, etc. Analysis of a similar data set by Merkel et al. (2016) resulted 
in a median location error ± 185 km during the equinoxes and ± 145 km during the solstices. 
We applied this algorithm on a track-by-track basis, where we defined a track in this context 
as a bout of movement starting and ending at the colony during which the bird may have 
visited the colony intermittently but for periods of less than one night. This definition is 
practical, because brief visits to the burrow (e.g. to feed chicks during post-brood) could not 
be detected reliably, whereas stays in the burrow spanning two or more nights (e.g. during 
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incubation) were readily identifiable (i.e. periods when the logger was dry and dark 
coinciding with periods when the colony would have been in darkness). Our observations in 
the colony suggest that the former visits were generally < 4 h, with time in the burrow 
centred on midnight. We therefore nominally specified that individual foraging trips began 
and ended at the colony at local midnight. 
 
We specified the range of elevation angles (-6.5° to -4°), as well as the shape (1.0) and scale 
(0.9) of their distribution, by analysing the light data collected pre- and post-deployment at a 
fixed location using the getElevation function in the GeoLight R package (Lisovski and Hahn 
2012, Merkel et al. 2016). We defined the mean, standard deviation and maximum speeds 
during continuous flight (11.5, 4.7, 30.0 m/s, respectively) and periods on the water (1.1, 1.6, 
2.5 m/s) using GPS data collected in the present study (speeds correspond to those during 
commuting and resting – see Methods). We specified that random latitudes should be 
generated for 10 days either side of equinoxes and that the algorithm should run for 125 
iterations with 1000 particles per iteration (Merkel et al. 2016). 
 
The tags used to develop and test the prgoGLS package in R recorded temperature only when 
immersed in seawater (Merkel et al. 2016). In contrast, due to their smaller size and therefore 
more limited battery life, we programmed our tags to sample temperature less frequently but 
to record summary temperature summary statistics every 4 h, regardless of behavioural state. 
In flight, sooty shearwaters lift their legs into their contour plumage, resulting in tag 
temperatures similar to body temperature (mean maximum tag temperature during flight 
bouts 27.1 ± 3.9°C). SSTs in the study area are much lower than this (range ~ 5 - 12°C). For 
the purposes of correcting latitude by matching tag-recorded sea surface temperature (SST) to 
satellite-recorded SST, we therefore defined daily tag-recorded SST as the median of 4 
hourly minimum tag temperatures, excluding those recorded when the logger was dry for 
95% of the time. We defined the standard deviation of the difference between tag-sensed and 
remotely-sensed SST (0.56 °C), as well as the maximum difference (9.2 °C), by regressing 
tag-sensed SST against satellite-sensed SST at locations estimated using the threshold 
method (Lisovski and Hahn 2012). We limited this analysis to periods during which birds 
were relatively sedentary and their locations unaffected by the equinoxes. Specifically, these 
were locations recorded >15 days from the equinoxes, when the logger was immersed for 
>50% of the time and the daily speed was <1 m/s. We obtained satellite-sensed SST (NOAA 
Optimum Interpolation Sea Surface Temperature V2) from the NOAA/OAR/ESRL PSD, 
Boulder, Colorado, USA, via https://www.esrl.noaa.gov/psd/.  All birds began migration by 
flying rapidly eastwards. We therefore nominally defined the end of the breeding period as 
the last day spent <3° east of the colony (cf. Hedd et al. 2012). 
 
Dive identification and metrics 
We identified dives and extracted dive metrics using an algorithm written in R. The algorithm 
was applied to each 5-minute burst of time-depth data in turn and proceeded as follows: 

1. To correct for any surface drift, estimate the depth recorded while the logger was at 
the surface by applying a lowess smoother with f=1/5 to depths < 2.5 m.  

