
MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 589: 209–225, 2018
https://doi.org/10.3354/meps12475

Published February 23

INTRODUCTION

When breeding, seabirds are ‘central-place’ for-
agers (Orians & Pearson 1979) that must return to the
colony at regular intervals to feed chicks. This re -
quirement constrains the area in which they can ob -
tain food (Lack 1954, Ashmole 1963, Weimerskirch et
al. 1994, Weimerskirch 1998). As a consequence, re -
productive success and viability of seabird colonies

can be totally dependent on the continued stability
and productivity of a small number of near-colony
foraging grounds.

Management and conservation initiatives (e.g. ma -
rine protected areas) seeking to protect foraging
grounds are often applied to relatively large areas of
ocean surrounding colonies. However, from a conser-
vation and management perspective, it may not be
sufficient or appropriate to focus on areas that have

© Inter-Research 2018 · www.int-res.com*Corresponding author: fiona.mcduie@gmail.com

Oceanographic drivers of near-colony seabird
 foraging site use in tropical marine systems

Fiona McDuie1,*, Scarla J. Weeks2, Bradley C. Congdon1

1Centre for Tropical Environmental and Sustainability Science and College of Science and Engineering, 
James Cook University, MacGregor Road, Smithfield, Cairns, QLD 4870, Australia

2Biophysical Remote Sensing Research Centre, School of Geography, Planning and Environmental Management, 
University of Queensland, St. Lucia, QLD 4072, Australia

ABSTRACT: Wedge-tailed shearwaters of Australia’s southern Great Barrier Reef (GBR), obtain
food for their chicks on short trips adjacent to the breeding colony. GPS tracking (from February
to April in 2013 and 2014) indicated that most trips were of 1 d duration (70 to 85%) and that all
were within 300 km of the colony. Oceanographic characteristics of foraging and non-foraging
areas were compared to identify mechanisms driving prey availability. Foraging generally oc -
curred adjacent to the Capricorn Shelf, where the largest oceanographic feature in the region, the
Capricorn Eddy, creates increased frontal activity and upwellings. Shearwaters consistently re -
visited 4 bathymetrically and topographically distinct foraging zones influenced by this meso scale
eddy. In 2013, strong sea surface temperature (SST) fronts associated with relatively intense eddy
activity influenced foraging activity in all foraging zones. In 2014 the dominant oceanographic fac-
tors influencing foraging were SST and chlorophyll a concentration ([chl a]) or their anomalies.
However, these influences varied among zones, suggesting a weakened effect of the eddy and
elevated importance of fine-scale phenomena such as localised upwellings. Foraging in the coastal
foraging zone was also significantly influenced by terrestrial inputs: specifically, birds foraged in
association with freshwater flood plumes with higher [chl a]. The oceanographic mechanisms
underlying prey availability to shearwaters in this system are tightly linked to variations in cli-
matic conditions. Consequently, predicted changes associated with climate change, such as in -
creased frequency or severity of El Niño events, are likely to seriously diminish the profitability of
identified foraging locations and the reproductive output of impacted colonies. Currently, most
identified foraging areas are without specific management or protection status.

KEY WORDS:  Seabird foraging · Trophic relationships · Capricorn Eddy · Terrestrial run-off ·
Chick provisioning · GPS tracking · Oceanographic characteristics · Wedge-tailed shearwater ·
Ardenna pacifica

Resale or republication not permitted without written consent of the publisher

This authors' personal copy may not be publicly or systematically copied or distributed, or posted on the Open Web, 
except with written permission of the copyright holder(s). It may be distributed to interested individuals on request.



Mar Ecol Prog Ser 589: 209–225, 2018

not been unambiguously identified as important for-
aging locations. Instead, specific identifiable areas
characterised by explicit oceanographic processes
may be appropriate targets for protection and/or
management. Therefore, to enable the development
of higher-resolution, more effective management
options it is important to identify both the particular
areas that are most frequented by foraging birds and
the oceanographic conditions that characterise these
areas.

In temperate and sub-polar systems, foraging areas
close to breeding colonies are generally charac-
terised by enhanced primary productivity, as shown,
for example, by studies of Cory’s shearwaters Calo -
nectris diomedea diomedea (Cecere et al. 2013b) and
black-browed albatrosses Thalassarche melano -
phrys (Che rel & Weimerskirch 1995). These types of
foraging areas can be seasonal and highly pre-
dictable and are often related to large-scale oceano-
graphic phenomena such as fronts, frontal conver-
gences, upwellings or eddies (Hunt 1991, Ainley et
al. 2005, Yen et al. 2006). These same phenomena are
also strongly related to ocean temperature and tem-
perature gradients (Becker & Beissinger 2003, Ainley
et al. 2005), that are in turn linked to larger oceanic
features such as the Antarctic Convergence, or the
Kuroshio Current (King 1974, Brown et al. 1975,
Croxall & Prince 1980).

Highly stable and predictable large-scale currents
similar to those that influence prey availability in
temperate systems (Croxall & Prince 1980, Shaffer et
al. 2009) also circulate throughout the tropics. How-
ever, in tropical regions, documented links between
seabird foraging, prey availability and these large-
scale phenomena are much less common (Ashmole
1971, Ainley & Boekelheide 1984, Ballance et al.
2006). Instead, tropical seabirds primarily forage in
association with smaller-scale frontal systems, eddies
and upwellings (Le Corre 2001, Weimerskirch et al.
2004, Tew Kai et al. 2009, Cecere et al. 2013a; but see
Rayner et al. 2016). Therefore, while drivers of forag-
ing activity at some tropical locations appear to be
similar to those seen in temperate zones (Baduini
2002, Jaquemet et al. 2007, Cecere et al. 2013a), in
other areas they often differ in important ways
(Weimers kirch et al. 2004, 2010, Sabarros et al. 2009).

Australia’s Great Barrier Reef (GBR) is not known
for high levels of productivity associated with larger-
scale fronts or upwellings (Kleypas & Burrage 1994,
Burrage et al. 1996, Brinkman et al. 2002). However,
the distinctive topography of the region produces a
range of smaller, less stable, and unpredictable oce -
ano graphic effects that enhance productivity at local

scales (Burrage et al. 1996, Brinkman et al. 2002,
Chou kroun et al. 2010). Specific changes in these
phenomena have also been shown to negatively
impact food availability to seabirds breeding on the
GBR (Smithers et al. 2003, Peck et al. 2004).

The Capricorn Eddy is a mesoscale oceanographic
structure in the southern GBR, the position and in -
tensity of which is primarily driven by the speed and
strength of the East Australian Current (EAC); which
in turn varies under different El Nino Southern Oscil-
lation (ENSO) conditions (Weeks et al. 2010). The
activity of the Capricorn Eddy has demonstrated
links to both fine-scale temperature variation and
short-term food availability to foraging shearwaters
(Weeks et al. 2010, 2013). This suggests it is a local-
scale phenomenon capable of significantly influenc-
ing the longer-term reproductive success of seabirds
in the region. However, the currently documented
links have only been observed over a single breeding
season (Weeks et al. 2013). Importantly, it is not known
if shearwaters actually forage in association with this
eddy, or are impacted by oceanographic processes
generated by it that affect prey availability.

