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Abstract
Biodiversity is increasingly threatened as a result of intensifying anthropogenic activities. To
counter this decline there is an increasing recognition of the importance of sound
conservation management decision-making. The central tenet of this process relies on
scientific knowledge of the ecology and biology of the systems in order to implement
conservation measures with the highest efficacy. In Section 1 of my thesis I undertook a
structured literature review to identify spatial patterns in existing research effort into the atsea distribution of seabirds. Of concern, this review highlighted many areas that had
received little research attention despite high seabird species richness or exposure to high
cumulative human impacts. Mismatches between the distribution of research effort and
areas of conservation importance will need to be addressed and increasing international
collaboration and facilitating uptake of platforms of opportunity for vessel-based survey seem
the most likely to overcome current impediments. In marine systems, the large spatial extent,
dynamic nature, and financial and logistical constrains make collection of ecological data
difficult. Consequently, marine biologists often use indicator species to provide information
on marine condition and ecological processes. Accordingly, Section 2 of my thesis examined
the movements and foraging ecology of two congeneric seabirds in a region identified in
Section 1 as underrepresented in the seabird spatial ecology literature. These species,
Great Frigatebird Fregata minor and Lesser Frigatebird F. ariel, possess adaptations unique
among seabirds that heighten their sensitivity to change in the marine environment. In
Section 2, resource partitioning between Great Frigatebirds and Lesser Frigatebirds
breeding at the same location primarily involved differences in the type of prey consumed
rather than spatial partitioning of foraging grounds. Conversely, two populations of Lesser
Frigatebirds breeding on separate, but nearby, islands had stable isotope δ 13C values
indicating differences in location where prey was sourced. Prey availability differed markedly
between inshore locations favoured by one colony and offshore locations used by the other
colony. This disparity likely contributed to the large difference between the reproductive
outputs of the two colonies. For both inter- and intraspecific partitioning cases, central place
foraging constraints may have influenced the observed patterns. Feather samples, which
reflect non-breeding resource acquisition, had a larger trophic niche width than samples
reflecting breeding season diet (red blood cells and plasma) suggesting increased variation
in the foraging strategy when not breeding. Data from GPS tracking devices identified
marine areas in south-east Asia as important locations for Great and Lesser Frigatebirds that
undertook a post-breeding dispersal. Habitat suitability modelling using MaxEnt identified
proximity to small (<1000 ha) islands as the most important environmental predictor of
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habitat suitability for non-breeding frigatebirds, with sea surface temperature also influencing
predicted habitat suitability to a lesser extent. Proximity to small islands is a spatially static
variable and, consequently, additions to the marine protected area network informed by this
habitat feature are likely to have more predictable long-term benefits relative to those
informed by dynamic features, such as chlorophyll-α concentration. Together, these results
demonstrate the complex mechanisms used by tropical seabirds to partition foraging
resources and exploit their marine environment most effectively across time. They also
provide ecological insight that will be useful for conservation planning in the eastern Indian
Ocean and marine waters of southeast Asia.

Page | 5

Declaration
This thesis contains no material which has been accepted for the award of any other degree
or diploma at any university or equivalent institution and that, to the best of my knowledge
and belief, this thesis contains no material previously published or written by another person,
except where due reference is made in the text of the thesis.

Signature:__

__________

Name: Rowan Mott

Date: 29/09/2016

Page | 6

Publications during enrolment
Thesis including published works General Declaration
I hereby declare that this thesis contains no material which has been accepted for the award
of any other degree or diploma at any university or equivalent institution and that, to the best
of my knowledge and belief, this thesis contains no material previously published or written
by another person, except where due reference is made in the text of the thesis.
This thesis includes two original papers published in peer-reviewed journals (one attached in
the appendix) and two submitted publications. The core theme of the thesis is foraging
ecology. The ideas, development and writing up of all the papers in the thesis were the
principal responsibility of myself, the candidate, working within the School of Biological
Sciences under the supervision of Dr Rohan H. Clarke and co-supervision of Dr Anne
Peters.
(The inclusion of co-authors reflects the fact that the work came from active collaborations
between researchers, and acknowledges input into team-based research.)
In the case of chapter 2, 3, 4 & 5 my contribution to the work involved the following:
Thesis Publication title
chapter

Publication
status

Nature
and % of
student
contribution

Co-author
name(s) Nature
and % of Coauthor’s
contribution

Coauthor(s),
Monash
student Y/N

2

Systematic review of
the biases in the
collection of at-sea
distribution data for
seabirds

Submitted
manuscript

Conceived
the topic for
review,
extracted the
data from
reviewed
papers,
analysed
data, wrote
manuscript
(90%)

1. Rohan Clarke:
Helped
conceive the
topic for review,
proof read and
contributed to
manuscript.
(10%)

N

3

Resource
partitioning between
species and sexes in
Great Frigatebirds
and Lesser
Frigatebirds

Accepted for
publication
(The Auk)

Conceived
1. Ashley Herrod: N
and designed
Aided with
study,
fieldwork, proof
conducted
read and
fieldwork and
contributed to
laboratory
manuscript
work,
(5%)
analysed
2. Rohan Clarke:
data, wrote
Helped design
Page | 7

manuscript
(85%)

study, aided
with fieldwork,
proof read and
contributed to
manuscript
(10%)

4

Inter-population
resource partitioning
of Lesser
Frigatebirds and the
influence of
environmental
context

Submitted
manuscript

Conceived
3. Ashley Herrod: N
and designed
Aided with
study,
fieldwork, proof
conducted
read and
fieldwork and
contributed to
laboratory
manuscript
work,
(5%)
analysed
1. Rohan Clarke:
data, wrote
Helped design
manuscript
study, aided
(85%)
with fieldwork,
proof read and
contributed to
manuscript
(10%)

5

Transboundary
priorities for
protection of seabird
non-breeding habitat
in a heavily
impacted region

Not
submitted

Conceived
4. Ashley Herrod: N
and designed
Aided with
study,
fieldwork (2%)
conducted
1. Rohan Clarke:
fieldwork and
Helped design
laboratory
study, aided
work,
with fieldwork,
analysed
proof read and
data, wrote
contributed to
manuscript
manuscript
(90%)
(8%)

I have renumbered sections of submitted or published papers in order to generate a
consistent presentation within the thesis.
Student signature:

Date: 29/09/2016

The undersigned hereby certify that the above declaration correctly reflects the nature and
extent of the student and co-authors’ contributions to this work.
Main Supervisor signature:

Date:29/09/2016

Page | 8

Acknowledgements
The advice, support, friendship, love, and hard work from the following people made this
thesis possible.
My supervisor, Rohan Clarke, has consistently provided insightful input into the many and
varied aspects of this thesis. From his extensive knowledge in the field, to comments on
chapter drafts, there has not been a single time during the PhD experience that I have not
valued his contribution to the project.
My time at Monash has been made infinitely easier thanks to the continued support and
organisation provided by Ashley Herrod. He has assisted in innumerable ways from ordering
laboratory supplies, to teaching field techniques and being someone to bounce ideas off
over lunch break.
Although present for only the first half of my candidature, Jennifer Lavers aided my early
steps to becoming a seabird biologist.
There have been a number of other members of the Clarke Lab who have contributed
substantial time and expertise to assist me with me research. In particular, I am grateful for
the contribution made by Shane Baylis, Jarrod Hodgson, and Juliana Coffey. Katherine
Selwood, Lee Peacock, Adrian Boyle, George Swann, Mike Carter, Alistair Stewart, Nancy
Van Nieuwenhove, Kylie Fennessey, Amanda Lilleyman are thanked for their assistance
along with the honours and undergraduate students to have passed through the lab group
during my time. Thank you also to those who work closely with the Clarke Lab and have
assisted me including Russell Palmer, Vera Eate, Ryan Woodland, Massimo Raveggi, and
Wei Wen Wong.
I am grateful to the Holsworth Wildlife Research Endowment, Paddy Pallin Foundation, and
BirdLife Australia’s Stuart Leslie Bird Research Award for generously providing funding.
Funding was also provided by Shell Australia and INPEX-operated Ichthys LNG Project. I
also thank the Department of Sustainability, Environment, Water, Population and
Communities, and the Department of Parks and Wildlife Western Australia for administering
permits to conduct this research as well as providing berths on vessels. The Bureau of
Meteorology also provided a vessel berth. Staff of Diversity Charter Company, The Great
Escape Charter Company, Kimberley Expeditions, and Quest Maritime Services are
acknowledged for their professional conduct during research voyages.
Thank you to Anne Peters, Richard Reina, Carly Cook, and Joslin Moore for the guidance
they provided as panel members. Your experience and knowledge has been valuable. I
appreciate the constructive advice you gave along the way and thank you for the interest you
showed in my work.
I give recognition to Mike Clarke and Andrew Bennett for the role they played in my early
development as a research scientist. I often found myself using their past advice.
Before I began this project, I was given some very valuable advice by Dale Nimmo on what
to consider before deciding to undertake a PhD. The further I progressed through the PhD,
the more I could see how each piece of advice he gave was relevant and I thank him for
Page | 9

sharing his experience. Similarly, I would like to thank Sarah Brown and Kate Stevens for
sharing their experiences of working in the Clarke Lab when I asked.
I am grateful for the supportive environment provided by Monash University and the staff and
students of the School of Biological Sciences. Among these I extend my thanks to the
friends who fulfilled the role of support group wonderfully: Manoj Kamalanathan, Will
Sowersby, Julie Groce, Nataly Aranzamendi, Thomas Lines, Cathy Cavallo, Sonia Sánchez,
Paulina Mikulic, Melissa Wartman, Sean Williamson, Amanda Peterson, Karin Svanfeldt,
Annie Guillaume, Candice Bywater, Stephen Gipson, Evatt Chirgwin, Ly Dao, Mattia
Pierangelini, Yussi Delgado, Emily De Stigter, Clémentine Lasne, Michael Roast, Niki
Teunissen, Justin Stepnell, Tamsyne Smith-Harding, Lotte Van Boheemen, Stefanie Rog,
Kelsey Roberts, Sebastian Judd-Mole, Marcus Michelangeli, Lynette Plenderleith, Marie
Fan, Raqal Vaz, Marcelo Lagos, Gerard Terradas, EeLing Ng, Ted Chang, Mel Klamt, and
Nikki Kowalczyk.
My friends outside of Monash kept me from falling into the bottomless PhD pitfall trap for
which I will always be thankful. Lastly, I would like to thank my family, in particular my mum
and dad, who have always supported and encouraged my love of all things wild
wholeheartedly.

Page | 10

Table of Contents
Copyright notice .................................................................................................................... 3
Abstract................................................................................................................................. 4
Declaration............................................................................................................................ 6
Publications during enrolment ............................................................................................... 7
Thesis including published works General Declaration ...................................................... 7
Acknowledgements ............................................................................................................... 9
Chapter One: Introduction ................................................................................................... 15
Resource partitioning....................................................................................................... 15
Tropical Marine Systems ................................................................................................. 18
Frigatebirds ..................................................................................................................... 19
Aims ................................................................................................................................ 20
References ...................................................................................................................... 21
SECTION ONE ................................................................................................................... 29
CHAPTER TWO: Systematic review of the biases in the collection of at-sea distribution data
for seabirds ......................................................................................................................... 31
Abstract ........................................................................................................................... 32
Introduction ..................................................................................................................... 33
Materials and Methods .................................................................................................... 36
Criteria for paper inclusion ........................................................................................... 36
Meta-analysis ............................................................................................................... 38
Species richness .......................................................................................................... 39
Anthropogenic impacts................................................................................................. 40
Gross domestic product ............................................................................................... 40
Exclusive economic zone ............................................................................................. 40
IUCN conservation status ............................................................................................ 40
Results ............................................................................................................................ 41
Geographical biases in the location of study sites ........................................................ 41
Overlap of research effort with areas of high species richness ..................................... 42
Overlap of research with cumulative human impacts ................................................... 42
Geographic biases in the origin of research ................................................................. 42
Influence of GDP.......................................................................................................... 43
Influence of EEZ area. ................................................................................................. 44
Relationships with IUCN conservation status categories .............................................. 44
Discussion ....................................................................................................................... 44
Acknowledgements ......................................................................................................... 50
Page | 11

References ...................................................................................................................... 50
Table 1 ............................................................................................................................ 58
Figure 1 ........................................................................................................................... 60
Figure 2 ........................................................................................................................... 62
Figure 3 ........................................................................................................................... 63
Figure 4 ........................................................................................................................... 64
Supplementary material ................................................................................................... 65
SECTION TWO................................................................................................................... 76
CHAPTER THREE: Resource partitioning between species and sexes in Great Frigatebirds
and Lesser Frigatebirds ...................................................................................................... 78
Abstract ........................................................................................................................... 79
Introduction ..................................................................................................................... 80
Methods .......................................................................................................................... 82
Study Site .................................................................................................................... 82
Bird Capture and Sampling .......................................................................................... 82
Stable isotope analysis and methodological considerations. ........................................ 83
Statistical Analysis ....................................................................................................... 84
Results ............................................................................................................................ 86
Body Mass ................................................................................................................... 86
Stable Isotope Analysis ................................................................................................ 86
Tracking Data .............................................................................................................. 87
Discussion ....................................................................................................................... 88
Year-round trophic differences ..................................................................................... 88
Breeding season foraging ecology ............................................................................... 89
Non-breeding season foraging ecology ........................................................................ 90
Acknowledgements ......................................................................................................... 91
Literature cited................................................................................................................. 92
Table 1 .......................................................................................................................... 100
Figure 1 ......................................................................................................................... 101
Figure 2 ......................................................................................................................... 102
Supplementary material ................................................................................................. 105
References for supplementary material ......................................................................... 112
CHAPTER FOUR: Inter-population resource partitioning of Lesser Frigatebirds and the
influence of environmental context .................................................................................... 115
Summary ....................................................................................................................... 116
Introduction ................................................................................................................... 116
Methods ........................................................................................................................ 118
Page | 12

Study sites ................................................................................................................. 118
Bird capture and processing....................................................................................... 119
Stable isotope analysis .............................................................................................. 120
Identification of regurgitated prey remains.................................................................. 121
Flying fish availability data ......................................................................................... 121
Local primary productivity .......................................................................................... 122
Estimating reproductive output ................................................................................... 122
Statistical analysis...................................................................................................... 122
Results .......................................................................................................................... 124
Diet of juvenile Lesser Frigatebirds ............................................................................ 124
Diet and foraging of adult Lesser Frigatebirds ............................................................ 124
Flying fish availability ................................................................................................. 125
Local primary productivity .......................................................................................... 125
Reproductive output ................................................................................................... 125
Discussion ..................................................................................................................... 126
Acknowledgements ....................................................................................................... 129
References .................................................................................................................... 129
Table 1 .......................................................................................................................... 137
Table 2 .......................................................................................................................... 138
Table 3 .......................................................................................................................... 139
Table 4 .......................................................................................................................... 140
Figure 2 ......................................................................................................................... 142
Figure 3 ......................................................................................................................... 143
CHAPTER FIVE: Transboundary priorities for protection of seabird non-breeding habitat in a
heavily impacted region .................................................................................................... 145
Summary ....................................................................................................................... 146
Introduction ................................................................................................................... 147
Methods ........................................................................................................................ 148
Tracking data ............................................................................................................. 148
Data analysis ............................................................................................................. 149
Results .......................................................................................................................... 150
Discussion ..................................................................................................................... 152
Acknowledgments ......................................................................................................... 155
References .................................................................................................................... 155
Table 1 .......................................................................................................................... 160
Table 2 .......................................................................................................................... 162
Page | 13