2. Correct the surface depth to zero. 
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3. Calculate the rate of change of depth using a locfit model with alpha = 0.01. 
4. Smooth this rate using a lowess smoother with f=1/50. 
5. Define candidate dives as blocks of data in which the depth is > 1 m. 
6. If the candidate dive is > 4 s long, define the bottom phase as the period when the 

smoothed rate of change of depth was < 0.35 m/s and > -0.5 m/s. 
7. Define the descent phase as the period between the surface and either the lowest point 

or the onset of the bottom phase.  
8. Define the ascent phase as the period between the lowest point or end of the bottom 

phase, and the surface. 
9. Exclude dives during which either the absolute ascent or descent rate was 

unrealistically high (>3.5 m/s). 
10. Calculate the dive duration and maximum dive depth. 
11. Calculate the interval between consecutive complete dives, defining complete dives as 

those beginning and ending at the surface within the recording bout. 
12. Repeat steps 10 and 11, retaining only dives during which depth exceeded 2.5 m. 

 
In order to model temporal trends through the breeding season, and to detect potential diel 
patterns in dive behaviour, we used Generalised Additive Mixed-effects Models to model 
dive indices as smooth functions of time of day and Julian day using the mgcv package 
(Wood 2017). We structured smooths as cubic regression splines (in the case of time of day, 
in their cyclic form), with shrinkage (Wood 2017). We specified random intercepts for data 
recording bursts, nested birds, and modelled serial autocorrelation using a first order 
autoregressive (AR(1)) term. We either log-transformed the response and assumed Gaussian 
errors or assumed negative binomial or binomial errors as appropriate. 
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Supplementary tables 
Table S1. Initial values for the HMM used to identify foraging locations. 

State Step mean (m) Step SD (m) Angle mean (rad) Angle concentration 

Resting 10 10 0 0.9 

Foraging 10,000 10,000 0 0.5 

Commuting 20,000 20,000 0 0.9 

 
 
Table S2. Time Depth Recorder data included in the analysis. 
Bird Sex Logger 

deployment 
End of 

breeding 
Days 

sampled 
Complete dives detected 

  All >2.5 m 
1 F 11-Jan 28-Feb 48 154 49 
2  11-Jan 5-Apr 84 726 108 
3  15-Jan 6-Apr 81 462 56 
4  15-Jan 3-Apr 78 444 79 
5  14-Jan 5-Apr 81 164 80 
6 M 11-Jan 10-Apr 89 478 122 
7  11-Jan 15-Mar 63 108 62 
8  11-Jan 13-Mar 61 142 87 
9  14-Jan 15-Mar 60 449 76 

10  14-Jan 17-Apr 93 354 113 
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Table S3. Dive metrics, summarised by individual for (1) dives ≥ 1 m (2) dives > 2.5 m. 
Bird Sex Dive 

type 
Median dive 

duration (s), IQR1 
(range) 

Median max. dive depth 
(m), IQR (range) 