Wedge-tailed shearwaters Ardenna pacifica that
breed in the southern GBR use a dual foraging strat-
egy (Congdon et al. 2005). Long foraging trips allow
adults to reach distant foraging grounds for self-pro-
visioning, while shorter trips are used to obtain food
for chicks (McDuie et al. 2015). Consequently, food
availability at short-trip foraging locations is critical
to chick survival and overall reproductive success. By
definition, short trips must necessarily be nearer the
colony and are likely to be within a maximum radius
of 300 km (McDuie et al. 2015). Therefore, short-trip
foraging sites have the potential to be directly associ-
ated with the location and intensity of oceanographic
features generated by the Capricorn Eddy.

Through the use of high-resolution GPS tracking
this study aimed to identify the near-colony foraging
grounds used for chick provisioning by wedge-tailed
shearwaters of the southern GBR and establish the
oceanographic characteristics influencing foraging
site choice and intensity of use. Specifically, we
aimed to determine whether shearwaters forage in
direct association with the Capricorn Eddy. We exa -
mined a comprehensive set of oceanographic param-
eters in order to accurately characterise foraging
grounds. Our investigation focused on parameters
that have been considered in previous research of
tropical systems, such as chlorophyll a concentrations
([chl a]), sea surface temperature (SST) and bathy -
metry, as well as additional parameters specifically
selected to highlight the presence of fine and meso -
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scale ocean dynamics (e.g. SST and [chl a] anom-
alies) (Oschlies & Garçon 1998, Palacios et al. 2006).
Consequently, we were able to (1) identify the opti-
mal set of oceanographic factors defining near-colony
foraging grounds, for comparison with other tropical
and temperate studies; (2) develop best practice for
accurately identifying the oceanographic pheno -
mena that are most important for augmenting prey
availability to tropical seabirds in general; and (3)
generate a model of the trophic mechanisms influ-
encing near-colony food availability to seabirds of
the Southern GBR that forage in mixed species flocks
in association with wedge-tailed shearwaters.

MATERIALS AND METHODS

Study site and population monitoring

Tracking in this study targeted the near-colony for-
aging trips of wedge-tailed shearwaters breeding on
Heron Island in the southern GBR, Australia (Cong-
don et al. 2005). Field work was conducted in the
months of February and April in 2013 and 2014.
Monitoring, trapping, and handling protocols fol-
lowed those detailed in McDuie & Congdon (2016).
In 2013 we monitored 86 nests (66 tracked and 20
controls) and in 2014, 30 nests (20 tracked, 10 con-
trols). At control nests, adult birds were not handled,
but chick meal masses were monitored in order to
test for any effects of GPS logger deployment on pat-
terns of adult provisioning.

Electronic tracking

Electronic archival GPS devices were deployed on
chick-rearing adult wedge-tailed shearwaters during
short, chick-provisioning trips, defined as <4 d
(Cong don et al. 2005). All trips <4 d are included in
the current analyses, although the majority of the
trips observed were only 1 to 2 d. Devices were
mounted at the base of an adult’s tail on 3 feathers

with a single strip of Tesa™ tape (Beiersdorf). Tem-
porary tail mounting was used as it considerably
reduces disturbance to birds compared with back
mounting, and allows GPS devices to be reused on
multiple individuals. Devices were deployed on
adults upon their exit from the nest following chick
feeding and removed at the conclusion of the subse-
quent short trip. On some occasions, when birds
were missed at the nest or did not return the follow-
ing day, devices were retrieved at the first opportu-
nity. No evidence of birds attempting to remove the
tape, the device, or any damage to tail feathers was
observed.

Tracking data were acquired using modified,
 battery powered iGot-U™ GT-120 (Mobile Action
Technology) GPS tracking devices (weight 10.2 g,
dimensions ~44 × 22 × 5 mm after modification).
Modification included reducing battery size (90 to
120 mAH) and repackaging in 50 mm clear heat
shrink wrapping (Finishrink™), to produce a slim,
waterproof profile that reduced in-flight drag (Culik
et al. 1994). Repackaging reduced weight such that it
fell within the accepted limit (3% of body weight) for
device deployment on seabirds; devices were de -
ployed only on adults weighing greater than 380 g
(Ken ward 2001, Phillips et al. 2003). GPS were set to
record position fixes every 3 or 5 min (depending on
individual battery life as determined during pre-
season testing, giving 4 to 6 d total tracking), be -
tween 04:00 h and 20:00 h, which corresponds to the
ap proxi mate colony departure and return times for
most birds. GPS location accuracy is high (~4 to 50 m)
and frequent location fixes provide very accurate
flight path information.

In 2013, GPS devices were successfully deployed
on 78 adult shearwaters. Of these, 18 remained away
on long trips (McDuie et al. 2015), 8 produced no data
or were lost and the remaining 52 provided data on
79 individual short trips (Table 1). In 2014, 33 shear-
waters were tracked, producing data on 34 individ-
ual short trips. No retrieved logger failed to provide
data. Some individuals were tracked on multiple se -
quential short trips during a single deployment; these
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Year              No. of birds          Short trips          Long trips                No data                        No. of locations
                                                                                                                                        Fixed            Foraging        Non-foraging

2013                     78                     79 (52)                    18                            8                  9355                 4015                    5340
2014                     38                     34 (33)                     0                             4                  3572                 1947                    1625

Table 1. GPS deployment data for wedge-tailed shearwaters breeding on Heron Island in the southern Great Barrier Reef (GBR)
tracked on foraging trips in 2013 and 2014. The number of tracked individuals making short trips is indicated in parentheses. 

‘No data’ indicates logger failure or loss
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trips may not be statistically independent. There-
fore, all trips were mapped and visually asses sed in
Google Earth to determine if any individuals visited
the same foraging locations on multiple trips, thereby
biasing the data to specific locations. Only 20 birds in
total (2013 to 14) were tracked on multiple trips (19 in
2013 and 1 in 2014). Of these, none foraged along the
same tracks or visited the same location on consecu-
tive trips and no foraging locations, identified by area
restricted search (ARS) locations (see below), were
within 6 to 11 km of one another. Therefore, all 79
individual short trips were retained for the analyses
with individual as a random factor, preserving a more
robust sample size.

Identifying foraging and non-foraging activity

Foraging and non-foraging locations in the data
obtained from iGot-U™ devices in 2013 and 2014,
were classified at the smallest scale possible. Forag-
ing locations were identified by running the tracks
through first passage time (FPT) analyses and identi-
fying ARS locations (Fauchald & Tveraa 2003, Pinaud
& Weimerskirch 2007). ARS zones are a standard
measure used to indicate an animal’s foraging re -
sponse to increases in prey density (Kareiva & Odell
1987, Sommerfeld et al. 2013).