Table 3 .......................................................................................................................... 163
Figure 1 ......................................................................................................................... 164
Figure 2 ......................................................................................................................... 165
Figure 3 ......................................................................................................................... 166
Figure 4 ......................................................................................................................... 167
CHAPTER SIX: DISCUSSION .......................................................................................... 168
References .................................................................................................................... 172
APPENDIX........................................................................................................................ 175

Page | 14

Chapter One: Introduction
Human activities are influencing environments across the globe (Hoegh-Guldberg and
Bruno, 2010). Many of these pose severe threats to biodiversity and have resulted in an
increased rate of species extinction (Smith et al., 1993, Pimm and Raven, 2000). Despite
these threats, funding available to conservation practitioners remains limited (LeaderWilliams and Albon, 1988, Balmford et al., 2003, McCarthy et al., 2012). Consequently,
strategic decisions are required to ensure that management actions are implemented with
the highest efficacy (Leader-Williams and Albon, 1988, Bottrill et al., 2008, McDonaldMadden et al., 2008, Joseph et al., 2009). This requires a comprehensive understanding of
how conservation targets interact with threats so that conservation measures occur in the
areas where they are most needed. This may see actions prioritised in areas of biological
importance or areas where threats can be effectively mitigated. Identification of conservation
priorities is underpinned by collection of scientific data (Harris et al., 2005, González-Solís
and Shaffer, 2009, Wilson et al., 2009).
Many threats impact a wide spatial area making it difficult to assess how they interact with
conservation targets at relevant spatial scales. Data collection is particularly difficult in
marine systems due to the dynamic nature of the system, prohibitive costs and logistical
challenges of research, and large spatial extents involved (Croxall, 1987). Research in
marine systems often uses the ecology of wide-ranging top predators to indicate
environmental conditions because they effectively sample the marine environment across
large spatial extents and their position as top-predators leaves them susceptible to
fluctuations that may occur within lower trophic levels of the community (Furness and
Camphuysen, 1997, Burger and Gochfeld, 2001, Boyd et al., 2006). Aspects of foraging
ecology respond rapidly to changes in marine condition. Therefore, foraging ecology is seen
as a more immediate indicator of marine conditions than population census for which high
adult survival may mask the effects of a threatening process for many years (Durant et al.,
2009). Foraging ecology has been used to define and designate marine protected areas in
many cases (Le Corre et al., 2012, Thaxter et al., 2012, Chivers et al., 2013).
Resource partitioning
Conservation management decision processes are complicated by the different responses of
species, or subsets of the same species, to the same environmental conditions.
Understanding these divergent responses is important to maximise the effectiveness of
conservation actions. Competition is a feature of ecological communities and can be caused
by the exploitation of a shared resource leading to reduced availability of that resource or
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through limiting access of a competitor to resources (Case and Gilpin, 1974, Schoener,
1983, Richards et al., 2000). The first of these mechanisms is referred to as exploitation
competition and the latter is referred to as interference competition (Schoener, 1983). Both
forms of competition can have negative consequences for the fitness of an individual. For
example, across wide taxonomic divisions the presence of a competing species may affect
demography through negative effects on traits including growth rate, feeding rate, body
condition, fecundity, and survivorship (Pacala and Roughgarden, 1982, Petren and Case,
1996, Hjernquist et al., 2005, Linnell and Strand, 2000). The fitness consequences of
competition mean that overlap in the exploitation of a limiting resource will invariably result in
the exclusion of the inferior competitor where the degree of ecological overlap exceeds a
certain threshold (Gause, 1934). Ecological overlap is expected to be particularly high for
closely related species owing to shared morphology, physiology, and behaviours which limit
the capacity for gross differences in ecology. As a consequence of competition for
resources, organisms that occur in sympatry are expected to show divergent strategies or
resource exploitation such that limiting resources are effectively partitioned between groups
(MacArthur, 1957, Macarthur and Levins, 1967).
There are a number of mechanisms by which resource partitioning may arise. In some
cases, competition has led to character displacement that has enabled niche specialisation.
The best known example of this is the evolution of different bill sizes among Darwin’s
Finches (Lack, 1947). In that instance, different bill morphology altered the efficiency with
which different species of finch were able to consume various sized seeds. Different species
of finch foraged optimally on seeds of different sizes limiting overlap in resource use. In
addition to character displacement of physical traits, competition may be reduced by
behavioural modifications such as differences in diel patterns of foraging or asynchrony in
the timing of breeding (Spear et al., 2007, Catry et al., 2009, Elliott et al., 2010, Burke et al.,
2015). In other cases, two groups may evolve in allopatry and therefore their pattern of
resource exploitation is shaped by different environmental conditions (Diamond, 1973). Upon
contact the divergent methods of resource exploitation are maintained because they limit
competition for resources (Diamond, 1973). Alternatively, resource partitioning can result
from character displacement related to another aspect of the organism’s biology (Andersson
and Norberg, 1981). For instance, many raptors display ‘reverse’ sexual dimorphism
(females are larger) and the size differences between the sexes mean that their respective
capture efficiencies differ as a function of prey size. However, the evolution of larger body
size in females also confers advantages for egg production, incubation, and nest defence.
Therefore, differential exploitation of prey species between the two sexes is likely
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determined by differences in sex role rather than direct competition for food (Andersson and
Norberg, 1981). Regardless of the mechanism responsible for observed patterns of resource
exploitation, in the presence of competitors, partitioning of resources has consequences for
fitness.
Adequate food resources are a requirement for all heterotrophic organisms. Therefore, there
is the potential for competition between co-occurring organisms with respect to food.
Partitioning of foraging resources has been widely studied and is documented for organisms
ranging from freshwater fishes (Sibbing and Nagelkerke, 2000), predatory gastropods
(Leviten, 1978), and bumblebees (Inouye, 1978) to bats (Swift and Racey, 1983), snakes
(Luiselli, 2006), and canids (Kitchen et al., 1999). These studies have identified partitioning
based on prey type and size (Ross, 1977, Luiselli, 2006), time of capture (Polis, 1984,
Wilson, 2010), and location of capture (Haight et al., 1993, Wilson, 2010). Studies have also
documented partitioning to occur between different species (Pacala and Roughgarden,
1982, Arlettaz, 1999), populations (Grémillet et al., 2004, Wakefield et al., 2013), sexes
(McCullough et al., 1989, Lewis et al., 2006), and age classes (Polis, 1984, Winemiller,
1989). Species barriers are reinforced by inter-specific resource partitioning whereas intraspecific partitioning may be a precursor to speciation, or cause segregation and sexual size
dimorphism (Andersson and Norberg, 1981, Maurer, 1985). Aspects of foraging ecology are
frequently used as tools in the conservation planning process (González-Solís and Shaffer,
2009). Yet, partitioning of foraging resources among competitors suggests that consideration
of how each conservation target interacts with its environment and factors threatening
persistence is required to make informed conservation planning decisions. This is
particularly so in situations where prey resources are expected to limit population size and
induce competition.
Colonial animals are faced with many competitors and resource use around a colony can be
intense (Møller, 1987). This effect can be intensified by central place foraging behaviour.
Central place foraging is common to many marine organisms when breeding. For example,
seabirds and many Pinnipeds require land for breeding and individuals must return to the
breeding site to provision young or fulfil incubation duties. This creates an upper limit on the
duration that an individual can spend away from the breeding site and constrains the
maximum distance that the individual can range (Cresswell et al., 2000). Where this occurs
at large colonies, cumulative foraging pressure in the constrained foraging range can reduce
prey abundance (Birt et al., 1987). In turn, this can limit the maximum size of the population
(Furness and Birkhead, 1984).
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In addition to the partitioning of resources, organisms can reduce competition for resources
by tracking locations where resources are abundant and therefore not limiting, or by
exploiting resources over a larger spatial extent. When breeding finishes and individuals are
released from the constraints of central place foraging, dispersal and migration can increase
access to resources (Ashmole, 1963). Some resources have seasonal or ephemeral
availability and large-scale movements to track the location of high resource availability
facilitate resource exploitation (Fryxell and Sinclair, 1988, Wilmshurst et al., 1999,
Leimgruber et al., 2001). Furthermore, these movements may also spread the burden of
competition over a broader spatial extent if the non-breeding range is larger than the range
when breeding (Ashmole, 1963). Improved access to resources allows a larger population
size to be maintained and this highlights the importance of considering year-round access to
resources in any conservation planning.
Tropical Marine Systems
Tropical marine environments are one system where competition for food resources is
expected to be particularly intense. Levels of primary productivity are typically lower in
tropical marine systems compared to primary productivity in polar and temperate regions
(Longhurst et al., 1995, Field et al., 1998). Furthermore, the distribution of these resources is
often patchier and less predictable in tropical marine systems than it is at higher latitudes
(Ainley and Boekelheide, 1984, Weimerskirch, 2007). Primary productivity serves as a proxy
of the food available at basal levels of the food chain and consequently, low resource
availability at basal levels in food chains translates to limits in resource availability to higher
trophic order organisms.
Seabirds exploiting tropical waters have evolved foraging strategies to cope with the
challenges posed in these environments. Many species possess efficient flight capabilities
that enable them to traverse wide expanses of ocean at minimal energetic cost (Pennycuick,
1983, Brewer and Hertel, 2007, Weimerskirch et al., 2016). This minimises the costs of
searching for prey patches, which may be separated by vast distances, in an unpredictable
landscape (Ballance et al., 1997). Yet, a morphology favouring efficient flight does not align
with a morphology suited to deep diving (Elliott et al., 2013). Consequently, with the
exception of some tropical cormorants, shearwaters, and penguins that typically depend on
highly productive locations or inshore habitats (Duffy, 1983, McDuie et al., 2015, Precheur et
al., 2016), the range of depths exploited by tropical seabirds is limited compared to
temperate and polar seabirds (Spear et al., 2007). Restriction to surface foraging means that
many tropical seabirds rely on subsurface predators including cetaceans and tunas to drive
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prey to the surface where it can be captured by the seabirds (Au and Pitman, 1986,
Ballance, 2007, Spear et al., 2007). As a consequence, flock feeding is common in many
tropical seabirds because foraging opportunities made available by subsurface predators
occur at a small spatial scale and are available for only a short temporal window (Au and
Pitman, 1986). By foraging on resources confined to the surface layer and foraging in
proximity to other members of the seabird assemblage, competition for prey resources is
likely to be strong among tropical seabirds. Indeed, tropical seabird assemblages have
species- and sex-specific foraging specialisations that enable resources to be partitioned
(Weimerskirch et al., 2006, Spear et al., 2007, Weimerskirch et al., 2009, Young et al.,
2010). This feature likely contributes to high species richness in some tropical marine
basins.
Frigatebirds
Frigatebirds (Fregata spp.) are a genus of seabirds with a pantropical distribution. They have
evolved specialist morphology that is extreme even when compared to other tropical
seabirds. Frigatebirds have the lowest wing loading of any bird, which confers low flight
costs. Such efficient flight enables them to stay aloft for up to 2.1 months (Weimerskirch et
al., 2016). Unique among seabirds, their uropygial gland is reduced to such an extent that it
provides ineffective waterproofing for their feathers. In conjunction with a wing structure that
hinders take-off, a lack of waterproofing renders them incapable of settling on the water
surface (Pennycuick, 1983, Mahoney, 1984, Weimerskirch et al., 2004). Therefore, for the
duration of their time at sea, they must stay aloft and capture all prey while in flight
(Weimerskirch et al., 2003, Weimerskirch et al., 2016). They adopt a surface dipping and
surface snatching foraging strategy and are highly dependent on prey availability that is
facilitated by subsurface predators (Au and Pitman, 1986, Spear et al., 2007, Maxwell and
Morgan, 2013). Their diet is generally dominated by flying fish (Exocoetidae) and halfbeaks
(Hemiramphidae), and flying squid (Ommastrephidae) (Diamond, 1975, Weimerskirch et al.,
2004, Spear et al., 2007), although it does include turtle hatchlings and seabird chicks at
some locations (Megyesi and Griffin, 1996, Lagarde et al., 2001). As well as foraging for
their own prey, frigatebirds also engage in kleptoparasitism of other seabirds. However, this
behaviour is thought to provide only a small proportion of their prey and may be practiced by
a subset of specialists within any population (Gilardi, 1994, Calixto-Albarran and Osorno,
2000, Congdon and Preker, 2004).
Breeding individuals undertake multiday foraging trips and can range in excess of 1000 km
from the breeding colony (Weimerskirch et al., 2010). Foraging opportunities are
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encountered infrequently (Weimerskirch et al., 2016) and together, long duration foraging
trips and infrequent prey capture mean that delivery rates of prey to offspring are low.
Consequently, frigatebird chicks grow slowly. They take in excess of 160 days to reach
fledging and then require a protracted period of parental care during which time they perfect
the skills of their specialist foraging strategy (Nelson, 1975). In total, the period of parental
involvement for an adult that breeds successfully is approximately 14 months (Schreiber and
Ashmole, 1970, Nelson, 1975). Therefore, a successful parent enters the non-breeding
population for a period of approximately 10 months as they are still tending a dependent
young when breeding occurs the subsequent year. This feature of life history should result in
a substantial proportion of the population being in a non-breeding state at any one time,
particularly because breeding failure is commonly reported for 17-94% of breeding attempts
(Nelson, 1975, Orta, 1992).
Frigatebird breeding colonies often support two, and in some rare cases even three, species
from this genus (Diamond, 1975, King, 1986, James and McAllan, 2014). Early attempts to
identify how foraging resources were partitioned among sympatric frigatebirds used vesselbased at-sea survey to determine patterns of spatial use along with assessments of diet
based on regurgitated prey remains at breeding colonies (Diamond, 1975, Pocklington,
1979, Dunlop et al., 2001). These studies could identify only slight differences in habitat
affinities between species and there were also similarities in the species identified in prey
remains. The high degree of overlap in foraging ecology between sympatric frigatebirds led
to the conclusion that frigatebirds display the highest level of resource overlap of any seabird
species pair (Diamond, 1975). Recent advances in analytical techniques for investigating
foraging ecology have provided some indication that differences do exist in relation to
foraging ecology of sympatric frigatebirds (Cherel et al., 2008). As yet, no comprehensive
analysis of the mechanisms facilitating resource partitioning between frigatebirds has been
conducted using the latest technologies.
Aims
The ubiquity of partitioning of foraging resources among competing organisms combined
with the importance of foraging ecology in the conservation planning process has been the
stimulus for research during my PhD candidature. My PhD thesis is organised into two
sections comprising one review chapter and three empirical chapters. Section 1 is the review
chapter which identifies priorities for future spatial research into seabirds based on the
existing distribution of research effort. This chapter explores the influence of five potential
drivers of the spatial distribution of research and highlights areas where future research
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effort is likely to result in the most conservation benefit. Section 2 contains the three
empirical chapters. These focus on Great Frigatebirds, Fregata minor, and Lesser
Frigatebirds, F. ariel, and apply stable isotope analysis, identification of prey remains and
advanced biotelemetry devices to investigate spatial and dietary aspects of foraging ecology
for these two species. These chapters compare and contrast patterns of resource use
between breeding individuals of the two species as well as between two nearby populations
for a single species. In addition to investigating resource use during the breeding period,
important areas of the non-breeding range that span national borders are also identified.
Together, these three chapters provide insight into year-round patterns of resource
partitioning and suggest mechanisms facilitating co-occurrence between species and
populations in a challenging tropical marine environment. The findings from Section 1 and
Section 2 are synthesised in a general discussion chapter which highlights how aspects of
the foraging ecology can be used to inform conservation management decisions for
frigatebirds in this region as well as identifying topics for future research on this group. In
addition to the aforementioned chapters, fieldwork also resulted in the collection of data
relating to the fitting of tracking devices using leg-loop harnesses. These data resulted in a
published paper which has been attached to the Appendix of my thesis.
References
Ainley, D. G. & Boekelheide, R. J. 1984. An ecological comparison of oceanic seabird
communities of the South Pacific Ocean. Studies in Avian Biology, 8, 2-23.
Andersson, M. & Norberg, R. 1981. Evolution of reversed sexual size dimorphism and role
partitioning among predatory birds, with a size scaling of flight performance.
Biological Journal of the Linnean Society, 15, 105-130.
Arlettaz, R. 1999. Habitat selection as a major resource partitioning mechanism between the
two sympatric sibling bat species Myotis myotis and Myotis blythii. Journal of Animal
Ecology, 68, 460-471.
Ashmole, N. P. 1963. The regulation of numbers of tropical oceanic birds. Ibis, 103b, 458473.
Au, D. W. K. & Pitman, R. L. 1986. Seabird Interactions with Dolphins and Tuna in the
Eastern Tropical Pacific. The Condor, 88, 304-317.
Ballance, L. T. 2007. Understanding seabirds at sea: why and how? Marine Ornithology, 35,
127-135.