Mean dives/hour, 
95th percentile 

(range)2 

1 Female ≥ 1 m 12, 5-20 (3, 64) 2.9, 1.5-7.9 (1.1, 40.0) 1.3, 2 (0, 84) 
2   5, 3-10 (3, 56) 1.9, 1.5-2.8 (1.1, 29.2) 1.5, 12 (0, 84) 
3   4, 3-7 (3, 57) 2.0, 1.5-2.5 (1.2, 37.5) 0.8, 0 (0, 72) 
4   5, 3-13 (3, 56) 2.0, 1.5-3.3 (1.1, 42.5) 1.2, 12 (0, 84) 
5   18, 8-28 (3, 58) 6.7, 2.5-14.9 (1.3, 46.0) 1.2, 12 (0, 60) 
Mean ± SD   8.8 ± 6.1 3.1 ± 2.1 1.2 ± 0.3 
6 Male  6, 4-14 (3, 55) 2.2, 1.5-4.9 (1.1, 39.76) 1.8, 12 (0, 72) 
7   22, 14-34 (3, 58) 8.5, 2.8-13.9 (1.3, 37.1) 1.4, 12 (0, 48) 
8   19, 10-39 (4, 73) 7.0, 2.5-15.3 (1.2, 34.0) 1.9, 12 (0, 48) 
9   5, 3-10 (3, 63) 2.0, 1.5-2.9 (1.0, 37.8) 1.4, 12 (0, 72) 
10   9, 3-27 (3, 82) 2.8, 1.5-10.6 (1.2, 48.5) 1.7, 12 (0, 84) 
Mean ± SD   12.1 ± 7.7 4.5 ± 3.0 1.6 ± 0.3 
1 Female > 2.5 m 19, 14-32 (5, 64) 6.8, 3.8-12.0 (2.7, 40.0) 1.1, 2 (0, 84) 
2   17, 12-25 (3, 56) 5.8, 3.7-9.2 (2.7, 29.2) 1.4, 12 (0, 84) 
3   20, 10-28 (3, 57) 9.6, 3.6-17.6 (2.7, 37.5) 0.7, 0 (0, 72) 
4   18, 12-34 (3, 56) 7.2, 3.9-16.5 (2.7, 42.5) 1.0, 12 (0, 84) 
5   23, 16-32 (5, 58) 10.3, 5.4-16.7 (2.6, 46.0) 1.0, 12 (0, 60) 
Mean ± SD   19.1 ± 2.2 7.9 ± 1.9 1.1 ± 0.2 
6 Male  17, 12-28 (3, 55) 8.1, 4.3-17.0 (2.7, 39.8) 1.6, 12 (0, 72) 
7   26, 20-39 (6, 58) 11.6, 7.3-16.6 (2.7, 37.1) 1.1, 12 (0, 48) 
8   30, 16-43 (8, 73) 11, 5.8-16.7 (2.6, 34.0) 1.6, 12 (0, 48) 
9   15, 7-25 (3, 61) 3.7, 3.0-11.1 (2.7, 37.8) 1.3, 12 (0, 72) 
10   26, 14-34 (3, 82) 10.2, 5.5-14.5 (2.8, 48.5) 1.5, 12 (0, 84) 
Mean ± SD   22.7 ± 6.4 8.9 ± 3.2 1.4 ± 0.2 
1 IQR = Inter-quartile range. 2 Dive rate is strongly right-skewed and zero inflated so medians 
and upper and lower quartiles are zero. We therefore quote 95th percentiles, rather than IQRs, 
to indicate spread. 
 
Table S4. Summary of fixed effects in a Generalised Linear Mixed-effects Model of 
maximum dive depth (m) during dives >2.5 m deep as a function of dive duration.  

 
Value SE DF t-value p 

Intercept 1.082 0.042 483 26.002 <0.001 
Dive duration (s) 0.046 0.001 350 46.503 <0.001 
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Table S5. Similarity between fishing effort estimated using Global Fishing Watch data and 
Vessel Monitoring System data in January, within the Falkland Islands EEZ. 
Gear type1 Year(s) Proportion overlap2 R2§ BA 
  GFW in VMS VMS in GFW   
Trawlers 2012 0.34 0.81 0.64 0.62 
 2013 0.64 0.81 0.86 0.89 
 2014 0.00 0.00 - 0.00 
 2015 0.43 0.35 0.75 0.48 
 2016 0.65 0.68 0.95 0.94 
 2017 0.94 0.72 0.76 0.86 
 2012-2017 0.74 0.77 0.94 0.93 
Longliners 2012 0.52 0.92 0.83 0.82 
 2013 0.90 0.95 0.92 0.94 
 2014 0.43 0.87 0.53 0.79 
 2015 0.91 0.77 0.97 0.95 
 2016 0.88 0.57 0.74 0.74 
 20173 - - - - 
 2012-2017 0.76 0.71 0.90 0.80 
1 Comparison for squid jiggers not possible because there was no effort in this fishery within 
the Falklands EEZ during the study period. 2 GFW in VMS is proportion of VMS grid cells 
with fishing effort that also have GFW fishing effort, and VMS in GFW is proportion of 
GFW grid cells with fishing effort that also have VMS fishing effort. § Correlation between 
fishing effort in grids cells that had both non-zero VMS and GFW effort. BA = Bhattacharyya 
affinity (i.e. similarity) between VMS and GFW fishing effort UDs. 3 No longlining was 
recorded within the Falklands EEZ in January, 2017. 
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Table S6. Minimum sample size (n birds) required to estimate population-level utilisation 
distribution (UD) volume contours with a given level of representivity, estimated using 
models illustrated in Fig. S2. 