To prepare data for this analysis tracks were
filtered by velocity, with all points exhibiting speeds
greater than 75 km h−1 removed as likely to be erro-
neous positions (based on wedge-tailed shearwater
average flight speeds; F. McDuie & B. Congdon un-
publ. data). Tracks were interpolated at 10 min inter-
vals to obtain equal time periods between fixes and to
account for any gaps due to missing fixes. No inter -
polation was done where points were greater than
1 h apart. Filtering and analyses were conducted in
R 3.03 (R Core Team 2013), using the ‘adehabitatLT’
package (Calenge 2006). Eleven individuals were
tracked on >1 short trip (total of 27 trips). These tracks
were split into individual short trips by determining if
birds returned to, or approached within 20 km of the
colony, with their chick subsequently being fed. This
procedure was followed be cause on occasion, birds
which returned late were not observed returning all
the way to the colony due to loggers switching off at
between 20:00 and 21:00 h.

We used radii for FPT from 1 to 80 km in incre-
ments of 1 km to find the peak in the (log) variance,
which represents the ARS scale for that individual
(Fauchald & Tveraa 2003). Every location along each
foraging track was allocated an ARS value of either

true (1) or false (0) to denote foraging or non-forag-
ing, the binomial response variable used in the mod-
elling. FPT can be inaccurate if resting periods can-
not be distinguished from foraging (Sommerfeld et
al. 2013), so following FPT categorization, tracks
were visually assessed for periods of very low move-
ment. Points tracking very close together in a straight
line were defined as surface resting and categorized
as non-foraging.

Oceanographic parameters and rationale

Once the status (foraging or non-foraging) of each
GPS fix on each foraging track had been defined, the
corresponding values for a set of oceanographic vari-
ables were extracted for each. Raw oceanographic
data, with the exception of distance parameters, were
obtained as monthly climatologies from high resolu-
tion satellite imagery at 1.5 (www.gpem.uq. edu. au/
oceano graphy) or 4 km (SST/ [chl a] variables)
 resolution (Table 2).

The complete set of oceanographic parameters
used in this study were specifically selected for their
capacity to accurately and comprehensively charac-
terise the marine environment within foraging sites.
In particular, the values for SST gradients (hereafter
‘fronts’), and SST and [chl a] anomalies, can reveal
the presence, location and strength of oceanographic
features like eddies, upwellings or oceanic fronts
(Garvine 1974, Oschlies & Garçon 1998). The Aqua
MODIS SST and [chl a] data (3 d and monthly means
for absolute and anomalous values) were assessed.
Anomalies indicate the difference between monthly
and long-term (2002 to 2012) climatologies. Contours
at intervals of 0.02°C of change in SST (°C km−1 hor-
izontal distance) were created for the strongest SST
gradients (the upper 25% of SST frontal values;
>0.21°C km−1), which indicate the presence of oce -
anic fronts (Moore et al. 1999)

Bathymetry and specific topographic features such
as steep slopes, reefs and islands were also identified
as they are likely to influence seabird prey availability
(Hyrenbach et al. 2002, Yen et al. 2004, Palacios et al.
2006, Morato et al. 2008, McDuie & Congdon 2016).
Etopo 1 Ice surface bathymetry data set was used with
change of depth (m km−1) calculated to re present the
bathymetric gradient or slope. Subsequently, contours
were created at 100 m intervals to identify the areas of
steepest slope (top 20%). Distance between forag-
ing/non-foraging points and the nearest steep bathy-
metric slope was calculated using the Euclidian dis-
tance tool in ArcGIS 10.2 for Desktop. We also did the
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same distance calculations for other oceanographic
features known to influence be haviour: SST front,
nearest land and distance to the colony (Kitaysky et
al. 2000, Yen et al. 2004, Amorim et al. 2009).

We used 2 variables representing water quality to
determine if water clarity or fresh water influenced
foraging behaviour. This was because turbidity may
offer protection to prey items while clarity can en -
hance the ability of visual predators like seabirds to
detect prey (Ainley 1977, Haney & Stone 1988, Hen -
kel 2006). The first was photic depth, which is the
transparency of water measured by Secchi disk depth
(Weeks et al. 2012). The second was the presence of
primary, secondary and tertiary freshwater plumes
which extend out to sea from the coast and are as-
sessed at a weekly scale (da Silva et al. 2002–2014).

Shape files were exported to ArcGIS 10.2 for Desk-
top with the OGR Shapefiles package and maps pro-
jected in the World Geodetic System (WGS) 1984
geoid. All oceanographic data were imported to Arc -
GIS 10.2 for Desktop as GeoTIFF files and mapped as
layers in which every single pixel has a value that can
be associated with bird positions. These layers were
overlaid on the GPS tracks and values for each
oceanographic variable were matched to the corre-
sponding bird foraging and non-foraging points (lati-
tude/longitude locations by date), collated into month
and year of tracking for analysis and modelling in R (R
Core Team 2013). Oceanographic parameters in any
given image pixel can be affected by turbidity, light
refraction, cloud cover, shallow water (<200 m depth),
or the presence of land and so produce excessive val-
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Table 2. Definitions and sources of oceanographic variables used in boosted regression tree modelling of GBR wedge-tailed 
shearwater short foraging trips in the southern GBR

Model variable Description Unit Source(s)

Chla(month) [chl a] monthly climatology mg m−3 NASA OceanColor Aqua MODIS
(oceancolor.gsfc.nasa.gov) 

Chla(3dmean) [chl a] 3 d means

ChlaA(month) [chl a] anomalies, monthly
 climatology

ChlaA(3dmean) [chl a] anomalies, 3 d means

SST(month) Sea surface temperature (SST)
monthly climatology

°C NASA OceanColor Aqua MODIS; Aquarius Sea
Surface Temperatures 4 μ nighttime 

(https://oceancolor.gsfc.nasa.gov/cgi/l3)
SST(3dmean) SST 3 d means

SSTa(month) SST anomalies, monthly climatology

SSTa(3dmean) SST anomalies, 3 d means

SSTG(month) SST gradient (front) °C km−1 NASA OceanColor Aqua MODIS; Aquarius Sea
Surface Temperatures 4 μ nighttime 

SSTG(3dmean) SST gradient (front), 3 d means °C km−1

DistSSTG Distance to nearest steep (25%)
SST gradient (front)

Degrees
distance

Calculated using ArcGIS 10.2 for Desktop 

Bathymetry Depth of ocean floor NOAA National Centres for Environmental Information
- ETOPO1 Global Relief Model

(https://www.ngdc.noaa.gov/mgg/global/global.html)

Bath.grad Steepness of slope: bathymetric depth
change over distance

m km−1 Biophysical Oceanography Group, University of
Queensland (www.gpem.uq.edu.au/oceanography)

DistSlope Distance to nearest steep (25%)
bathymetric slope

Degrees
distance

Calculated using ArcGIS 10.2 for Desktop

Coldist Distance to the colony Degrees
distance

Calculated using ArcGIS 10.2 for Desktop

Photic Depth Water transparency 
(Secchi disk depth)

m Biophysical Oceanography Group, University of
Queensland (www.gpem.uq.edu.au/oceanography)
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ues (e.g. SST above 45°C or positive values for ba-
thymetry). These erroneous data were identified and
removed. Due to the high prevalence of cloud cover
during the summer months, which prevents satellites
from obtaining data, there was a greater proportion of
missing data in the variables for 3 d means, and when
too few data were available these were excluded.