Page | 21

Ballance, L. T., Pitman, R. L. & Reilly, S. B. 1997. Seabird community structure along a
productivity gradient: importance of competition and energetic constraint. Ecology,
78, 1502-1518.
Balmford, A., Gaston, K. J., Blyth, S., James, A. & Kapos, V. 2003. Global variation in
terrestrial conservation costs, conservation benefits, and unmet conservation needs.
Proceedings of the National Academy of Sciences, 100, 1046-1050.
Birt, V. L., Birt, T. P., Goulet, D., Cairns, D. K. & Montevecchi, W. A. 1987. Ashmole's halo:
direct evidence for prey depletion by a seabird. Marine Ecology Progress Series, 40,
205-208.
Bottrill, M. C., Joseph, L. N., Carwardine, J., Bode, M., Cook, C., Game, E. T., Grantham, H.,
Kark, S., Linke, S., Mcdonald-Madden, E., Pressey, R. L., Walker, S., Wilson, K. A. &
Possingham, H. P. 2008. Is conservation triage just smart decision making? Trends
in Ecology & Evolution, 23, 649-654.
Boyd, I. L., Wanless, S. & Camphuysen, C. J. 2006. Top predators in marine ecosystems:
their role in monitoring and management, Cambridge, UK, Cambridge University
Press.
Brewer, M. L. & Hertel, F. 2007. Wing morphology and flight behavior of pelecaniform
seabirds. Journal of Morphology, 268, 866-877.
Burger, J. & Gochfeld, M. 2001. Effects of chemicals and pollution on seabirds. In:
Schreiber, E. A. & Burger, J. (eds.) Biology of Marine Birds. Boca Raton, FL, USA:
CRC Press.
Burke, C. M., Montevecchi, W. A. & Regular, P. M. 2015. Seasonal variation in parental care
drives sex-specific foraging by a monomorphic seabird. PLOS ONE, 10, e0141190.
Calixto-Albarran, I. & Osorno, J. L. 2000. The diet of the Magnificent Frigatebird during chick
rearing. The Condor, 102, 569-576.
Case, T. J. & Gilpin, M. E. 1974. Interference Competition and Niche Theory. Proceedings of
the National Academy of Sciences, 71, 3073-3077.
Catry, T., Ramos, J. A., Sampson, E. & Le Corre, M. 2009. Does interference competition
explain why White Terns of Aride Island, Seychelles, breed predominantly when
marine productivity is lower? Ibis, 151, 265-273.
Cherel, Y., Le Corre, M., Jaquemet, S., Menard, F., Richard, P. & Weimerskirch, H. 2008.
Resource partitioning within a tropical seabird community: new information from
stable isotopes. Marine Ecology Progress Series, 366, 281-291.
Chivers, L. S., Lundy, M. G., Colhoun, K., Newton, S. F., Houghton, J. D. R. & Reid, N.
2013. Identifying optimal feeding habitat and proposed Marine Protected Areas
Page | 22

(pMPAs) for the black-legged kittiwake (Rissa tridactyla) suggests a need for
complementary management approaches. Biological Conservation, 164, 73-81.
Congdon, B. C. & Preker, M. 2004. Sex-specific chick provisioning and kleptoparasitism in
the Least Frigatebird, Fregata ariel. Emu, 104, 347-351.
Cresswell, J. E., Osborne, J. L. & Goulson, D. 2000. An economic model of the limits to
foraging range in central place foragers with numerical solutions for bumblebees.
Ecological Entomology, 25, 249-255.
Croxall, J. P. 1987. Introduction. In: Croxall, J. P. (ed.) Seabirds: feeding ecology and role in
marine ecosystems. Cambridge: Press Syndicate of the University of Cambridge.
Diamond, A. W. 1975. Biology and behaviour of frigatebirds Fregata spp. on Aldabra Atoll.
Ibis, 117, 302-323.
Diamond, J. M. 1973. Distributional Ecology of New Guinea Birds. Science, 179, 759-769.
Duffy, D. C. 1983. The foraging ecology of Peruvian seabirds. The Auk, 100, 800-810.
Dunlop, J. N., Surman, C. A. & Wooller, R. D. 2001. The marine distribution of seabirds from
Christmas Island, Indian Ocean. Emu, 101, 19-24.
Durant, J. M., Hjermann, D. Ø., Frederiksen, M., Charrassin, J.-B., Le Maho, Y., Sabarros,
P. S., Crawford, R. J. & Stenseth, N. C. 2009. Pros and cons of using seabirds as
ecological indicators. Climate Research, 39, 115-129.
Elliott, K. H., Gaston, A. J. & Crump, D. 2010. Sex-specific behavior by a monomorphic
seabird represents risk partitioning. Behavioral Ecology, 21, 1024-1032.
Elliott, K. H., Ricklefs, R. E., Gaston, A. J., Hatch, S. A., Speakman, J. R. & Davoren, G. K.
2013. High flight costs, but low dive costs, in auks support the biomechanical
hypothesis for flightlessness in penguins. Proceedings of the National Academy of
Sciences, 110, 9380-9384.
Field, C. B., Behrenfeld, M. J., Randerson, J. T. & Falkowski, P. 1998. Primary production of
the biosphere: integrating terrestrial and oceanic components. Science, 281, 237240.
Fryxell, J. M. & Sinclair, A. R. E. 1988. Causes and consequences of migration by large
herbivores. Trends in Ecology & Evolution, 3, 237-241.
Furness, R. W. & Birkhead, T. R. 1984. Seabird colony distributions suggest competition for
food supplies during the breeding season. Nature, 311, 655-656.
Furness, R. W. & Camphuysen, K. C. 1997. Seabirds as monitors of the marine
environment. ICES Journal of Marine Science, 54, 726-737.
Gause, G. F. 1934. The struggle for existence, Baltimore, Maryland, USA, Williams & Wilkins
Co.
Page | 23

Gilardi, J. D. 1994. Great frigatebird kleptoparasitism: sex-specific host choice and agerelated proficiency. The Condor, 96, 987-993.
González-Solís, J. & Shaffer, S. A. 2009. Introduction and synthesis: spatial ecology of
seabirds at sea. Marine Ecology Progeress Series, 391, 117-120.
Grémillet, D., Dell'omo, G., Ryan, P. G., Peters, G., Ropert-Coudert, Y. & Weeks, S. J. 2004.
Offshore diplomacy, or how seabirds mitigate intra-specific competition: a case study
based on GPS tracking of Cape gannets from neighbouring colonies. Marine Ecology
Progress Series, 268, 265-279.
Haight, W. R., Parrish, J. D. & Hayes, T. A. 1993. Feeding ecology of deepwater lutjanid
snappers at Penguin Bank, Hawaii. Transactions of the American Fisheries Society,
122, 328-347.
Harris, G. M., Jenkins, C. N. & Pimm, S. L. 2005. Refining Biodiversity Conservation
Priorities. Conservation Biology, 19, 1957-1968.
Hjernquist, M. B., Hjernquist, M., Hjernquist, B. & Hjernquist Thuman, K. A. 2005. Common
Guillemots Uria aalge differentiate their niche to coexist with colonizing Great
Cormorants Phalacrocorax carbo. Atlantic Seabirds, 7, 23-29.
Hoegh-Guldberg, O. & Bruno, J. F. 2010. The impact of climate change on the world’s
marine ecosystems. Science, 328, 1523-1528.
Inouye, D. W. 1978. Resource partitioning in bumblebees: experimental studies of foraging
behavior. Ecology, 59, 672-678.
James, D. J. & Mcallan, I. a. W. 2014. The birds of Christmas Island, Indian Ocean: A
review. Australian Field Ornithology, 31 Supplement, S1-S175.
Joseph, L. N., Maloney, R. F. & Possingham, H. P. 2009. Optimal allocation of resources
among threatened species: a project prioritization protocol. Conservation Biology, 23,
328-338.
King, B. R. 1986. Seabird islands: Raine Island, Great Barrier Reef, Queensland. Corella,
10, 73-77.
Kitchen, A. M., Gese, E. M. & Schauster, E. R. 1999. Resource partitioning between coyotes
and swift foxes: space, time, and diet. Canadian Journal of Zoology, 77, 1645-1656.
Lack, D. 1947. Darwin's finches, Cambridge, UK, Cambridge University Press.
Lagarde, F., Le Corre, M. & Lormee, H. 2001. Species and sex-biased predation on
hatchling green turtles by Frigatebirds on Europa Island, Western Indian Ocean. The
Condor, 103, 405-408.

Page | 24

Le Corre, M., Jaeger, A., Pinet, P., Kappes, M. A., Weimerskirch, H., Catry, T., Ramos, J. A.,
Russell, J. C., Shah, N. & Jaquemet, S. 2012. Tracking seabirds to identify potential
marine protected areas in the tropical western Indian Ocean. Biological
Conservation, 156, 83-93.
Leader-Williams, N. & Albon, S. 1988. Allocation of resources for conservation. Nature, 336,
533-535.
Leimgruber, P., Mcshea, W. J., Brookes, C. J., Bolor-Erdene, L., Wemmer, C. & Larson, C.
2001. Spatial patterns in relative primary productivity and gazelle migration in the
eastern steppes of Mongolia. Biological Conservation, 102, 205-212.
Leviten, P. J. 1978. Resource partitioning by predatory gastropods of the Genus Conus on
subtidal Indo-Pacific coral reefs: the significance of prey size. Ecology, 59, 614-631.
Lewis, R., O'connell, T. C., Lewis, M., Campagna, C. & Hoelzel, A. R. 2006. Sex-specific
foraging strategies and resource partitioning in the southern elephant seal (Mirounga
leonina). Proceedings of the Royal Society of London B: Biological Sciences, 273,
2901-2907.
Linnell, J. D. C. & Strand, O. 2000. Interference interactions, co-existence and conservation
of mammalian carnivores. Diversity and Distributions, 6, 169-176.
Longhurst, A., Sathyendranath, S., Platt, T. & Caverhill, C. 1995. An estimate of global
primary production in the ocean from satellite radiometer data. Journal of Plankton
Research, 17, 1245-1271.
Luiselli, L. 2006. Resource partitioning and interspecific competition in snakes: the search for
general geographical and guild patterns. Oikos, 114, 193-211.
Macarthur, R. & Levins, R. 1967. The limiting similarity, convergence, and divergence of
coexisting species. The American Naturalist, 101, 377-385.
Macarthur, R. H. 1957. On the relative abundance of bird species. Proceedings of the
National Academy of Sciences of the United States of America, 43, 293-295.
Mahoney, S. A. 1984. Plumage wettability of aquatic birds. The Auk, 101, 181-185.
Maurer, B. A. 1985. On the ecological and evolutionary roles of interspecific competition.
Oikos, 45, 300-302.
Maxwell, S. M. & Morgan, L. E. 2013. Foraging of seabirds on pelagic fishes: implications for
management of pelagic marine protected areas. Marine Ecology Progress Series,
481, 289-303.
McCarthy, D. P., Donald, P. F., Scharlemann, J. P. W., Buchanan, G. M., Balmford, A.,
Green, J. M. H., Bennun, L. A., Burgess, N. D., Fishpool, L. D. C., Garnett, S. T.,
Leonard, D. L., Maloney, R. F., Morling, P., Schaefer, H. M., Symes, A., Wiedenfeld,
Page | 25

D. A. & Butchart, S. H. M. 2012. Financial costs of meeting global biodiversity
conservation targets: current spending and unmet needs. Science, 338, 946-949.
McCullough, D. R., Hirth, D. H. & Newhouse, S. J. 1989. Resource partitioning between
sexes in white-tailed deer. The Journal of Wildlife Management, 53, 277-283.
McDonald-Madden, E. V. E., Baxter, P. W. J. & Possingham, H. P. 2008. Subpopulation
triage: how to allocate conservation effort among populations. Conservation Biology,
22, 656-665.
McDuie, F., Weeks, S. J., Miller, M. G. & Congdon, B. 2015. Breeding tropical shearwaters
use distant foraging sites when self-provisioning. Marine Ornithology, 43, 123-129.
Megyesi, J. L. & Griffin, C. R. 1996. Brown noddy chick predation by great frigatebirds in the
northwestern Hawaiian islands. The Condor, 98, 322-327.
Møller, A. P. 1987. Advantages and disadvantages of coloniality in the swallow, Hirundo
rustica. Animal Behaviour, 35, 819-832.
Nelson, J. B. 1975. The breeding biology of frigatebirds: a comparative review. Living bird,
14, 113-155.
Orta, J. 1992. Family Fregatidae (Frigatebirds). In: Del Hoyo, J., Elliot, A. & Sargatal, J.
(eds.) Handbook of the Birds of the World. Barcelona: Lynx Edicions.
Pacala, S. & Roughgarden, J. 1982. Resource partitioning and interspecific competition in
two two-species insular Anolis lizard communities. Science, 217, 444-446.
Pennycuick, C. 1983. Thermal soaring compared in three dissimilar tropical bird species,
Fregata magnificens, Pelecanus occidentals and Coragyps atratus. Journal of
Experimental Biology, 102, 307-325.
Petren, K. & Case, T. J. 1996. An experimental demonstration of exploitation competition in
an ongoing invasion. Ecology, 77, 118-132.
Pimm, S. L. & Raven, P. 2000. Biodiversity: extinction by numbers. Nature, 403, 843-845.
Pocklington, R. 1979. An oceanographic interpretation of seabird distributions in the Indian
Ocean. Marine Biology, 51, 9-21.
Polis, G. A. 1984. Age structure component of niche width and intraspecific resource
partitioning: can age groups function as ecological species? American Naturalist,
541-564.
Precheur, C., Barbraud, C., Martail, F., Mian, M., Nicolas, J.-C., Brithmer, R., Belfan, D.,
Conde, B. & Bretagnolle, V. 2016. Some like it hot: effect of environment on
population dynamics of a small tropical seabird in the Caribbean region. Ecosphere,
7, e01461-n/a.