Reference UD volume 
contour 

Target representivity (%) 

90.0 95.0 97.5 99.0 

50 % 19 40 81 205 

75 % 17 36 74 187 

95 % 11 22 44 111 
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Table S7. Pelagic seabird species recorded as present (+) or present in regionally high numbers (++) on the Burdwood Bank or within its 
adjacent shelf slope (depth < 1000 m) during at sea surveys (White et al. 2002), tracking studies with data lodged in the BirdLife Seabird 
Tracking Database (http://www.seabirdtracking.org/, accessed 25th November, 2019) or during the other tracking studies cited.  
Species  Conservation 

status1 
Occurrence Reference 

  Summer Winter  

King penguin2 Aptenodytes patagonicus LC  + (Falabella et al. 2009, Baylis et al. 2019) 

Chinstrap penguin Pygoscelis antarctica LC  +  

Rockhopper penguin Eudyptes chrysocome VU ++ ++ (Falabella et al. 2009, Ratcliffe et al. 2014, Baylis et al. 2019)  

Macaroni penguin2 E. chrysolophus VU  ++ (Ratcliffe et al. 2014)  

Magellanic penguin Spheniscus magellanicus NT ++  (Falabella et al. 2009, Baylis et al. 2019)  

Wandering albatross Diomedea exulans VU ++ + (Nicholls et al. 2002, Croxall and Wood 2002, Falabella et al. 
2009)(Croxall and Wood 2002; Falabella et al. 2009; Nicholls et al. 
2002) 

Antipodean albatross D. antipodensis EN  +  

Southern royal albatross D. epomophora VU + +  

Northern royal albatross D. sanfordi EN + + (Nicholls et al. 2002, Falabella et al. 2009)  

Black-browed albatross Thalassarche melanophris LC ++ ++ (Falabella et al. 2009, Baylis et al. 2019)  

Grey-headed albatross T. chrysostoma EN ++ ++ (Falabella et al. 2009)  

Light-mantled albatross Phoebetria palpebrata NT  +  

Northern giant petrel Macronectes halli LC ++ ++ (González-Solís et al. 2000, Falabella et al. 2009)  

Southern giant petrel M. giganteus LC + ++ (González-Solís et al. 2000, Falabella et al. 2009) 

Antarctic petrel Thalassoica antarctica LC  +  

Cape petrel Daption capense LC + ++  
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Antarctic fulmar Fulmarus glacialoides LC + ++  

Blue petrel Halobaena caerulea LC + ++  

Kerguelen petrel Aphrodroma brevirostris LC + ++  

Soft-plumaged petrel Pterodroma mollis LC + +  

Atlantic petrel P. incerta EN +  (Ramos et al. 2017)  

Prion spp.3 Pachyptila spp.  ++ ++  

Fairy prion P. turtur LC + +  

Grey petrel Procellaria cinerea NT  + (Rollinson et al. 2016)  

White-chinned petrel P. aequinoctialis VU ++ + (Phillips et al. 2006)  

Westland petrel P. westlandica EN  + (Landers 2012)  

Great shearwater2 Ardenna gravis LC +   

Sooty shearwater A. griseus NT ++  (Hedd et al. 2012, 2014)  

Wilson’s storm-petrel Oceanites oceanicus LC ++   

Grey-backed storm-petrel Garrodia nereis LC ++ ++  

Black-bellied storm petrel Fregetta tropica LC +   

Diving-petrels spp. Pelecanoididae spp.  ++ ++  

Antarctic skua Catharacta antarctica LC +   

Kelp gull Larus dominicanus LC  +  

Bold indicates species breeding in the Falkland Islands. 1 LC - least concern, NT - near threatened, VU – vulnerable, EN – endangered (BirdLife 
International (2019) IUCN Red List for birds. Downloaded from http://www.birdlife.org on 25/11/2019). 2 < 500 pairs breed in the Falkland 
Islands. 3 Principally thin-billed prions P. belcheri.
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Supplementary figures 