Statistical analysis and modelling

Recent developments in ecological systems model-
ling and statistical methods have highlighted the fact
that ensemble methods like regression trees are very
effective in evaluating and elucidating complicated
relationships among numerous variables and can
provide powerful ecological insights (Elith et al.
2008, Buston & Elith 2011). Therefore, to evaluate the
combined influence of environmental variables on
the   foraging activity of shearwaters we used boosted
regression trees (BRTs). BRT is a machine learning,
predictive modelling technique that is currently con-
sidered to have superior predictive performance ever
traditional regression models (Desalegn & Beier -
kuhn  lein 2010, Oppel et al. 2012). This is due to a
lack of assumptions about the type of functions or
interactions being modelled (Buston & Elith 2011)
and because of the ability of BRT to deal with random
and missing data, binomial response variables and
violations of traditional statistical assumptions such
as independence of data and unequal variances
(Leath  wick et al. 2006, Elith et al. 2008, Buston &
Elith 2011). Finally, BRT improves performance by
combining many models for prediction and includes
stochasticity to reduce variance in the model and
improve accuracy. Modelling was conducted in R ver-
sion 3.0.3 (Hijmans & Elith 2013, R Core Team 2013)
using gbm.step and the library packages gbm, dismo
and pROC (Ridgeway 2007, Elith et al. 2008, Robin et
al. 2011, Hijmans et al. 2013).

Boosted regressions establish a rule set derived
from model parameters that minimizes the predictive
deviance (the minimum error for predictions to inde-
pendent samples) (Elith et al. 2008). In this case, it is
the combination of environmental predictors that
best predict the response variable (forage activity).
This can be optimized by identifying the optimal val-
ues for learning rate, tree complexity (the number of
nodes in the trees, the variable that controls which
interactions are fitted), and number of trees (itera-
tions) (Elith et al. 2008, Elith & Leathwick 2013).
Once an optimal model is selected, the variable inter-
actions can be queried and investigations can be

made on the most important factors (by way of vari-
able ranks).

Default values and model runs followed recom-
mendations by Elith et al. (2008) and used the
Bernoulli (binomial) error distribution and were con-
ducted in R as described above. In this study we used
a tree complexity of 3 to 6, began with a fast learning
rate of 0.01, and employed a flexible, stepwise
increase of trees from 50 to 10 000. If the minimum
number of trees (1000, as recommended by Elith et
al. 2008) was not reached, or the maximum (10 000,
as determined by Ridgeway 2007) exceeded, the
learning rate and tree complexity were adjusted until
the model performance was optimised. Data in BRT
are cross-validated to optimise the model predictive
ability and estimate the optimal number of iterations.
Randomness was introduced when necessary to
improve model performance using bag fraction val-
ues between 0.5 and 0.75, which give the best results
for binomial re sponses. Full models were run on all
data by year, comparing foraging and non-foraging,
with month as a factor and accounting for individual
birds. Models were run through a simplification pro-
cess in R using gbm.simplify, a process analogous to
backward selection in regression. This process drops
non-informative predictor variables that degrade
model performance to produce the most parsimo-
nious model (Elith et al. 2008) defining the character-
istics driving foraging intensity in shearwater forag-
ing grounds. Optimal models are indicated by the
highest area under the receiver operating character-
istic (ROC) curve (AUC) values (Fielding & Bell 1997,
Elith et al. 2008). Partial dependence plots, used to
visualise the influence of a variable after accounting
for the average effects of all other variables in the
model (Elith et al. 2008), were produced in R (R Core
Team 2013) with the gbm.plot and gbm.plot.fits func-
tions. Al though regression trees are quite resilient to
highly correlated predictors, multicollinearity can
confound the model’s ability to identify the optimal
set of ex planatory variables (Ridgeway 2007, Elith et
al. 2008, Elith & Leathwick 2013) which negatively
affects the ability to interpret the model (Kuhn 2008).
BRT results presented are the cross-validation (CV)
predictive deviance and its standard error (±1 SE),
AUC values, the factors exerting the strongest influ-
ence on foraging locations, and notable interactions
among them.

Finally, we tested for effects of GPS logger deploy-
ments on adult foraging activity (short and long-trip
duration) or provisioning patterns (chick mass; chick
meal masses before and after deployment) with
Mann-Whitney U tests.
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Auto correlation and exclusions

The main concern when dealing with species distri-
bution data, particularly where distribution is mainly
affected by environmental factors, is spatial autocor-
relation (SAC) (Elith & Leathwick 2009). It can affect
model predictive performance (Crase et al. 2012) and
residuals, causing bias in parameter estimates and in-
creasing Type I errors (Dormann et al. 2007, Miller et
al. 2018). We assessed SAC using the ncf package
(Bjornstad 2013) in R (R Core Team 2013), accepting
customarily acceptable Moran’s I values, i.e. <0.22
(McDuie & Congdon 2016) and moderate values be-
tween approximately −0.3 and +0.3 for spline correlo-
grams (Cohen 1988).

Correlation and collinearity among predictors were
assessed with correlation coefficients, variance infla-
tion factors (VIFs) and multicollinearity scatterplot
matrices in R using the car, usdm, MASS and cluster-
Generation packages (Venables & Ripley 2002, Fox &
Weisberg 2011, Naimi 2013, Qiu & Joe 2013). Any
variables that exceeded the conservative threshold
values of 0.7 (correlation) and 4 (VIF) (Rogerson
2001, O’Brien 2007, Dormann et al. 2013) were re -
moved prior to analysis. When collinearity and asso-
ciated excess VIF values, assessed per McDuie &
Congdon (2016), were present we excluded those
with highest VIF values from models in a step-wise
approach until all variables exhibited values below
accepted thresholds. Collinearity was generally pres-
ent between [chl a] and [chl a] anomalies and SST
and SST anomalies at 3 d and monthly scales; so for
the annual models we excluded absolute SST and

[chl a], which had the highest VIFs, in favour of their
anomaly values. Means of predictor variables are not
very informative due to the complex non-linear
nature of the data and outputs. It is more revealing to
examine the importance of predictors and detail in
the peaks and troughs of the BRT outputs and empir-
ical data histograms. Visualisation of frequency dis-
tributions of each predictor variable allowed us to
identify the values of the primary and, where appli-
cable, secondary peaks and/or range of the data
which are presented for comparison.