Page | 26

Richards, S. A., Nisbet, R. M., Wilson, W. G., Possingham, H. P. & Associate Editor: Lewi,
S. 2000. Grazers and diggers: exploitation competition and coexistence among
foragers with different feeding strategies on a single resource. The American
Naturalist, 155, 266-279.
Ross, S. T. 1977. Patterns of resource partitioning in searobins (Pisces: Triglidae). Copeia,
561-571.
Schoener, T. W. 1983. Field experiments on interspecific competition. The American
Naturalist, 122, 240-285.
Schreiber, R. W. & Ashmole, N. P. 1970. Sea-bird breeding seasons on Christmas Island,
Pacific Ocean. Ibis, 112, 363-394.
Sibbing, F. A. & Nagelkerke, L. A. 2000. Resource partitioning by Lake Tana barbs predicted
from fish morphometrics and prey characteristics. Reviews in Fish Biology and
Fisheries, 10, 393-437.
Smith, F. D. M., May, R. M., Pellew, R., Johnson, T. H. & Walter, K. R. 1993. How much do
we know about the current extinction rate? Trends in Ecology & Evolution, 8, 375378.
Spear, L. B., Ainley, D. G. & Walker, W. A. 2007. Foraging dynamics of seabirds in the
eastern tropical Pacific Ocean. Studies in Avian Biology, 35, 1-99.
Swift, S. & Racey, P. 1983. Resource partitioning in two species of vespertilionid bats
(Chiroptera) occupying the same roost. Journal of Zoology, 200, 249-259.
Thaxter, C. B., Lascelles, B., Sugar, K., Cook, A. S. C. P., Roos, S., Bolton, M., Langston, R.
H. W. & Burton, N. H. K. 2012. Seabird foraging ranges as a preliminary tool for
identifying candidate Marine Protected Areas. Biological Conservation, 156, 53-61.
Wakefield, E. D., Bodey, T. W., Bearhop, S., Blackburn, J., Colhoun, K., Davies, R., Dwyer,
R. G., Green, J., Grémillet, D., Jackson, A. L., Jessopp, M. J., Kane, A., Langston, R.
H. W., Lescroël, A., Murray, S., Le Nuz, M., Patrick, S. C., Péron, C., Soanes, L.,
Wanless, S., Votier, S. C. & Hamer, K. C. 2013. Space partitioning without
territoriality in gannets. Science, 341, 68-70.
Weimerskirch, H. 2007. Are seabirds foraging for unpredictable resources? Deep Sea
Research Part II: Topical Studies in Oceanography, 54, 211-223.
Weimerskirch, H., Bishop, C., Jeanniard-Du-Dot, T., Prudor, A. & Sachs, G. 2016. Frigate
birds track atmospheric conditions over months-long transoceanic flights. Science,
353, 74-78.
Weimerskirch, H., Chastel, O., Barbraud, C. & Tostain, O. 2003. Flight performance:
Frigatebirds ride high on thermals. Nature, 421, 333-334.
Page | 27

Weimerskirch, H., Le Corre, M., Jaquemet, S., Potier, M. & Marsac, F. 2004. Foraging
strategy of a top predator in tropical waters: great frigatebirds in the Mozambique
Channel. Marine Ecology Progress Series, 275, 297-308.
Weimerskirch, H., Le Corre, M., Kai, E. T. & Marsac, F. 2010. Foraging movements of great
frigatebirds from Aldabra Island: relationship with environmental variables and
interactions with fisheries. Progress in Oceanography, 86, 204-213.
Weimerskirch, H., Le Corre, M., Ropert-Coudert, Y., Kato, A. & Marsac, F. 2006. Sexspecific foraging behaviour in a seabird with reversed sexual dimorphism: the redfooted booby. Oecologia, 146, 681-691.
Weimerskirch, H., Shaffer, S. A., Tremblay, Y., Costa, D. P., Gadenne, H., Kato, A., RopertCoudert, Y., Sato, K. & Aurioles, D. 2009. Species-and sex-specific differences in
foraging behaviour and foraging zones in blue-footed and brown boobies in the Gulf
of California. Marine Ecology Progress Series, 391, 267-278.
Wilmshurst, J. F., Fryxell, J. M., Farm, B. P., Sinclair, A. & Henschel, C. P. 1999. Spatial
distribution of Serengeti wildebeest in relation to resources. Canadian Journal of
Zoology, 77, 1223-1232.
Wilson, K. A., Carwardine, J. & Possingham, H. P. 2009. Setting conservation priorities.
Annals of the New York Academy of Sciences, 1162, 237-264.
Wilson, R. P. 2010. Resource partitioning and niche hyper-volume overlap in free-living
Pygoscelid penguins. Functional Ecology, 24, 646-657.
Winemiller, K. O. 1989. Ontogenetic diet shifts and resource partitioning among piscivorous
fishes in the Venezuelan ilanos. Environmental Biology of Fishes, 26, 177-199.
Young, H. S., Shaffer, S. A., Mccauley, D. J., Foley, D. G., Dirzo, R. & Block, B. A. 2010.
Resource partitioning by species but not sex in sympatric boobies in the central
Pacific Ocean. Marine Ecology Progress Series, 403, 291-301

Page | 28

SECTION ONE

Page | 29

Declaration for Thesis Chapter
Monash University

Declaration for Thesis Chapter Two
Declaration by candidate
In the case of Chapter Two, the nature and extent of my contribution to the work was the
following:
Nature of contribution
Conceived the topic for review, Extracted
the data from reviewed papers, Analysed
data, Wrote manuscript

Extent of contribution (%)
90%

The following co-author contributed to the work. If co-authors are students at Monash
University, the extent of their contribution in percentage terms must be stated:
Name

Nature of contribution

Rohan Clarke

Helped conceive the topic for review,
Proof read and contributed to
manuscript.

Extent of contribution
(%) for student coauthors only

The undersigned hereby certify that the above declaration correctly reflects the nature and
extent of the candidate’s and co-author’s contributions to this work.

Candidate’s
Signature

Date

Main Supervisor’s
Signature

Date

29/09/2016

29/09/2016

Page | 30

CHAPTER TWO: Systematic review of the biases in the collection of
at-sea distribution data for seabirds

Rowan Mott1 and Rohan H. Clarke1
1

School of Biological Sciences, Monash University, Clayton, Victoria 3800, Australia

Submitted manuscript

Page | 31

Abstract
The distribution of wildlife informs conservation planning. In marine systems, spatial
information for seabirds is primarily acquired using vessel-based at-sea survey, aerial survey
or animal-borne tracking devices. Many factors contribute to geographic and taxonomic
biases in marine spatial research and we use a structured database search to review
patterns resulting from these biases. Although survey effort has been substantial, many
large marine sectors were poorly represented. Poor representation often coincided spatially
with hotspots of seabird species richness or areas experiencing high cumulative human
impact. Therefore, future seabird research priorities should reflect high species richness
areas including the south-west Pacific, particularly waters surrounding New Zealand.
Furthermore, underrepresented areas of Asia, and the Atlantic coasts of Africa and South
America require greater research effort because of high cumulative human impacts in these
areas. National Gross Domestic Product was positively related to the number of papers a
country produced (determined by the first author’s address). This is indicative of constraints
imposed by inherent costs of marine research. We recommend international collaboration
between scientists from high GDP nations with those in developing countries to address this.
Further uptake of platforms of opportunity may also reduce this imbalance. International
Union for the Conservation of Nature conservation status did not influence which species
were the focus of research. We recommend species most threatened with extinction receive
increased research attention owing to the need for ecological information to improve
management.
Key words: Research priorities, At-sea distribution, Spatial data, Tracking, At-sea survey,
Aerial survey, Telemetry, Research effort
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Introduction
Protection for the marine environment is lacking in comparison to terrestrial systems
(Groombridge, 1992, Wood et al., 2008, Game et al., 2009). Largely, this is due to the
inherent difficulties of conducting research in marine environments and the huge spatial
scales involved (Croxall, 1987). Many marine species are wide ranging and are not
constrained to a single ocean region or national jurisdiction (Hays et al., 1999, Hedd et al.,
2012, Militao et al., 2013, Garrigue et al., 2015). They may receive protection under a
number of international treaties as a consequence. However, management actions are left to
individual states or nations to fund, implement, monitor and enforce. Therefore, conservation
planning is inherently spatial and relies on the collection of spatial data to inform sound
conservation management (Margules and Pressey, 2000, Collinge, 2010). Management
decisions are often made based on spatial information relating to habitat affinities and
requirements, interactions with threatening processes, and the distribution and density of a
species (González-Solís and Shaffer, 2009). It is important that spatial research is
conducted in the locations where it is most needed and has the highest efficacy owing to the
important role it plays in conservation planning (Momigliano and Harcourt, 2014). This is
particularly so given limited funding available for conservation.
Formal efforts to determine the at-sea distribution of marine fauna have a long history
(Ainley et al., 2012). Collection of this spatial data can occur by direct observation of
individuals or by the fitting of animal-borne position acquiring tracking devices. Vessels and
aircraft are used for the collection of observation data, whereas tracking technologies now
exist in a number of forms including those using satellites (platform terminal transmitters
PTTs and global positioning system GPS), ambient light levels (global location sensing GLS)
and radio frequencies (very high frequency VHF).
Early studies on the at-sea distribution of seabirds were conducted using vessel-based atsea surveys (hereafter, at-sea survey) and this method has seen continued use to the
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present day (Tremblay et al., 2009, Ainley et al., 2012). These studies depend on records
made from an observational platform of the identity and location of individual animals. A
number of standard methods, including strip transects and flux-correcting techniques, have
been proposed to improve precision and comparability between studies (Tasker et al., 1984,
Gould and Forsell, 1989, Spear et al., 1992, Ballance, 2007). Extensive survey time may be
required to collect a dataset and vessel charter can be cost-prohibitive. Inherent difficulties
such as correctly identifying species sighted and the uncertainty regarding the origins of the
organism (e.g. natal or breeding ground) are also limitations of this method (Haney and
Schauer, 1994, Russell et al., 1999, González-Solís et al., 2000). Nonetheless, at-sea
survey provides the potential to collect data on a large number of individuals relative to
tracking studies. Contemporaneous measurements of habitat variables such as prey
availability (quantified using echosounder or net tows) and water column properties
(thermocline depth, salinity) are also possible (Becker et al., 2010).
Aerial survey methods rely on the same principles as at-sea survey (Camphuysen et al.,
2004). Their use began in the late 1960s, becoming commonplace during the 1970s
(Camphuysen et al., 2004, Ainley et al., 2012). Aerial survey is appealing because it allows a
large area to be covered relatively quickly (Certain and Bretagnolle, 2008). However, issues
with identification of organisms from aircraft and the limited capacity to make simultaneous
recordings of environmental parameters are disadvantages of this method (Camphuysen et
al., 2004). The limited range capabilities of many aerial survey platforms also means that
effort is likely to focus on inshore locations (Schick et al., 2011).
In recent decades, advances in electronics capable of providing location data have seen a
proliferation of research using sophisticated tracking devices (Tremblay et al., 2009, Hussey
et al., 2015, Kays et al., 2015). Tracking devices are appealing because they are capable of
collecting huge quantities of data for an individual over extended time periods (Cooke et al.,
2004, Ropert-Coudert and Wilson, 2005), which can be used to investigate aspects of
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ecology including activity patterns, foraging effort, individual specialisation, and sex, age and
population effects (Shaffer et al., 2003, Frederiksen et al., 2012, Patrick et al., 2014, Pelletier
et al., 2014). They can also be used to investigate processes that occur on multiple scales
(Cooke et al., 2004, Hussey et al., 2015). Whereas some device types provide data with high
spatial and temporal accuracy (e.g. GPS), the spatial accuracy and temporal limitations of
other tracking devices types (e.g. GLS) allows only coarse-grained resolution of the
movements of individuals (Phillips et al., 2004). Many tracking studies utilise archival devices
that require recapture of a logger-equipped individual for data recovery. The difficulties
associated with recapture of a free-ranging individual mean that most tracking studies
involve breeding individuals that are constrained to return to their colony for breeding duties
(Burger and Shaffer, 2008). To facilitate data collection during non-breeding periods, longterm device attachment is required. The logistics involved with logger deployment, ethical
considerations and, where applicable, recovery, together with the financial cost of the
devices can result in small sample sizes of tracked individuals (Cooke et al., 2004, Lindberg
and Walker, 2007). In most cases, tracked individuals represent only a small subset of the
population being investigated and results must be interpreted with caution when
extrapolations are made to the population level (Soanes et al., 2013).
Differences in the use of each of these survey methods are driven in some part by the
research questions that are being asked. The practicalities associated with each method in
terms of financial cost, opportunity, time investment, biology of the study species and sample
size considerations may all influence which method is employed. In turn, these factors may
dictate which method is used where, and on what taxa, leading to biases in the collection of
spatial data. Bias may result in some areas or taxa being avoided by researchers due to the
difficulties of data acquisition. Conversely, bias may see some regions or taxa receive higher
research effort because of ease of data acquisition, or higher potential to realise positive
conservation outcomes.
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Here we undertook a structured literature review to identify biases in the collection of spatial
data relating to the at-sea distribution of seabirds. The following five questions form the basis
of this evaluation:
1. Is there geographic bias in the application of research methods to the at-sea
distribution of seabirds?
2. Does the geographic distribution of research effort adequately capture important
areas in terms of species richness or areas exposed to highest human impact?
3. Do any biases extend to geographic origin of researchers?
4. Is there a relationship between the research effort originating from a country and that
country’s gross domestic product (GDP) or extent of its exclusive economic zone
(EEZ)?
5. Does conservation status influence the likelihood of a species being the focus of
research?
Outputs resulting from this review process are intended to highlight spatial patterns and
taxon-specific features that appear underrepresented in relation to broader research effort.
These likely represent areas with the greatest potential to further our understanding of
marine ecology and are considered priorities for future research effort. Outputs will also be
useful to identify some of the drivers behind high research coverage and inform researchers
and policy-makers on factors that successfully promote the collection of spatial data. These
are likely factors that optimise conservation outcomes.
Materials and Methods
Criteria for paper inclusion
Analysis for this work is based on the content of published primary research articles that
were selected using the following criteria during a search of the database Web of Science
(http://www.webofknowledge.com/):
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Topic = (seabird AND (at-sea observation OR at-sea survey OR track* OR aerial survey)
AND (spatial OR at-sea distribution OR location))
Timespan = 1900-2014
Refined by: Subject areas = (Environmental Sciences Ecology OR Marine Freshwater
Biology OR Zoology OR Oceanography OR Biodiversity Conservation OR Behavioral
Sciences OR Fisheries OR Evolutionary Biology)
This search returned a total of 264 publications. A manual screening process was
undertaken to limit these papers to those relating to research identifying the at-sea
distribution of one or seabird species based on either of the three methods central to this
review. During this screening process papers were also excluded if they: estimated foraging
range based on colony-assessed duration of foraging trips; determined the location of
foraging areas using only stable isotope analysis; or stress hormone levels were augmented
to determine their influence on migratory behaviour. This resulted in the exclusion of 67
papers leaving 197 papers upon which this review is based. A bibliography of these papers
is available as supplementary material (Table S1). We recognise that the papers returned
are not an exhaustive sample of all possible publications that collect spatial data relating to
seabirds. Our primary objective in undertaking a structured database search was to avoid
introducing bias of our own. In an effort to ensure that the sample was representative of
trends in the wider literature, we also screened every issue of Marine Ecology Progress
Series from its inception in 1979 to issue 500 in 2014. Marine Ecology Progress Series has
been at the forefront of its field for the duration of this period (Kinne, 1988, Kinne, 1993,
Kinne, 2010) and has consistently attracted high quality publications on the topic of at-sea
distribution (Hart and Hyrenbach, 2009). Therefore, trends in papers published in this journal
should be representative of the wider literature on this subject. Analyses were conducted on
both sets of publications separately and the consistency of the results was taken as an
indication that the database search effectively captured underlying patterns in the literature.
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Figures and Tables from the Marine Ecology Progress Series dataset are provided as
supplementary information (Figures S1-S4 and Table S2).
Meta-analysis
Each paper resulting from the review process was characterised on the basis of the following
four aspects:
1) Method(s) used
One or a combination of the three methods for collecting spatial data – at-sea survey,
aerial survey or tracking.
2) Species studied
All species under investigation, (i.e. single or multiple species) were recorded for
each paper.
3) Location of research
The latitude and longitude of the study site(s) (tagging location or centroid of study
area for at-sea and aerial survey) were extracted from each publication when coordinates were stated. Where these were not stated co-ordinates were estimated
from maps of the study area included as figures. If neither co-ordinates nor a map of
the study area were included, co-ordinates were estimated by locating the study area
within Google Earth©.
4) Country of the first author’s research institution
The address of the first author was used to assign the country of origin for the paper.
Although international collaborations are commonplace in today’s research
environment, it was assumed that the largest contribution to a published paper was
made by the first author and this was deemed to be an appropriate proxy for
determining which country was responsible for the research.
A Geographic Information System (ArcMap 10.0, ESRI Inc.) was used to plot the locations
where research was conducted. A sinusoidal projection was applied to minimise distortion
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and a grid with 1000 × 1000 km cells was overlaid. The number of study sites falling within
the boundaries of each cell was summed to indicate research effort within that cell. If a paper
included data from multiple study sites the value contributed by each individual site was
made equal to 1 ∕ 𝓃 where 𝓃 = total number of study sites. This ensured a single study did
not artificially elevate study effort within a single cell. Where a cell was completely bisected
by a continental landmass, survey effort was restricted to marine waters that were
contiguous with the study site (e.g. stippling was limited to the eastern side of the southern
tip of South America as no research was conducted in distinct waters to the south-west of
the landmass). For presentation, data were then back transformed into the WGS 1984
geographic coordinate system.
These data were used to undertake an assessment of positive and negative biases in the
distribution of research effort. We do not propose what an unbiased distribution of research
effort is. Instead, we test for an influence of four factors that potentially drive the spatial
distribution of research: 1) patterns in underlying species richness (i.e. the biotic
importance); 2) patterns of cumulative human impact on marine systems (i.e. relative levels
of anthroprogenic threat); 3) gross domestic product of a country (i.e. capacity to fund
marine research); and 4) the extent of a country’s exclusive economic zone (i.e. relative
marine area for which a county bears formal responsibility).
Species richness
A global map of seabird species richness was extracted from the literature (Karpouzi et al.
2007). This was georeferenced in ArcMap 10.0 and the maximum species richness category
occurring in each of the 1000 × 1000 km cells (as above) was assigned. For analysis, the
number of species occurring in each species richness category in the source map was set at
the mid-point between the maximum and minimum bound of that category (e.g. where
Karpouzi et al. (2007) indicated between 35 and 40 seabird species occurred, a value of
37.5 was assigned here). This information was overlaid with research effort within each cell.
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As the data did not meet assumptions of normality non-parametric Kruskal-Wallis tests were
performed relating the number of studies conducted in a cell to the species richness
category of that cell.
Anthropogenic impacts
The level of human impact in a region was assessed using the global cumulative human
impact data of Halpern et al. (2015a). These data represent an update on that presented in
Halpern et al. (2008). The maximum cumulative human impact value occurring within each
1000 × 1000 km cell was extracted and a regression was carried out to determine whether
research effort was correlated with the level of human impact. Maximum cumulative human
impact was considered most relevant for this purpose because if high cumulative human
impact was localised within a small area of a cell, it is likely that this area would be a target
for research effort if human impact is a driver of research effort.
Gross domestic product
Information relating to the number of papers arising from researchers in individual countries
and the method used in each instance were combined with that country’s 2013 GDP (The
World Bank Group 2015). A regression was conducted to determine whether contemporary
GDP was correlated with the research output of a country.
Exclusive economic zone
The areal extent of each country’s EEZ was derived from the shapefile ‘World EEZ v8’
(available at http://www.marineregions.org). A regression was conducted to determine
whether national EEZ area was correlated with the research output of a country.
IUCN conservation status
For single-species studies, the conservation status of the focal species from the International
Union for the Conservation of Nature (IUCN) Red List Database (IUCN, 2015) was used to
determine whether some conservation status categories were studied disproportionately
compared to their availability in the total pool of seabirds. The conservation status of all
Page | 40