 
Figure S1. Distributions of duration and maximum distance from the colony, for trips of 
sooty shearwaters GPS-tracked from Kidney Island during late incubation and early chick-
rearing, 2017.  
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Figure S2. Tracks of sooty shearwaters GPS-tracked from Kidney Island during late 
incubation and early chick-rearing, 2017 (8 females, 11males). Behaviour was classified 
based on speed and turning angle into three putative states using a Hidden Markov Model. 
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Figure S3. Estimated representativeness, sensu Lascelles et al. (2016), of GPS tracking data 
of the mean population-level distribution of sooty shearwaters during the tracking period. 
Inclusion is the proportion of out-of-sample locations that fall within a reference utilisation 
distribution percentage volume contour estimated using data randomly sampled 100 times 
from n birds. Colours correspond to different UD volume contours and grey areas span one 
standard deviation from the simulation mean. Solid and dashed lines show, respectively the 
mean and asymptote predicted by nonlinear regression. The dashed vertical line shows the 
actual number of birds GPS-tracked during the study.  
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Figure S4. The distributions of environmental conditions at locations at sea available to or 
used by sooty shearwaters GPS-tracked from Kidney Island during late incubation and early 
chick-rearing, 2017. Used locations were classified by a Hidden Markov Model as either 
foraging, resting or commuting. Available locations were defined by generating simulated 
tracks with the same movement properties as the observed tracks. ‘bw’ is the bandwidth used 
to estimate the kernel density of each environmental index. Some indices were transformed 
for clarity. A mismatch between the coloured and grey distributions indicates disproportional 
habitat use, indicative of selection (e.g. biological distance = 300 – 400 km) or avoidance 
(e.g., biological distance 100 – 200 km). 
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Fig. S5. Mean observed utilisation distributions of TDR-equipped sooty shearwaters (n= 10) 
GLS-tracked from Kidney Island during late incubation and chick-rearing, 2017, from (a) 
January 15 to 30, (b) January 31 to February 15, (c) February 16 to March 3, (d) March 4 to 
March 19, and (e) March 19 to April 4.   

(e)	

(c)	 (d)	

(a)	 (b)	
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Fig. S6. Fishing effort for January of each year, estimated from data derived from Automatic 
Identification System records, processed by Global Fishing Watch (GFW), or from Vessel 
Monitoring (VMS) data, supplied by the Falkland Islands Fisheries Department. Right-hand 
panels show grid cells within the Falkland Islands Exclusive Economic Zone (black 
polygons) in which fishing effort was >0 for both the GFW and VMS datasets. 
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Fig. S7. Mean fishing effort (total hours) during January 2012-2017, estimated from data 
derived from Automatic Identification System records, processed by Global Fishing Watch 
(GFW), or from Vessel Monitoring (VMS) data, supplied by the Falkland Islands Fisheries 
Department. Right-hand panels show grid cells within the Falkland Islands Exclusive 
Economic Zone (black polygons) in which fishing effort was >0 for both the GFW and VMS 
datasets.  
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Figure S8. Fisheries exposure index (FE), describing the relative likelihood of sooty 
shearwaters encountering fishing activity, based on the observed foraging locations of 
shearwaters GPS-tracked from Kidney Island during late incubation and early chick-rearing 
in January, 2017 (left panels) or their distribution predicted by model IIb (right panels), plus 
fishing effort for January of each year, estimated using Global Fishing Watch data. For 
clarity, FE is square-root transformed. BA is the Bhattacharyya affinity between the fishing 
and shearwater UDs. Solid black lines, Falkland Islands management zones; dashed black 
lines, Argentinian Namuncurá-Burdwood Bank Marine Protected Area (see Fig. 1). 