RESULTS

Trip characteristics

Foraging shearwaters remained at sea throughout
the day. They departed before sunrise (between
~04:00 and 05:00 h) and returned to the colony after
dark (between 19:00 and 21:00 h). Most single day
trips lasted between 14 and 17 h. In 2013, 79 separate
trips were obtained from 52 individual birds: 69.6%
were 1 d trips, 25.3% were 2 d trips, and 3.8% were
3 d trips. Only 1 bird remained away for 4 d (1.3%).
Birds travelled on average 83.06 km from the colony
(n = 79; Table 3). In 2014, there were 34 separate trips
from 33 tracked individuals: 82.4% were 1 d trips,
14.7% were 2 d trips, there was only a single 3 day
trip (2.9%), and no trip lasted 4 d. Birds travelled an
average of 70.14 km from the colony (n = 34; Table 3).
All trips were within 300 km of Heron Island, which
was ex pected from analysis of shearwater long forag-

ing trips (McDuie et al. 2015). There
was strong consistency of site use
among individuals and locations.

GPS logger effects

There were no differences between
our control and GPS groups in meal
masses provided to chicks by adults
carrying GPS loggers on the day
before device attachment (CTRL n =
43, GPS n = 48; U = 865, p < 0.18) or on
the day of detachment (CTRL n = 43,
GPS n = 49; U = 1003.5, p = 0.70).
Likewise there were no differences in
chick mass (t49 = −1.699, p = 0.10) or
duration of subsequent long trips
(>4 d) (CTRL n = 28, GPS n = 35; U =
371.5, p = 0.10). However, on average
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                                                                      2013 (n = 79)          2014 (n = 34)

No. of tracked individuals                                   52                           33

1 day trips                                                      55 (69.6%)             28 (82.4%)

2 day trips                                                      20 (25.3%)              5 (14.7%)

>2 day trips                                                      4 (5.1%)                 1 (2.9%)

Total no. of ARS locations                                  4015                       1947

Max. distance from colony (km)                  83.06 ± 9.13           70.14 ± 8.09
                                                                    (19.36−283.82)       (16.42−212.73)

No. of ARS locations per trip                        2.42 ± 0.03             1.88 ± 0.02 
                                                                          (0−215)                   (7−159)

Scale of ARS (km)                                          6.62 ± 0.59             8.17 ± 0.10 
                                                                           (2−19)                     (2−28)

Distance of ARS from colony (km)              80.58 ± 0.78           67.27 ± 0.62 
                                                                     (3.29−245.65)         (3.86−212.73)

Table 3. Summary of area restricted search (ARS) data for GPS tracked
wedge-tailed shearwaters in the southern GBR in 2013 and 2014. Values are 

mean ± 1 SE. Values in parentheses indicate percentage or range
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GPS carrying adults on short trips
stayed away from the colony slightly
longer (1.71 d, n = 49) than controls
(1.28 d, n = 43; U = 688, p < 0.01).

Characteristics of area restricted
search zones

In 2013, ARS behaviour was de -
tected in 78 of the 79 trips. A total of
189 ARS events where birds in creased
their search effort occurred, with a
mean of 2.42 ± 0.03 events per trip.
The average distance (±SE) from the
colony of ARS zones was 80.58 ±
0.78 km. ARS areas had a mean scale
of 6.62 ± 0.59 km. In 2014, ARS was
detected in all trips, providing a total
of 60 ARS events with a mean of 1.88 ±
0.02 per trip. Mean distance of ARS
zones from the colony was 67.27 ±
0.62 km and the mean scale of these
zones was 8.17 ± 0.10 km (Table 3,
Fig. 1).

Spatial separation of areas of
 tforaging activity

When ARS foraging activity was
mapped, discernibly discrete areas
were evident that differed in bathy -
metry (depth) and topography (reefs,
slope, and featureless ocean floor). The
first run of the BRT model showed ba-
thymetry and distance from the colo ny
to be the principal factors in fluencing
foraging. Foraging activity peaks were
associated with 5 identifiable bathy-
metric depths ranging from shallow
(~34 m) to deep (~800 m), and with 5 dis-
tances from the colony ranging from
very near (~0.2°) to relatively far (~2.5°).
Combined, these results supported the
division of the data into 5 separate for-
aging zones (Fig. 1). Zones were delineated with poly-
gons in ArcGIS 10.2 for Desktop (Fig. 1). The proximity
of Zones 1 and 2 made them more difficult to separate
spatially, but they were clearly identifiable by their dis-
tinct topography (reefs in Zone 2). Following this first
analysis, bathymetry and distance from the colony
were excluded from further models to test the relative

importance of other oceanographic variables. In these
analyses, only data for birds that actually stopped and
foraged in any given zone were included in analyses
for that zone. Tracks that overflew a zone en route to a
different foraging zone were included as non-foraging
points for the destination zone. This was most relevant
to Zone 3, which was traversed by a number of non-

Fig. 1. Short-trip foraging zones of wedge-tailed shearwaters in the southern
Great Barrier Reef (GBR). Foraging locations of tracked birds (area restricted
search locations) are shown for (s) 2014 and (d) 2013, with foraging zones de-
lineated by dotted outlines and numbered 1 to 5. Primary foraging zones were
Zone 1 (inshore), Zone 2 (Capricorn Bunker), Zone 3 (Capricorn Channel) and
Zone 4 (Swains Reefs). Few individuals foraged in Zone 5. The solid black
semicircle marks the maximum extent of the short-trip zone. The striped area
is the southern end of the GBR marine park. The approximate position of the
Capricorn Eddy is indicated by the black arrows. Darker shading indicates 

deepest bathymetry and lighter area is above the continental shelf
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stop tracks en route to Zone 4. Zones were analysed
separately to identify spatial variation among oceanic
drivers by zone. Modelling results presented are from
the simplified BRT models that best explain the influ-
ences operating at the various spatial scales.

Inter-annual and fine-scale variation

BRT modelling was first conducted on tracking
data for each year separately in order to test for inter-
annual variation in the influence of regional-scale
oceanographic processes. We identified the impor-
tance or influence of finer-scale, rather than regional,
oceanographic processes by examining the relative
importance of oceanographic variables in 4 distinct
foraging sub-zones independently by year. The com-
bination of oceanographic factors of strongest influ-
ence on shearwater foraging differed among zones
and between years of data collection and the in -
creased precision highlighted local variation in
trophic processes.