seabird species were used to generate expected proportions. Significant differences
between expected and observed proportions when data were pooled across research
methods were determined with a Fisher’s exact test because expected cell counts were ≤ 5
in 80% of cells (Cochran, 1952).
All statistical analyses were carried out using R 3.1.2 (R Core Team, 2015).
Results
Geographical biases in the location of study sites
Research effort was not distributed evenly across the globe (Fig. 1). There has been
comparatively intensive research effort in coastal waters, particularly those of the UK and
France with other coastal research foci centred in waters of the USA and Canada (Fig.1a).
Despite their isolation, some sub-Antarctic locations have also been the focus of intensive
study. Many studies in sub-Antarctic locations were authored by researchers from French
and British research institutions. By contrast, research effort in Asian waters and pelagic
waters of ocean basins the world over was particularly underrepresented. Together with
gaps in research effort along stretches of the Atlantic coasts of Africa and South America,
and in western Australian coastal waters the sampled papers demonstrate there are still
many areas in which information on the spatial distribution of seabirds remains limited.
Aerial survey effort was concentrated around the coast of the UK and France with many
aerial surveys conducted in the Bay of Biscay (Fig. 1b). Similarly, at-sea survey effort was
concentrated in these areas as well as other northern hemisphere locations including the
California Current System off western USA and in waters off eastern Canada (Fig. 1c).
Conversely, the majority of research conducted in the southern hemisphere has been in the
form of tracking studies (Fig. 1d). This is particularly evident in Australia and New Zealand,
where tracking was used in 87.5% of sampled papers relating to this region and for studies
around the Crozet Islands where all research was in the form of tracking studies.
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Overlap of research effort with areas of high species richness
Across the sampled papers, the intensity of research effort at a particular geographic
location was not influenced by the species richness at that location (χ29 = 16.19, P = 0.063)
(Fig. 2). The waters of the south-west Pacific Ocean, particularly areas surrounding New
Zealand, support the highest seabird species richness. Yet, only 6 of the 28 grid cells in this
region that support ≥ 37.5 species of seabirds had received study on the spatial distribution
of seabirds and none had been the focus of more than four studies (Fig. 2). Conversely, the
high research effort in coastal waters surrounding the UK, Canada and the USA largely
coincided with areas of low to moderate species richness for seabirds. In only three
examples, the waters surrounding the Crozet Islands, Kerguelen Islands, and South
Georgia, did research effort capture the underlying pattern of moderate- to high seabird
species richness.
Overlap of research with cumulative human impacts
Research effort within a cell was positively related to the level of cumulative human impact
indicated by the Halpern dataset (Research effort = cumulative impact × 0.07 - 0.11: F1, 525 =
13.78, R2 = 0.02, P < 0.001) (Fig. 3). However, the R2 value reflected the high variability of
this relationship. Importantly, of the 20 cells containing the highest level of cumulative human
impact, 15 had received no research effort in the sampled papers. Only three of these cells
had had three or more studies conducted in them. Marine areas where high cumulative
human impact was not effectively captured by research effort included those in proximity to
Indonesia, the South China Sea, and the Atlantic coasts of Africa and South America (Fig.
3). Conversely, high cumulative human impact in the North Sea and Mediterranean Sea was
effectively captured by research effort (Fig. 3). The high research effort on sub-Antarctic
islands was in contrast to the relatively low level of cumulative impacts experienced at these
southern latitudes (Fig. 3).
Geographic biases in the origin of research
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Over 76% of papers were produced by researchers (primary authors) from research
institutions in six countries (France, USA, UK, Australia, Spain, and Canada) and four of the
top six numerically dominant countries (France, USA, UK, Australia, Spain, and Canada)
were English speaking (Table 1).
The relative use of each of the three data collection methods varied by country. Almost half
(47.4%) of all studies that employed aerial survey were conducted by researchers from
France, though globally this method was used infrequently (9.6% of studies).
The was a strong bias in the use of at-sea survey towards researchers from northern
hemisphere institutions with only 7.5% of papers using at-sea survey originating from
research institutions in the southern hemisphere. Among countries responsible for more than
five studies, at-sea survey was frequently utilised in Canada and the USA.
Since their advent, tracking devices have become the most frequent method for the
collection of spatial data and were used in 64.0% of studies. These were the methods of
choice for researchers from countries including Portugal, Australia, and France where they
were used in over 75.0% of papers.
Levels of international collaboration were generally low. Only 46.2% of papers involved coauthors based in a country different to the first author (Table 1). Whereas international
collaboration was relatively high (>71%) for papers with a first author based in Denmark,
Portugal, New Zealand, and South Africa. Papers first authored in some countries including
the USA, Germany, and Norway involved low levels (<29%) of international collaboration
(Table 1). Furthermore, for international collaborative studies produced by first authors in the
USA, UK, France, Australia, Spain, or Canada, 20.0 to 66.7% of these involved
collaborations with co-authors in only these six countries (Table 1).
Influence of GDP
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The number of papers arising from a particular country was positively correlated with that
country’s Gross Domestic Product (GDP) (F1,17= 9.07, P < 0.01, r2 = 0.3096) (Table 1). Some
countries, including the United Kingdom and France, had produced many papers relative to
their GDP whereas others, such as Japan, had a large GDP yet produced few publications
captured by this review (Table 1).
Influence of EEZ area.
The number of studies produced in a country was significantly positively correlated with the
areal extent of that country’s EEZ (F1,17 = 32.74, P < 0.001, r2 = 0.6381) (Table 1). This
relationship was driven by a large number of studies produced by researchers from countries
with the four largest EEZs (United States, France, Australia, United Kingdom). There was no
clear trend among other countries if these six countries were excluded. Only 3.1% of study
centroids fell in high seas areas beyond 200 nm exclusive economic zones (Fig. 1a)
Relationships with IUCN conservation status categories
There was no evidence that research effort has been directed preferentially to one or more
IUCN conservation status category. Each category received research effort in proportion to
the number of species classified (as at 2015) into that category in the wider pool of seabirds
(P = 0.929) (Fig. 4).
Discussion
Many areas around the globe have received relatively intensive research effort into the atsea distribution of seabirds. Nevertheless, substantial areas of both coastal and pelagic
waters were underrepresented or absent when it came to seabird research. Of concern,
these poorly represented areas often coincided with some of the planet’s most species rich
marine areas, as well as areas that have experienced the highest level of cumulative human
impact. Species richness of seabirds is highest in waters of the south-west Pacific Ocean,
particularly areas surrounding New Zealand (Chown et al., 1998, Cheung et al., 2005,
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Karpouzi et al., 2007). These areas had received comparatively little research effort in the
sampled papers.
Although some areas were under-represented in the sampled papers, others had received
relatively high research effort. In some cases, such as the high seabird research effort at the
sub-Antarctic locations of South Georgia and the Crozet Islands, this effort did correspond to
moderately high species richness. However, the high research effort in waters surrounding
the UK, France, Canada and the USA largely corresponded to areas that support relatively
few species of seabirds when considered in a global context. The research effort in the
waters surrounding these four countries exemplifies that the level of cumulative human
impact is a weak predictor of research effort undertaken at a location. In some cases, such
as in the waters surrounding the UK and France, cumulative human impact is high and may
be an underlying factor in the relatively high research effort undertaken in those areas.
However, much of the research effort undertaken along the west coast of the USA and that
undertaken in Canadian coastal waters occurs in areas of low to moderate cumulative
human impact. Of particular concern, many areas around the globe that have been exposed
to high cumulative human impact received no research effort in the sampled papers. Many of
these areas, such as the waters of Indonesia, the South China Sea and the Atlantic coasts
of South America and Africa were identified by Halpern et al. (2015b) as displaying high and
increasing levels of human impact. Halpern et al. (2015b) recommended these areas as
priorities for management action. Appropriate management actions are underpinned by
baseline knowledge and, therefore, research into the at-sea distribution of seabirds in these
locations has an important role in mitigating adverse effects stemming from continued
exposure to threatening processes.
These findings highlight important deficiencies in the current spatial distribution of seabird
research. Encouragingly, the number of studies investigating the at-sea distribution of this
group has increased rapidly in recent years (Tremblay et al., 2009, Ainley et al., 2012). This
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presents an important opportunity for marine biologists to ensure that new studies occur in
areas where the greatest conservation benefit can be achieved. The systematic review
undertaken here suggests that patterns in species richness could be better captured by
prioritising global seabird research towards the waters of the south-west Pacific Ocean.
Similarity can be drawn between the recommendations made here and those made for
terrestrial research where patterns in global biodiversity are not reflected in the distribution of
research effort (Wilson et al., 2016). The present review also identified important knowledge
gaps relating to the at-sea distribution of seabirds in some areas suffering most heavily from
human impacts and we recommend that further research be undertaken in these areas.
Specifically, the sample highlighted the under-representation of research in heavily impacted
coastal waters across much of Asia as well as western Africa and eastern South America
and this situation needs to be redressed.
One important way to increase the number of studies occurring in developing countries
experiencing high human impact is by fostering international collaboration. A country’s GDP
strongly influenced the number of studies produced by researchers from a particular country.
Therefore, the inherent costs of marine research appear to pose substantial challenges for
marine research projects in developing countries with low GDP (Aragones et al., 1997). Over
76% of the reviewed papers were produced by researchers in only six countries. These six
countries have high GDP and a long history of marine ecological research (e.g. USA: NOAA
Southwest Fisheries Science Center; UK: British Antarctic Survey). International
collaboration was a feature of fewer than half of the reviewed publications and where
international collaborations did occur, they were often between authors in countries already
undertaking a large amount of marine spatial research. We posit that increasing levels of
international collaboration would facilitate research in some areas where it is most needed.
By sharing their wealth of experience with researchers in developing countries research
quality may be enhanced as has been the case in other disciplines (Costello and Zumla,
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2000). This situation is mirrored in terrestrial research where there is a deficiency of
publications led by researchers from the most biodiverse countries and in-country
investment in research offers the greatest potential to amend this publishing bias (Wilson et
al., 2016).
In addition to hampering research effort in coastal waters of countries with low GDP, the
inherent financial and logistical constraints of marine research meant that pelagic areas were
also under-represented in the sampled papers. Pelagic waters provide unique challenges for
data acquisition as opportunities for attaching tracking devices are limited by the sparse
distribution of oceanic islands used as breeding sites (World Seabird Union, 2016a, World
Seabird Union, 2016b). Furthermore, this study identified a coastal bias in the location of
aerial survey as has been reported elsewhere (Schick et al., 2011) which is likely driven by
range-limits of commonly used survey aircraft. Accessing areas far-removed from major
landmasses, whether this is to attend breeding sites for deployment of tracking devices, or
when conducting at-sea survey, typically involves transit via ship. This incurs high monetary
costs and requires substantial time (Strindberg and Buckland, 2004, Ballance, 2007,
MacLeod et al., 2008, Hedd et al., 2012). Even researchers from nations with high GDP
rarely undertook pelagic research projects. Most marine basins experience vessel activity
(Tournadre, 2014) and this represents opportunity for research scientists to access available
berths on merchant/commercial vessels, tourist charter vessels, fishing vessels and
research voyages with other objectives. Platforms of opportunity arising from global shipping
activity could facilitate access to offshore pelagic regions which were underrepresented in
the sample. There are various legislative mechanisms via which national governments might
encourage or indeed mandate that commercial vessels carry marine observers under certain
circumstances. Presently many fisheries require the inclusion of marine observers and we
see no reason why this approach could not be expanded to include other maritime
industries. Mandating that marine observers be carried on commercial vessels would enable
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marine researchers to use standard techniques to maximise the consistency of data
collection and improve the quality of data for addressing research questions, while
simultaneously improving spatio-temporal coverage of survey effort.
Currently, a disincentive to conducting research in distant pelagic areas is the uncertainty
that research findings will be translated into management action. Waters beyond 200 nM
national exclusive economic zones are classed as high seas. These areas fall under no
national jurisdiction and, therefore, there is considerable uncertainty surrounding
responsibility for governance and enforcement of any applied conservation
recommendations such as marine protected areas (IUCN, 2008, Game et al., 2009). Pelagic
ecosystems remain one of the most under-represented ecosystems in the global protected
area network (Game et al., 2009) and there is growing impetus to have these important
areas recognised and managed effectively (Conference of the Parties, 2008). A key step to
improving the status of pelagic ecosystem conservation will be the collection of additional
data on the spatial distribution of seabirds. If this is to be realised, governance of high seas
areas will need to be strengthened to encourage applied research, and mechanisms to
overcome financial costs of research in pelagic areas will be required. National priorities
often influence research directions because these are crucial in the allocation of research
funding (Wood, 1990). The development of more international funding schemes that seek to
redress such imbalances could see more research conducted in the high seas as well as
many other areas identified as underrepresented in this review.
For sampled papers focusing on a single species the choice of focal species did not appear
to be influenced by IUCN conservation status. In addition to spatial prioritisations based on
species richness and cumulative human impact, research prioritisation should be focused on
species with the greatest conservation need. This has particular relevance when meeting
strategic goals of the Aichi Agreement, in particular Strategic goal C Target 12 that states
‘By 2020 the extinction of known threatened species has been prevented and their
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conservation status, particularly of those most in decline, has been improved and sustained’
(Conference of the Parties, 2010). Research focused on Critically endangered species
accounted for less than 5.6% of species studied for each of the three methods and no aerial
survey was used in the study of species in this category. Comparatively low research effort
on species in this category likely stems from a combination of three main factors: 1) the
inherent difficulty of acquiring suitable sample sizes during research on species with low
abundance (Thompson, 2004, Cunningham and Lindenmayer, 2005); 2) a lack of basic
ecological information, such as the location of breeding sites, needed to plan research for a
number of Critically endangered species (e.g. Beck’s Petrel, Pseudobulweria becki (Bird,
2012); and 3) ongoing decline in the conservation status of species resulting in more
Critically endangered species today (when the Red List data were acquired) than preceding
iterations of the Red List (Baillie et al., 2004). Ecological knowledge and technology are
continually advancing and this provides scope to further research output on Critically
endangered species. As new information becomes available it is vital that this is used to
better plan and implement targeted research on species for which conservation
management is currently constrained by lack of fundamental knowledge. Advances in
electronics have facilitated the continued reduction in size of tracking devices and device
miniaturization will enable tracking devices to be equipped on ever-smaller species including
those classified as Critically endangered. Similarly, unmanned aerial vehicles (UAVs)
represent a new frontier in wildlife monitoring and have the capacity to outperform traditional
monitoring methods (Anderson and Gaston, 2013, Hodgson et al., 2016). Although none of
the papers reviewed here utilized UAVs for aerial survey, UAVs will supplement or replace
existing aerial survey protocols in the future facilitating much new research into Critically
endangered species. Whereas these developments may generate much new data on the
spatial ecology of Critically endangered species, in some instances, pooling of existing data
across research groups/institutions may generate sample sizes necessary for publication
(e.g. Barlow et al., 1997). Although a contentious issue (Possingham et al., 2002, Joseph et
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al., 2009), species most acutely threatened with extinction often have higher research
funding potential (e.g. U.S. Fish & Wildlife Service’s Critically Endangered Animals
Conservation Fund and grants administered by the People’s Trust for Endangered Species)
and this may facilitate greater research effort on highly threatened species.
Our findings indicate important mismatches between where marine spatial research is
occurring and where it is needed most. We have highlighted strategies, including higher
levels of international collaboration and facilitating uptake of platforms of opportunity for
vessel-based at-sea survey, to address these biases and facilitate research in areas of high
conservation importance. Human pressures are ubiquitous in marine systems and we stand
to lose much biodiversity unless appropriate conservation actions are taken in the areas
where they are needed most.
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Table 1 (Opposite). The number of studies originating from a country as assessed by the
institutional address of the first author and its relationship to gross domestic product (GDP)
and extent of national exclusive economic zone (EEZ). International collaboration indicates
the percentage of studies originating in a particular country, as assessed by the affiliation of
the first author, which involve international collaboration. For studies involving international
collaboration, the percentage of these where that collaboration was restricted to authors and
co-authors from only the six countries that produced the most publications included in this
review is indicated by the collaborations between ‘big 6’ column.