In 2014, the simplified BRT model had 6 variables
and fitted well with a low predictive deviance of 0.612
± 0.023 SE and high AUC of 0.942. The primary factor
influencing foraging was the strength of the SST
front, based on 3 d average values, with 25.1% influ-
ence on total model fit (Fig. 2a). In this case, foraging

was concentrated at the intermediate fronts (values of
>0.45 to 0.6, where the predicted probability of oc-
currence is >50%), with limited foraging predicted to
occur over the strongest fronts (>0.6) or where fronts
were lacking (<0.3). Water clarity was the next
strongest influence (18.4%), with foraging predicted
to occur when the clarity was >10 m and more often
25–30 m (Fig. 2b). This was followed by [chl a] anom-
alies (17.1%), with foraging predicted to occur in
strongly negative to weakly positive anomalies (−0.6
to 0.2 mg m3; Fig. 2c. The average (±SD) [chl a] in for-
aging areas was low (0.3 ± 0.003 mg m3), reflecting
the generally oligotrophic nature of tropical oceans.

Proximity to the SST front had some influence on
foraging activity (17%), with most foraging predicted
to occur within 4−6 km of the strongest locally occur-
ring SST front, and another peak at 11−22 km
(Fig. 2d), reflecting variation among foraging zones
(Table 4). Monthly average SST front values had
11.2% influence on model fit and the pattern of pre-
dicted foraging activity (Fig. 2e) was similar to that
for 3 d values (Fig. 2a). Finally, the model generally
predicted foraging to be in water that was cooler than
climatological averages, when SST anomalies were
between −0.3 and −1°C (Fig. 2f). The average SST of
foraging areas, calculated from our empirical data,
was 26.8 ± 0.006°C. There were no strong interac-
tions between variables in the model.
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Fig. 2. Simplified model results for 2014 from the final, simplified boosted regression tree (BRT) model of wedge-tailed
shearwater short foraging trips in the southern GBR, showing the influence of oceanographic variables on the binomial re-
sponse (foraging/non-foraging) after accounting for the average effects of all other variables in the model (Elith et al. 2008).
For descriptions of variables see Table 2. y-axis values show the probability on a logit(p)-transformed scale that a bird will
be foraging at the value of the predictor shown on the x-axis. A value of 0 indicates a 50% probability that a bird will be for-
aging at values of the predictor shown; thus peaks above 0 represent the values (e.g. SST front strengths, distances to SST
fronts or anomalies of [chl a] and SST) at which birds are more likely to be foraging. The flat portion at the right end of the
effect lines indicates 0 data at these values. The percentages in parentheses represent the relative influence of each vari-
able in the total model fit on the probability of foraging. For example, 3 day averages of the SST front, shown in panel (a), 

exerted the strongest influence on this model (25.1%)
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In 2013 the simplified BRT model had 6 variables
(Fig. 3) and fitted well with a predictive deviance of
0.665± 0.024 SE and an AUC of 0.9258. The primary
factor influencing foraging in 2013 was proximity to
the steepest SST fronts (24.8% influence; Fig. 3a),
with more birds likely to be foraging nearer the front
(at distances between 0 and ~8 km). Another peak at
19−25 km distance reflects variation among foraging
zones (Table 4). This factor was a much stronger

influence on foraging in 2013 than in 2014 and, in
general, as distance from the front increased, proba-
bility of birds foraging de creased. With regard to
water clarity (22.6% in fluence), as in 2014, shear -
waters were most likely to forage in clearer water, at
photic depths of 18− 24 m and ~30 m, but with some
foraging also predicted in more turbid water, at
photic depths of ~2 m and 7−11 m (Fig. 3b). The
model predicted that shearwaters were more likely

                                               2013                                                                        2014
                                Zone 1             Zone 2             Zone 3             Zone 4                Zone 1               Zone 2             Zone 3             Zone 4

% foraging              27.9%              46.4%              4.90%              13.9%                 36.7%                  4%               11.80%             6.79%

CV dev. ± SE    0.813 ± 0.031   0.696 ± 0.007   0.772 ± 0.037   0.773 ± 0.008      0.55 ± 0.024     0.646 ± 0.039   0.466 ± 0.057   0.356 ± 0.049

AUC                         0.897                0.898               0.9332              0.9033                 0.9324               0.9347              0.9676              0.9772

Relative influence of factors remaining in simplified models
1                            DistSSTG    ChlaA(month)     DistSSTG        DistSSTG        SSTa(month)    SSTG(month) ChlaA(month) ChlaA(month)
                               0 to 0.05        <0; 0.8 to 1      0.07 to 0.25       0.01 to 0.1              <−0.7              0.1 to 0.2               <0                 <−0.06

2                        ChlaA(month)     DistSSTG    ChlaA(month) SSTG(month)    ChlaA(month)   SSTa(month)  SSTG(month)  SSTa(month)
                                <0; >2           0.05; 0.22               0.2             >0.15; 0.35              <−0.1                 <−0.4                >0.12            −0.5 to 0.6

3                         SSTa(month)   SSTa(month)   SSTa(month)   SSTa(month)        DistSSTG      ChlaA(month)     DistSSTG     SSTG(month)
                              −0.2 to −1          <0; 0.05              <−1.5            <−0.2; 0.2     <0.05; 0.15 to 0.2          <0                  >0.09             0 to 0.15

4                         SSTG(month)  SSTG(month)  SSTG(month) ChlaA(month)    SSTG(month)      DistSSTG      SSTa(month)      DistSSTG
                           >0.05 to 0.25        0 to 0.1           0.08; 0.25           >−0.15                 >0.15                 >0.15                <−0.4                 >0.1

Table 4. Simplified model results of GPS tracking of wedge-tailed shearwaters in the southern GBR in 2013 and 2014. Results are
shown for the 4 main foraging zones (see Fig. 1), listing the top 4 factors in order of influence from the most (1) to least (4) influential
factor. For each zone, the proportion (%) of birds foraging in the zone is shown, as well as the cross-validation (CV) predictive de-
viance and its standard error (±1 SE), and the area under the receiver operating characteristic (ROC) curve (AUC). Approximate
peak values of each of the oceanographic variables influencing foraging in the models are shown, taken from partial dependence
plots, frequency distributions and calculated means. Double peaks are indicated by 2 values, separated by a semi-colon. See Table 2

for description of variables

Fig. 3. Simplified model results for 2013 from the final, simplified boosted regression tree (BRT) model of wedge-tailed shear-
water short foraging trips, showing the influence of oceanographic variables on the binomial response (foraging/non-forag-
ing) after accounting for the average effects of all other variables in the model (Elith et al. 2008). See Table 2 for descriptions 

of variables and Fig. 2 legend for an explanation of the content of diagrams
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to forage in areas with negative [chl a] anomalies and
showed a weak association between foraging and
positive anomalies up to 1 mg m3 greater than long-
term averages (17.6% influence; Fig. 3c). The aver-
age [chl a] in which shearwaters foraged (from
empirical data) was slightly higher in 2013 than in
2014 at 0.81 ± 0.01 mg m3.

The presence of weaker SST fronts was important
with 3 d (13.2% influence; Fig. 3d) and monthly
means (9.3% influence; Fig. 3f) predicting foraging
at 0.05−0.5 and 0.25 respectively, which was less
than 2014. Finally, SST anomalies had 12.5% influ-
ence on total model fit; anomalies that were either
strongly negative (lower than −0.5°C) or slightly pos-
itive (+0.01°C) were most often associated with for-
aging activity (Fig. 3e). The average SST of foraging
grounds was 26.7 ± 0.006°C. The peaks in the annual
model outputs indicate higher levels of foraging at
those values of the predictor variables. This relates to
variation among the foraging zones which is detailed
in the next section of results.

Variation among foraging zones

Inshore foraging and terrestrial run-off. Birds for-
aging in the shallowest (~34 m) zone near the coast
(Zone 1) were directly influenced by terrestrial fresh-
water input from river outflow. This effect was de -
monstrated by links between foraging activity and a
number of environmental factors. Most obvious was
the influence of primary, secondary and tertiary fresh-
water plumes. These are defined by their distance
from the coast, with primary and tertiary plumes
being closest to and furthest from the coast, respec-
tively. Foraging occurred more frequently in tertiary
than secondary plumes and never in primary plumes.
This influence was more strongly evident in 2013
(Table 5, Fig. 4). In addition, foraging usually occurred
very near to or on top of the steepest SST front (0 to
0.05° km−1) in this zone. This, combined with compar-
atively high absolute frontal values (0.1 to 0.2° km−1),
especially in 2013, suggests a strong SST front in this
zone associated with the flood plumes. This influence
was also apparent in the more strongly negative SST
anomalies associated with foraging (Table 4). Finally,
[chl a] was highest in this zone and more strongly
anomalous: in 2013 foraging was characterised by
weakly negative and strongly positive anomalies, but
by more strongly negative anomalies in 2014.

Reef topography. Numerous reefs and lagoons are
scattered throughout the region and this distinct to-
pography typifies Zones 2 (Capricorn Bunker Reefs)

and 4 (Swains Reefs), which have average depths of
40 and 60 m respectively. These 2 reef areas were no-
table for the inter-annual variation in factors of influ-
ence, with more parity in values in 2014 than in 2013.
Foraging had a stronger relationship with the SST
fronts in 2013, when proximity to the front was always
one of the more influential factors, than in 2014. In
2014, foraging effort in these reef zones was generally
focused farther from the SST front, than in Zones 1
and 3. A minor influence of weakly positive SST
anomalies was predicted in 2013 but, in general,
shear waters consistently selected more negatively
anomalous values in both years. Finally, foraging was
mostly associated with negative anomalies of [chl a] in
2014 in both reef zones. In 2013, foraging was associ-
ated with positive anomalies in Zone 2 and with more
negative values in Zone 4 (Table 4).

The tertiary freshwater flood plume, which is the
farthest from the coast, occasionally intruded to the
Capricorn Bunker reefs. Birds targeted these plume
waters in 2013 but not 2014 (Table 5, Fig. 4).

Deeper waters. Outside the reefs, a smaller amount
of foraging occurred in bathymetrically deeper areas
(Zones 3 and 5; Fig. 1). The Capricorn Channel
(Zone 3), with average depth of 130 m, is topograph-
ically unremarkable and demonstrated somewhat
less inter-annual variability than the shallower zones.
In 2013, foraging was most strongly influenced by
proximity to the SST front, when shearwaters were
much more likely to forage nearer the SST front
although the front was not particularly strong. This
coincided with foraging consistently associated with
stronger negative SST anomalies and positive [chl a]
anomalies, which contrasted with the influence of
negative [chl a] anomalies in this zone in 2014
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Plume          Zone 1 Zone 2 Zone 3
                               F      NF           F       NF           F       NF

2013                                                                                     
Primary                  –        –             –         –             –         –
Secondary            110     76            –         –             –         –
Tertiary                262    216          31       1             –         –

2014                         
Primary                  –        –             –         –             –         –
Secondary             25       0             0        2             1        –
Tertiary                112    111           0       20            2        –

Table 5. Numbers of wedge-tailed shearwaters foraging (F)
or not (NF) in freshwater plumes that occurred in foraging
zones (Zones 1, 2 and 3; see Fig. 1) in the southern GBR in
2013 and 2014. Plumes are defined as primary, secondary or
tertiary by their distance from the coast, with primary and
tertiary plumes being closest to and furthest from the coast, 

respectively, and are assessed at a weekly scale
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Fig. 4. Freshwater plumes in the southern GBR in 2013 with wedge-tailed shearwater foraging locations overlaid. Black dots
mark foraging locations of tracked birds (area restricted search locations) in 2013. Foraging zones are delineated by dotted
outlines (see Fig. 1); the solid red circular line marks the maximum extent (300 km from the breeding site on Heron Island) of 

the short-trip foraging zone. Strongest SST fronts of the period are indicated by the dark blue patches
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(Table 4). The deepest foraging zone (Zone 5) was
farthest from the colony, and the least visited by birds
on short trips (1 bird in 2014 and 2 in 2013) so we
were unable to analyze these data for comparison
and cannot draw any inferences.

DISCUSSION

Location and characteristics of foraging areas

Near-colony foraging locations used by GBR
wedge-tailed shearwaters when provisioning chicks
were always located within 300 km of the Heron
Island breeding colony. Often, sites were consider-
ably closer to the island (83.06 ± 9.13 km, mean ± SE).
Furthermore, the same sites were consistently and
repeatedly used over both years of the study, under-
lining the importance of these specific locations for
successful breeding. Constraints imposed by the
need to balance energy expenditure against food
obtained, whilst also provisioning chicks, can lead to
a reliance on only a few suitable near-colony forag-
ing locations (Weimerskirch et al. 2003). For wedge-
tailed shearwaters in the Capricorn Bunker region of
the GBR, there appear to be 5 such foraging areas.

In resource-poor tropical environments, prey patches
can be scarce (Weimerskirch et al. 2004). Neverthe-
less, they may also be predictable, particularly if there
are oceanographic features that consistently drive
prey enhancement, such as fronts, convergences or
upwelling (Weimerskirch et al. 2004, Weimerskirch
2007). The consistent use of sites by shearwaters of
the GBR supports this hypothesis.