Footnotes: aPercentage of the total number of studies. bPercentage of the total for the
specified country that each survey method accounts for. Where a study used more than one
method it was tallied in each of the relevant methods but only once in the Total number of
studies (i.e. the sum of percentage contributions of each survey method to a country tally
can exceed 100%). cIncludes four studies authored on Réunion Island.
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Country

Total studies

2013 GDP

EEZ Area

(%)a

(US$ billion)

(1000 km2)

Aerial
survey
[%]b

At-sea
survey
[%]b

Tracking
[%]b

International
collaboration
(%)

Collaborations
between ‘big 6’
(%)
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10138.6

9 [20.0]

6 [13.3]

34 [75.6]

61.0

20.0
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16768.1

12157.2

2 [5.3]

21 [55.3]

15 [39.5]

28.9

45.5

UK
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2678.2

6751.8

2 [6.5]

11 [35.5]

22 [71.0]

58.1

22.2
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14 (7.1)

1560.4

9060.6

0 [0.0]

3 [21.4]

11 [78.6]

42.9

50.0

Spain

13 (6.6)

1393.0

1003.8

3 [23.1]

2 [15.4]

9 [69.2]

53.8

57.1

Canada

10 (5.1)

1839.0

5685.6

0 [0.0]

9 [90.0]

3 [30.0]

30.0

66.7

Portugal

7 (3.6)

224.9

1720.2

0 [0.0]

0 [0.0]

7 [100.0]

71.4

Germany

6 (3.0)

3730.3

56.3

2 [33.3]

3 [50.0]

2 [33.3]
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Denmark

5 (2.5)

335.9

2624.9

1 [20.0]

2 [40.0]

3 [60.0]

80.0

Norway

5 (2.5)

522.3

2444.6

0 [0.0]

2 [40.0]

3 [60.0]

0.0

Argentina

4 (2.0)

622.1

1080.9

0 [0.0]

1 [25.0]

3 [75.0]

25.0

New Zealand

4 (2.0)

188.4

6703.0

0 [0.0]

1 [25.0]

3 [75.0]

75.0

South Africa

4 (2.0)

366.1

1538.8

0 [0.0]

0 [0.0]

4 [100.0]

75.0

Japan

3 (1.5)

4919.6

4031.8

0 [0.0]

1 [33.3]

3 [100.0]

33.3

Netherlands

3 (1.5)
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145.4

0 [0.0]

3 [100.0]

1 [33.3]

33.3

Belgium

2 (1.0)
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3.5
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2 [100.0]

0 [0.0]

50.0

Ireland

1 (0.5)

232.1

425.5

0 [0.0]

0 [0.0]

1 [100.0]
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Italy
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2136.9

537.7

0 [0.0]

0 [0.0]

1 [100.0]

0.0

Poland

1 (0.5)

526.1

31.9

0 [0.0]

0 [0.0]

1 [100.0]

0.0

Total

197

19 [9.6]

67 [34.0]

126 [64.0]

46.2
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Figure 1 (Opposite). Global distribution of research effort for: A) total research effort (all
methods combined); B) aerial survey effort; C) at-sea survey effort; and D) tracking effort.
Shaded areas indicate the number of studies falling in each 1000 X 1000 km cell. Darker
shading equates to greater research effort (note: gradations differ depending on panel. See
individual legends). The ‘≤’ symbol is used for labelling purposes with cells categorised into
the range with the lowest upper limit that encompasses them (e.g although 11 falls within the
range ≤16, a cell with a value of 11 is categoriesed as ≤12 rather than ≤16). If a study had
multiple study sites, each site contributed 𝟏 ∕ 𝓷 where 𝓷 = total number of study sites and
thus decimal contributions to a cell were possible. Open circles (Ο), indicate the location of
centroids of aerial and at-sea survey study sites or locations of tracking device deployments.
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Figure 2. Global map of seabird species richness overlaid with research effort. Species
richness data were based on Karpouzi et al. (2007). Stippling indicates the amount of
research effort specific for that taxonomic group with larger stipples occurring in areas where
more research has been conducted. The ‘≤’ symbol is used for labelling purposes with cells
categorised into the range with the lowest upper limit that encompasses them (e.g although
11 falls within the range ≤16, a cell with a value of 11 is categoriesed as ≤12 rather than
≤16).
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Figure 3. Global map cumulative human impact overlaid with research effort. Cumulative
human impact data were based on that of Halpern et al. (2015a). Higher Cumulative human
impact values indicate the area has experienced greater impact. Stippling indicates the
amount of research effort with larger stipples occurring in areas where more research has
been conducted. The ‘≤’ symbol is used for labelling purposes with cells categorised into the
range with the lowest upper limit that encompasses them (e.g although 11 falls within the
range ≤16, a cell with a value of 11 is categoriesed as ≤12 rather than ≤16).
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Figure 4. Distribution of IUCN threatened categories by survey method. Only a single study
of each species has been included for each data collection method (e.g. multiple tracking
studies of Tristan Albatross are only counted as one Critically endangered species for that
data collection method). IUCN proportions are the values that would be expected if species
selection was random relative to their ‘availability’ in the total pool of seabird species.
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450
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123
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Vol. Pages
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106 1-9
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391 221-230
4 187-199
156 43-52
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45 610-621
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200 257-264
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94 178-191
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224 267-282
14 630-641
387 295-303
78 624-647
2 237-244
54 518-523
233 283-301
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212 283-295
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55 1809-1826
35 73-81
160 2755-2762
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27 267-276
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McLeay et al., 2010
Militao et al., 2013
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Paiva et al., 2010
Patrick et al., 2014
Peron et al., 2010
Peron et al., 2010
Peron et al., 2013
Pettex et al., 2012
Phillips et al., 2004
Phillips et al., 2006
Phillips et al., 2007
Piatt et al., 2006
Pichegru et al., 2007
Pichegru et al., 2009
Pinaud et al., 2005
Pinaud, 2008
Pinet et al., 2011
Quillfeldt et al., 2013
Rachowicz et al., 2006
Ramos et al., 2013
Raymond et al., 2003
Rayner et al., 2010
Reid et al., 2001
Reid et al., 2004
Reid et al., 2013
Reid et al., 2013
Ribic et al., 1997
Rock et al., 2007
Ryan et al., 2004
Santora et al., 2009
Santora et al., 2011
Schwemmer et al., 2005
Schwemmer et al., 2008
Schwemmer et al., 2011
Shaffer et al., 2005
Shaffer et al., 2009
Shiomi et al., 2012
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Tancell et al., 2013
Tew-Kai et al., 2013
Thalmann et al., 2009
Thaxter et al., 2012
Thiebault et al., 2013
Thiebot et al., 2011
Thiebot et al., 2012
Thiebot et al., 2013
Thiebot et al., 2014
Thiers et al., 2014
Titmus et al., 2011
Torres et al., 2013
Trathan et al., 1998
Trathan et al., 2006
Trebilco et al., 2008
Vandermeer et al., 1995
vanFraneker, 1996
Veit et al., 1993
Vlietstra, 2005
Votier et al., 2010
Wade et al., 2014
Wakefield et al., 2009
Wanless et al., 1998
Watanuki et al., 2004
Watson et al., 2013
Weimerskirch et al., 1997
Weimerskirch et al., 2005
Weimerskirch et al., 2012
Weimerskirch et al., 2014
Weimerskirch, 2007
Whitehouse et al., 1994
Winiarski et al., 2013
Winiarski et al., 2014
Woehler et al., 2003
Yen et al., 2004
Zavalaga et al., 2010