Each of the 5 identifiable near-colony foraging zones
had distinct bathymetry and, with the exception of
Zone 1 (nearest the coast), foraging activity in each
zone was focused over areas of steep bathymetric
change, such as at the edges of reefs and lagoons,
along the continental shelf drop-off and along the
fringes of submarine canyons. Therefore, it is the pres-
ence of steep bathymetric change, rather than any spe-
cific depth, that can most readily be used to identify
foraging sites. Such topographic features are known to
facilitate prey aggregation for seabirds (Haney et al.
1995). Further, the interactions of these types of topo-
graphic features with specific current flows are known
to induce upwelling and provide improved prey
access to seabirds (Brown 1979, Duffy 1989, Yen et al.
2006). Our results imply such interactions occur at
these GBR foraging locations. However, the short-trip
foraging region used by wedge-tailed shearwaters is
a relatively oligotrophic and homogeneous habitat,

exhibiting very low primary productivity and only
small variations in SST. Despite this, shearwaters con-
sistently foraged within a specific narrow and cooler
range of the SST than those generally available. This
suggests that, in the southern GBR, lower than aver-
age SST and/or negative SST anomalies are consis-
tently associated with im proved prey availability

Similar relationships have been seen elsewhere
(Spear et al. 2001, Cotté et al. 2007). Links between
foraging activity and SST fronts/anomalies also indi-
cate the presence of localised upwellings and frontal
systems that concentrate food items at small spatial
scales (Uda 1938). The influence of SST on foraging
was strongest in Zone 1, where intensely negative
SST anomalies contributed strongly to foraging activ-
ity. The relationships confirm expectations based on
previous regional GBR studies (Smithers et al. 2003,
Peck et al. 2004, Erwin & Congdon 2007, Devney et
al. 2010, Weeks et al. 2013) that near-colony food
availability is related to, and strongly influenced by
ocean temperatures, despite the SST gradients ob -
served in our study not being as pronounced as those
at higher latitudes (Shaffer et al. 2009).

In general, wedge-tailed shearwaters exhibited
most foraging activity at sites where [chl a] was low-
est. This directly contrasts with most previous forag-
ing studies, including those of wedge-tailed shear-
waters, that describe seabirds foraging in areas of
elevated primary productivity (Cecere et al. 2013a).
The reason for this discrepancy is currently un -
known; however, the increased dynamism and inher-
ent un pre dict ability of the GBR/Coral Sea system
means productivity may not persist for long periods
in any single location. This would lead to a mismatch
be tween [chl a] and prey (e.g. micronekton) abun-
dance. Such a temporal decoupling between ocean
dynamics and primary productivity has previously
been documented in this region (Menkès et al. 2015).
There was one exception to the lack of influence of
[chl a]. Zone 1, adjacent to the coast, consistently ex -
hibited elevated [chl a]. This was the only foraging
area that received significant freshwater input from
river discharge, suggesting that elevated [chl a] in
this zone is likely due to coastal enrichment via nutri-
ent runoff from the terrestrial environment.

The Capricorn Eddy

The Capricorn Eddy is a mesoscale eddy driven by
the East Australian Current (EAC) that ‘spins up’
over the Capricorn shelf in the southern GBR, and
likely triggers upwelling or frontal convergence along
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the continental shelf edge and Capricorn Bunker reef
system (Weeks et al. 2010). Fine-scale oceanographic
parameters such as SST or [chl a] anomalies or gradi-
ents are frequently overlooked by other studies but
they are likely to be important in regional ocean
dynamics and their inclusion here demonstrates their
utility in revealing the Capricorn Eddy or frontal
activity in the region. Previously, the dynamics of the
Capricorn Eddy have been proposed as a major
driver of food availability for breeding shearwaters in
this region (Weeks et al. 2013). Zones 2, 3 and 4 are
located precisely where this eddy encounters the
continental shelf edge, thus confirming its impor-
tance. In addition, Zone 1 is located where oceanic
waters entrained by the Capricorn Eddy encounter
freshwater flood plumes from coastal rivers. This
interaction creates more intense gradients in the
oceanographic parameters and favourable conditions
for foraging shearwaters, which suggests that forag-
ing in this zone was also heavily influenced by eddy
dynamics. Consequently, at least 80% of shearwater
near-colony foraging areas in the southern GBR are
influenced by this eddy.

The Capricorn Eddy is an ephemeral, mobile and
unstable phenomenon, that is influenced by climate-
driven processes, and which can have varying effects
on ocean dynamics and trophic relationships in the re-
gion. For example, varying ENSO conditions can
cause the eddy to shift westward, closer to the reef
edges, forcing an intrusion of cold water into the GBR
lagoon. This causes intense stratification and traps
warm water at the surface, which reduces availability
of prey to seabirds (Weeks et al. 2013). Such a pheno -
menon could simultaneously weaken or eliminate
SST fronts. Alternatively, the eddy can shift southward
under stronger movement of the EAC, or it can simply
weaken, slow or re duce in size, all of which would
likely weaken frontal intensity. Such variability is ap-
parent, evidenced in our results through the seasonal
variation we have seen in the influence of SST fronts
on foraging sites used. This inter-annual and inter-
zonal variation im plies that, at times, the importance
of the eddy diminishes and is replaced by phenomena
operating on a finer, more localised scale.

Device-handling effects

A slightly higher proportion of adults carrying GPS
devices conducted 2 d rather than 1 d trips on the day
after logger deployment compared to the controls.
We cannot unequivocally confirm whether this was a
response to handling during deployment or to the

device itself. Importantly, these effects did not influ-
ence our comparative tests to determine the oceano-
graphic characteristics of foraging versus non-forag-
ing grounds chosen by individual birds, as these
were pair-wise comparisons. That birds carrying GPS
loggers returned the same sized meals to their chicks
both prior to and during logger deployment (results
not shown) is evidence that they successfully foraged
in the locations to which we tracked them. Whether
these were the same places used by control birds is
impossible to know. However, the fact that multiple
individuals used and reused our identified locations
within and across two seasons is suggestive of the
importance of these locations to the colony as a whole.

CONCLUSION

This in-depth investigation identified the most im-
portant oceanographic variables and likely mecha-
nisms driving near-colony availability/accessibility of
prey to pelagic, tropical breeding seabirds in this sys-
tem and highlights that, in order to fully characterise
foraging sites and activity, it is important to investigate
multiple, specific oceanographic variables at both fine
and regional scales across multiple seasons. Knowing
how these phenomena vary with changes in large-
scale climate systems will enable us to further predict
the impact of climate change or climate-driven varia-
tion on foraging habitat for seabirds. This can be used
to inform future studies and to improve the manage-
ment and conservation of seabirds in the region and
elsewhere. Although Birdlife International has identi-
fied the Southern GBR as an Important Bird Area
(IBA), the key foraging areas identified in this study
either lack protection specifically aimed at seabird
conservation (particularly important for Zone 1), or lie
outside currently managed areas (Zone 5). Therefore,
the information obtained from this study serves to pri-
oritise these areas for assessment of threatening pro-
cesses and improved management and/or protection.
Ultimately, these findings can be used as a paradigm
for comprehensive habitat modelling, particularly for
tropical pelagic foraging seabirds, that can be used to
aid regional and global conservation efforts.
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