Source
Biological Conservation
Ecological Modelling
Biological Conservation
Deep-Sea Research Part II-Topical Studies in Oceanography
Biological Conservation
Canadian Journal of Zoology-Revue Canadienne De Zoologie
California Cooperative Oceanic Fisheries Investigations Reports
Marine Biology
Journal of Applied Ecology
Journal of Wildlife Management
Biological Conservation
Behavioral Ecology and Sociobiology
Marine Ecology Progress Series
Ecology
Antarctic Science
Endangered Species Research
Marine Ecology Progress Series
Marine Pollution Bulletin
Marine Ecology Progress Series
Marine Ecology Progress Series
Marine Ecology Progress Series
Biological Conservation
Ices Journal of Marine Science
Polar Biology
Journal of Animal Ecology
Marine Ecology Progress Series
Journal of Applied Ecology
Marine Environmental Research
Ecological Monographs
Ices Journal of Marine Science
Marine Biology
Marine Ecology Progress Series
Behavioral Ecology
Marine Ecology Progress Series
Marine Ecology Progress Series
Journal of Experimental Marine Biology and Ecology
Deep-Sea Research Part II-Topical Studies in Oceanography
Polar Biology
Marine Ecology Progress Series
Biological Conservation
Marine Ecology Progress Series
Ecological Modelling
Marine Ecology Progress Series

Vol.
136
212
172
53
137
88
50
160
50
73
156
67
421
93
25
23
499
62
473
169
323
141
52
16
62
291
47
101
79
55
145
485
8
288
458
450
54
14
492
169
251
171
404

Pages
362-371
504-512
180-189
370-386
450-460
299-305
82-104
15-26
659-670
399-406
53-61
1013-1026
279-290
122-130
536-544
263-276
233-248
2496-2506
275-289
263-275
239-251
2942-2958
809-818
565-572
551-564
275-287
487-497
69-80
663-679
1141-1151
427-434
259-U307
635-643
251-261
231-245
68-78
211-223
325-330
273-283
79-88
299-310
395-413
259-274
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Table S2. (Opposite). Data from papers published in Marine Ecology Progress Series
relating to the number of studies originating from a country as assessed by the institutional
address of the first author and its relationship to gross domestic product (GDP) and extent of
national exclusive economic zone (EEZ). International collaboration indicates the percentage
of studies originating in a particular country, as assessed by the affiliation of the first author,
which involve international collaboration. For studies involving international collaboration, the
percentage of these where that collaboration was restricted to authors and co-authors from
only the six countries that produced the most publications included in this review is indicated
by the collaborations between ‘big 6’ column.

Footnotes: aPercentage of the total number of studies. bPercentage of the total for the
specified country that each survey method accounts for. Where a study used more than one
method it was tallied in each of the relevant methods but only once in the Total number of
studies (i.e. the sum of percentage contributions of each survey method to a country tally
can exceed 100%). cIncludes three studies authored on Réunion Island. dIncludes one study
authored on the Faulkland Islands. eIncludes one study authored in the Azores.
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Total
studies

2013
GDP

EEZ
Area

Aerial
survey

At-sea
survey

Tracking

International
collaboration

Collaborations
between ‘big
6’

(%)a

(US$
billion)

(1000
km2)

[%]b

[%]b

[%]b

(%)

(%)

60 (30.3)

16768.1

12157.2

4 [6.7]

46 [76.7]

15 [25.0]

21.7

46.2

France

32 (16.2)

2806.4

10138.6

0 [0.0]

2 [6.3]

31 [96.9]

50.0

25.0

d

31 (15.7)

2678.5

6751.8

0 [0.0]

6 [19.4]

25 [80.6]

54.8

17.6

Australia

16 (8.1)

1560.4

9060.6

0 [0.0]

3 [18.8]

13 [81.3]

18.8

33.3

Canada

15 (7.6)

1826.8

5685.6

0 [0.0]

11 [73.3]

4 [26.7]

26.7

50.0

Spain

9 (4.5)

1393.0

1003.8

2 [22.2]

2 [22.2]

5 [55.6]

55.6

0.0

Germany

7 (3.5)

3730.3

56.3

0 [0.0]

2 [28.6]

5 [71.4]

57.1

e

Country

USA
c

UK

Portugal

7 (3.5)

227.3

1720.2

0 [0.0]

1 [14.3]

6 [85.7]

85.7

New Zealand

6 (3.0)

185.8

6703.0

0 [0.0]

1 [16.7]

5 [83.3]

66.7

Japan

3 (1.5)

4919.6

4031.8

0 [0.0]

0 [0.0]

3 [100.0]

66.7

South Africa

3 (1.5)

366.1

1538.8

0 [0.0]

3 [100.0]

0 [0.0]

0.0

Argentina

2 (1.0)

609.9

1080.9

0 [0.0]

0 [0.0]

2 [100.0]

Denmark

2 (1.0)

335.9

2624.9

0 [0.0]

2 [100.0]

0 [0.0]

0.0

Norway

2 (1.0)

512.6

2444.6

0 [0.0]

1 [50.0]

1 [50.0]

50.0

Netherlands

1 (0.5)

853.5

145.4

0 [0.0]

0 [0.0]

1 [100.0]

100.0

Poland

1 (0.5)

525.9

31.9

0 [0.0]

0 [0.0]

1 [100.0]

0.0

Sweden

1 (0.5)

579.7

156.0

0 [0.0]

0 [0.0]

1 [100.0]

0.0

6 [3.0]

80 [40.4]

118 [59.6]

39.4

Total

198

100.0
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Figure S1. Global distribution of research effort for papers published in Marine Ecology
Progress Series for: A) total research effort (all methods combined); B) aerial survey effort;
C) at-sea survey effort; and D) tracking effort. Shaded areas indicate the number of studies
falling in each 1000 X 1000 km cell. Darker shading equates to greater research effort (note:
gradations differ depending on panel. See individual legends). If a study had multiple study
sites, each site contributed 𝟏 ∕ 𝓷 where 𝓷 = total number of study sites and thus decimal
contributions to a cell were possible. Open circles (Ο), indicate the location of centroids of
aerial and at-sea survey study sites or locations of tracking device deployments. The ‘≤’
symbol is used for labelling purposes with cells categorised into the range with the lowest
upper limit that encompasses them (e.g. although 9 falls within the range ≤14, a cell with a
value of 9 is categorised as ≤10.5 rather than ≤14).
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Figure S2. Global map of seabird species richness overlaid with research effort for papers
published in Marine Ecology Progress Series. Species richness data were based on
Karpouzi et al., (2007). Stippling indicates the amount of research effort specific for that
taxonomic group with larger stipples occurring in areas where more research has been
conducted. The ‘≤’ symbol is used for labelling purposes with cells categorised into the range
with the lowest upper limit that encompasses them (e.g. although 9 falls within the range
≤14, a cell with a value of 9 is categorised as ≤10.5 rather than ≤14).
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Figure S3. Global map cumulative human impact overlaid with research effort for papers
published in Marine Ecology Progress Series. Cumulative human impact data were based
on that of Halpern et al. (2015a). Higher Cumulative human impact values indicate the area
has experienced greater impact. Stippling indicates the amount of research effort with larger
stipples occurring in areas where more research has been conducted. The ‘≤’ symbol is
used for labelling purposes with cells categorised into the range with the lowest upper limit
that encompasses them (e.g. although 9 falls within the range ≤14, a cell with a value of 9 is
categorised as ≤10.5 rather than ≤14).
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Figure S4. Distribution of IUCN threatened categories by survey method for papers
published in Marine Ecology Progress Series. Only a single study of each species has been
included for each data collection method (e.g. multiple tracking studies of Cape Gannet are
only counted as one Vulnerable species for that data collection method). IUCN proportions
are the values that would be expected if species selection was random relative to their
‘availability’ in the total pool of seabird species.
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Abstract
Seabirds inhabiting large, multispecies colonies face intra- and interspecific competition for
prey and this often results in foraging strategies that partition resources. Here, we identified
mechanisms that facilitate partitioning of resources between 2 congeneric tropical seabirds,
Great Frigatebirds (Fregata minor) and Lesser Frigatebirds (F. ariel), for which traditional
research methods have documented high levels of resource overlap. Stable isotope analysis
(SIA) indicated that throughout the breeding cycle, male and female Great Frigatebirds
consumed prey with higher δ 15N compared to male Lesser Frigatebirds. This trend was not
significant when comparing δ 15N values of male and female Great Frigatebirds to female
Lesser Frigatebirds. During the breeding period, GPS tracking and SIA indicated
considerable spatial overlap among species and sexes. This contrasted with SIA of samples
that provide insight into non-breeding resource acquisition because these indicated that
male Great Frigatebirds and male Lesser Frigatebirds had lower δ 13C values than females
of each species, signifying greater use of offshore foraging grounds by males of both
species. Together these results suggest body size differences influence trophic position of
the prey consumed. Furthermore, central place foraging constraints, and spatially
unpredictable resource distribution, limit potential for spatial differences in foraging strategies
when breeding. By contrast, spatial distribution of foraging differs during the non-breeding
period as the requirement for central place foraging is lifted.
Keywords: Diet, Feeding zones, Foraging ecology, Kernel analysis, Marine predators, Niche
differentiation, Prey specificity, Reverse sexual dimorphism
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Introduction
Organisms that use shared resources cannot persist in sympatry if ecological overlap with
respect to a limiting resource is too great (Gause, 1934, Hutchinson, 1959, Hardin, 1960,
Macarthur and Levins, 1967). To alleviate this potential conflict, community members
partition resources by adopting a diversity of ecological strategies (MacArthur, 1957). With
respect to food resources, morphological, physiological and behavioural factors are
influential in determining the type of prey consumed, spatial aspects of the foraging strategy,
and foraging method used.
During the breeding season, seabirds are central place foragers because they must
periodically return to their colony to undertake incubation duties and to provision young.
Range limits resulting from this requirement are further mediated by individual body
condition and the condition of their offspring (Chaurand and Weimerskirch, 1994,
Weimerskirch, 1998). The resulting pattern of prey use can generate relatively intense
foraging close to the colony (Elliott et al., 2009). In these circumstances, prey resources in
the waters surrounding large seabird colonies can become depleted due to sustained
foraging activity by the seabird assemblage (Ashmole, 1963, Furness and Birkhead, 1984,
Birt et al., 1987, Lewis et al., 2001). Resource depletion leads to conditions that induce
competition.
Many polar, temperate, and tropical seabird assemblages display resource partitioning
where there is competition for prey resources. A number of attributes including prey species
or prey size specificities (Ashmole and Ashmole, 1967, Rayner et al., 2008), foraging
location (Henkel, 2009, Wakefield et al., 2013), diving capacity (Linnebjerg et al., 2015), or
diel patterns in foraging (Spear et al., 2007) facilitate resource partitioning among members
of the seabird community. These attributes may be contrasted between different species
(Weimerskirch et al., 1988), or within a single species between different populations, sexes,
or age classes (González-Solís et al., 2000, Grémillet et al., 2004, Steenweg et al., 2011,
Wakefield et al., 2013). Primary productivity strongly influences how these contrasts
manifest (Young et al., 2010a, Kappes et al., 2011). Primary productivity is also important for
structuring the distribution of seabirds when not breeding. At the cessation of breeding,
adults no longer support dependant offspring and migration or dispersal away from the
colony may further diminish competition for resources (Ashmole, 1963). Migrating or
dispersing individuals often track regions of high primary productivity with greater prey
availability (González-Solís et al., 2007, Egevang et al., 2010, Jessopp et al., 2013,
McKnight et al., 2013).
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Tropical marine systems are one area where primary productivity is generally low and the
distribution of resources is often more patchy and unpredictable than in temperate locations
(Ainley and Boekelheide, 1984, Weimerskirch, 2007). Many tropical seabirds have evolved
wing morphology conducive to efficient flight that enables them to cover large areas when
searching for unpredictable prey resources (Brewer and Hertel, 2007). This morphology is
not suited to underwater propulsion and constrains most tropical seabirds to surface foraging
(Spear et al., 2007). Surface foraging and low productivity further interact to increase levels
of competition and thus drive strong selection for foraging strategies that effectively partition
prey resources.
Frigatebirds (Fregata spp.) are seabirds with a pantropical distribution. They display reverse
sexual dimorphism, with females approximately 30% larger than males (Mott et al., 2015). At
many breeding colonies 2 or more frigatebird species occur in sympatry (Diamond, 1975,
King, 1986, James and McAllan, 2014). Unlike other seabirds, the plumage and wing
structure of frigatebirds renders them incapable of settling on the sea surface (Mahoney,
1984, Orta, 1992, Weimerskirch et al., 2004). When foraging they remain airborne and rely
on the activity of sub-surface predators such as tunas and dolphins to drive prey to the
surface and enable prey capture (Au and Pitman, 1986, Spear et al., 2007). As such,
foraging opportunities are expected to be even more restricted for frigatebirds when
compared with other tropical seabirds, resulting in heightened competition for prey. It is
therefore counterintuitive that previous studies have indicated high levels of resource overlap
between sympatric frigatebird species (Pocklington, 1979, Dunlop et al., 2001) leading some
to conclude that frigatebirds display the highest degree of niche overlap of any seabird
species-pair (Diamond, 1975).
With recent developments in tracking technologies and the application of stable isotope
analysis, it is now possible to investigate patterns of seabird resource use at a level of detail
previously unattainable (Bearhop et al., 2004, Cooke et al., 2004, Ropert-Coudert and
Wilson, 2005, Inger and Bearhop, 2008). Furthermore, these techniques allow investigation
of resource use patterns over extended temporal periods. These developments present
opportunities to re-examine questions where traditional methods such as direct identification
of dietary items and at-sea survey have been unable to resolve patterns of resource
partitioning. Here, we sought to apply these techniques to determine how sympatric
populations of Great Frigatebirds (Fregata minor) and Lesser Frigatebirds (F. ariel) partition
available prey resources. In doing so we also sought to identify mechanism(s) that facilitate
co-existence of these remarkably similar congeners.
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Methods
Study Site
Fieldwork was conducted at Ashmore Reef (12.27°S, 123.03°E), an Australian territory in the
Timor Sea. Ashmore Reef is recognized by BirdLife International as an Important Bird Area
(IBA) (BirdLife International, 2013) and supports 16 species of breeding seabirds with in
excess of 100,000 individuals (Clarke et al., 2011). Great Frigatebirds (65 individuals) and
Lesser Frigatebirds (4,196 individuals) both breed at Ashmore Reef (Clarke et al., 2011,
Clarke and Herrod, 2014). Great Frigatebirds nest in small Heliotropium foertherianum
shrubs, whereas Lesser Frigatebirds nest on the ground among low grassy and/or
herbaceous vegetation. Breeding of both species in this basin is seasonally predictable with
laying occurring mid-February through May (Clarke et al., 2011).
Bird Capture and Sampling
Adult birds were captured at their nests during incubation and early chick-rearing periods in
March and April of 2014. Birds were captured at night to reduce incidences of heat stress.
Individuals were sexed based on plumage characteristics (Marchant and Higgins, 1990),
weighed (Super Sampson, Salter Australia) and fitted with a metal leg band supplied by the
Australian Bird and Bat Banding Scheme. A global positioning system (GPS) device
programmed to record a position every 5 minutes was attached with Tesa® tape to 3 central
rectrices of the tail (CatTrack 1, Catnip Technologies, Hong Kong: Great Frigatebird n = 6,
Lesser Frigatebird n = 26) or by a Teflon leg-loop harness (HARIER-4L, Ecotone Telemetry,
Sopot, Poland: Great Frigatebird n = 6, Lesser Frigatebird n = 9) (Mott et al., 2015).
CatTrack devices were archival-type loggers sealed in waterproof heatshrink. HARIER-4L
devices were capable of transmitting stored data via UHF frequencies to a base station
established on the island, thus negating the need to recapture a bird to recover data. Birdborne devices had a total mass of ca. 26 g for CatTrack devices and 15 g for HARIER-4L
devices. The minimum and maximum percentage of body mass for any logger deployment
were 0.97 and 2.68% for Great Frigatebirds, and 1.61 and 3.92% for Lesser Frigatebirds. At
initial capture, 5 breast feathers were plucked from each bird for later analysis and a blood
sample (~0.5 mL) was collected from the brachial vein using a 23 gauge needle and syringe.
Whole blood was immediately transferred to a 2 mL microtube and centrifuged to separate
plasma from red blood cells (RBCs). The plasma portion was pipetted into a second
microtube and ethanol was added to both tubes. These samples were refrigerated during
field trips then stored at -20°C in the laboratory. Seven individuals spontaneously
regurgitated prey remains during handling. Prey remains were archived individually and
stored at -20°C soon after collection. The small number of regurgitation samples limited
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capacity for population-wide inference and these results along with mixing models
constructed using isotopic values from regurgitated prey are provided as supplementary
information (Table S1 and Figures S1, S2, and S3).
Stable isotope analysis and methodological considerations.
Various extrinsic and intrinsic factors may influence isotopic values of a consumer. The
discrimination factor between a source and a consumer varies with tissue type and species
(Caut et al., 2009). However, discrimination factors of blood and feather tissues in
piscivorous seabirds have little specific variation (Cherel et al., 2005). Consequently, it is
possible to infer respective trophic positions of species by direct comparison of δ 15N values.
Isotopic values of feathers indicate dietary assimilation at the time of feather formation
(Hobson and Clark, 1992) which in frigatebirds occurs during the non-breeding period
(Nelson, 1975) (estimated to be Dec-Feb in breeding populations in this study). Conversely,
RBCs reflect diet 2-4 weeks prior to sampling (Quillfeldt et al., 2008) and plasma reflects
integration over the week preceding sampling (Hobson and Clark, 1993). Here, RBCs and
plasma are indicative of diet during courtship and incubation stages of the breeding cycle.
Feather samples were rinsed in a 2:1 chloroform:methanol bath followed by 2 further rinses
in methanol solution. They were air dried for >48 hours and homogenized using scissors and
a pizza cutting wheel. The resulting coarse powder was weighed (range: 0.7-0.9 mg) into tin
capsules for analysis. Ethanol was evaporated off plasma and RBC samples, before being
freeze dried, ground, and weighed (range: 0.7-0.9 mg) into tin capsules for analysis. No lipid
extraction was undertaken due to the small volume of plasma obtained in some cases.
Instead, for tissue-types where the ratio of the mass of carbon to nitrogen was >3.5, we
corrected δ 13C values using the following equation:
δ 13Cnormalized = δ 13Cbulk − 3.32 + (0.99 × C:N)
where δ 13Cnormalized equates to the lipid-free δ 13C value, δ 13Cbulk is the measured carbon
isotopic value and C:N is the ratio of the mass of carbon to nitrogen in the sample (Post et
al., 2007, Cherel et al., 2014). Feather and RBC samples consistently returned C:N values
<3.5 indicating low lipid content and no mathematical correction was applied (Post et al.,
2007).
Sample analysis was conducted on an ANCA-GSL2 elemental analyser with resultant CO2
and N2 gases analysed by a Hydra 20:22 isotope-ratio mass spectrometer (Sercon,
Cheshire, UK). Isotopic abundances were derived using the equation δ 13C or δ 15N =
(Rsample/Rstandard)-1; where R = the ratio of the heavy isotope to light isotope (13C/12C or
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15

N/14N) in the sample or standard. International standards Vienna Peedee Belemnite and

atmospheric N2 were used for carbon and nitrogen isotopic ratios, respectively. All results
are presented in delta (δ) notation in per mille (‰) units.
Statistical Analysis
Body mass of sampled birds. Differences in recorded body mass for each species by sex
category (hereafter referred to as cohorts) were compared using a one-way ANOVA with
pairwise post hoc Tukey HSD tests.
Stable isotope analysis. Reverse sexual dimorphism and interspecies size differences are
plausible drivers for variation in foraging behavior. Each cohort was therefore treated as a
separate subject group in statistical analysis. Where data conformed to underlying
assumptions, a multivariate analysis of variance (MANOVA) test was used to compare
means of each cohort. When this overall test indicated that significant differences existed
among cohorts, univariate one-way analysis of variance (ANOVA) tests with post hoc
Tukey’s HSD pairwise comparisons were used for δ 13C and δ 15N values to attribute
causation to a particular cohort or cohorts (e.g., Cherel and Hobson, 2007). When
necessary, a non-parametric permutational multivariate analysis of variance (PERMANOVA)
based on a Euclidean distance similarity index was undertaken using the ‘vegan’ package in
R (e.g., Elsdon et al., 2010). Univariate Kruskal-Wallis tests with pairwise post hoc Nemenyi
tests followed where PERMANOVA indicated significant differences were present to
determine which cohorts were responsible for the difference. The R package ‘siar’ (Parnell
and Jackson, 2013) was used to assess niche overlap between each cohort by constructing
standard ellipses. Standard ellipses represent 40% of the data and are equivalent to core
isotopic niche. We used the SEAc metric rather than SEA because the former corrects for
small sample sizes and loss of an extra degree of freedom associated with analysis of
bivariate data (Jackson et al., 2011). Similarity of niche widths was quantified by generating
density plots showing credible intervals (50, 75, 95%) of standard ellipse areas in the R
package ‘SIBER’ (Jackson et al., 2011).
Tracking data. Analysis was constrained to tracking data obtained during the early breeding
period (March, April and May). Location data were projected into a Lambert Equal-Area
Azimuthal projection and filtered to remove erroneous locations where successive locations
required a transit speed exceeding 65 km h-1 (Weimerskirch et al., 2004, Weimerskirch et al.,
2010). Filtered data were assigned to individual foraging trips. A foraging trip consisted of
any movement beyond the reef platform during which 5 or more locations were recorded (i.e.
20+ minutes over open ocean). Track segments within the area encompassed by the reef
platform were excluded as no foraging activity of frigatebirds has been observed within the
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reef during fieldwork. Likewise, points within the reef platform of nearby Adele Island were
also excluded as these are likely to be associated with short-term roosting/visitation on this
island as opposed to foraging activity.
Foraging effort was compared between species by extracting the maximum range, trip
duration, path distance and path sinuosity of each foraging trip using ArcMap 10.3 (ESRI,
Redlands, California, USA). Path sinuosity was defined as path distance/(2 × maximum
range) with higher values indicating a less linear path. These attributes were compared
using mixed effects models with species and sex included as fixed factors and individual
included as a random factor. Log10 transformations of the response variable were
undertaken when data showed heteroscedasticity or deviations from normality. Likelihood
ratio tests were computed for each foraging trip attribute comparing a full model with a null
model lacking the fixed factor species to determine whether the effect of species was
significant using the ‘lme4’ R package. The distal bearing of each foraging trip was extracted
using ArcMap. To avoid pseudo-replication only data relating to the distal bearing of the first
trip for each individual were included in a Rayleigh test to determine whether orientation of
foraging trips was clustered. Mean bearings for foraging trips that had clustered orientations
were compared with a Watson-Williams test to indicate whether cohorts oriented trips in a
similar direction. This was implemented in R using the package ‘circular’.
Kernel density analysis. First passage time (FPT) analysis using the fpt function of the R
package ‘adehabitatLT’ (Calenge, 2006) was undertaken to identify the scale at which
foraging activity of the tracked birds occurred. This value was used as the bandwidth in
kernel density analysis following Lascelles et al. (2016). Core foraging areas (50% utilisation
distribution) and home range (95% utilisation distribution) were constructed for each foraging
trip using kernel density analyses in the R package ‘adehabitatHR’ (Calenge, 2006).
Individual foraging trips were analysed independently to remove any influence of
convergence of multiple flight paths at the colony.
The habitat attributes sea-surface temperature (SST), chlorophyll-α concentration (Chl-α)
and bathymetry were used to determine whether Great Frigatebirds and Lesser Frigatebirds
exploited different environmental conditions, thereby facilitating resource partitioning. Eightday composites of SST and Chl-α data were obtained from NASA’s MODIS aqua database
(available from the NASA Physical Oceanography Distributed Active Archive Ceter at
http://podaac.jpl.nasa.gov/ and NASA Giovanni Portal at
http://giovanni.gsfc.nasa.gov/giovanni/, respectively). These datasets have a resolution of 4
km and SST data represent measurements taken at night. Bathymetric data were obtained
Page | 85

from Geoscience Australia’s Australian Bathymetry and Topography Grid (Whiteway, 2009).
The starting date of each foraging trip was used to define which 8-day composite best
represented the conditions experienced on that foraging trip.
Outputs of kernel density analysis were imported into ArcMap 10.3 (ESRI Inc. Redlands, CA)
and the median value for each environmental variable within the kernel envelope of
individual trips was extracted. For very small kernels that did not contain environmental point
data, the nearest point for each variable was manually assigned. To compare environmental
variables within kernel areas, linear mixed effects models with species, sex, and
environmental variables treated as fixed effects and individual as a random effect were used
(Young et al., 2010a, Kappes et al., 2011, Ceia et al., 2015).
All values are reported as means ± SE.
Results
Body Mass
Differences in body mass between cohorts were found (F3,40 = 81.3, P < 0.001). All pairwise
post hoc comparisons were significant at the 0.05 level with cohorts assorting from heaviest
to lightest in the order female Great Frigatebirds, male Great Frigatebirds, female Lesser
Frigatebirds, and male Lesser Frigatebirds (Table 1).
Stable Isotope Analysis
Isotopic values derived from the non-breeding period (i.e. from feather samples) differed
significantly among cohorts (MANOVA: F3.27 = 5.8, P < 0.001) and these were driven by the
higher mean δ 15N value of male Great Frigatebirds than male Lesser Frigatebirds (P = 0.02)
(Fig. 2). Male Great Frigatebirds and male Lesser Frigatebirds also had a lower δ 13C value
than female Lesser Frigatebirds (P = 0.02 and P = 0.03, respectively), but no significant
differences were found between these cohorts and female Great Frigatebirds (Fig. 2).
Analysis of samples indicative of the early breeding season showed that significant
differences were driven by higher mean δ 15N value of female and male Great Frigatebirds
compared to male Lesser Frigatebirds and that this pattern was consistent for both RBC and
plasma samples (PERMANOVA, RBC: F3.27 = 6.0, P = 0.001, Plasma F3.27 = 6.0, P = 0.001)
(Fig. 2). For all 3 tissue types, both Great Frigatebird sexes had a higher δ 15N value than
female Lesser Frigatebirds, but in no case were these differences significant (Fig. 2).
Isotopic niche width varied little during the breeding season among cohorts (Fig. 3). The
smaller niche width of female Lesser Frigatebird plasma samples compared to niche width of
plasma samples from male Lesser Frigatebirds was the only significant difference among
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breeding season samples (Fig. 3). Niche width during the non-breeding period was larger
than during the breeding period for all comparisons except female Great Frigatebirds (Fig.
3). The niche width of female Great Frigatebird feather samples was smaller in comparison
to male Great Frigatebirds and both sexes of Lesser Frigatebird and similar in size to all
cohorts during the breeding season (Fig. 3). The position of the isotopic niche of male
Lesser Frigatebirds did not overlap with either sex of Great Frigatebirds for plasma samples
and it did not overlap the isotopic niche of feather samples of female Great Frigatebirds (Fig.
2). With the exception of isotopic niches indicated by feather samples of female and male
Great Frigatebirds, all other cohorts had some degree of overlap in isotopic niche with
greatest overlap between male and female Great Frigatebirds for both breeding season
sample types (Fig. 2).
Tracking Data
Tracking data consisted of 108 trips by 7 Great Frigatebirds and 102 trips by 16 Lesser
Frigatebirds. There was no difference in mean range of foraging trips (GRFR: 76.4 ± 10.1
km, LEFR: 123.2 ± 10.4 km; χ12 = 3.4, P = 0.07), path distance (GRFR: 364.8 ± 68.9 km,
LEFR: 601.1 ± 78.4 km; χ12 = 3.2, P = 0.07) or sinuosity (GRFR: 1.8 ± 0.1, LEFR: 2.0 ± 0.1;
χ12 = 2.0, P = 0.16) between species. However Lesser Frigatebirds undertook trips of a
significantly longer duration (GRFR: 0.9 ± 0.2 days, LEFR: 1.6 ± 0.2 days; χ12 = 4. 3, P =
0.04).
Foraging trips undertaken by male Great Frigatebirds, and female and male Lesser
Frigatebirds had a clustered orientation (male Great Frigatebird Rayleigh test statistic = 0.62,
P < 0.001; female Lesser Frigatebird Rayleigh test statistic = 0.4, P < 0.001; and male
Lesser Frigatebird Rayleigh test statistic = 0.6, P = 0.001). Importantly, orientation of these
clustered foraging trips was similar (Watson-Williams test F2,128 = 1.9, P = 0.16) across all 3
cohorts with mean bearing of foraging trips centred towards the south-south-west of colony
(male Great Frigatebirds 202.9°; female Lesser Frigatebirds 184.2°; and male Lesser
Frigatebirds 215.6°). The distal bearing of foraging trips of female Great Frigatebirds did not
display a clustered orientation (Rayleigh test statistic = 0.1, P = 0.65).
Extensive spatial overlap in home range areas used by the 2 species was evident, with 84%
of Great Frigatebird home range area occurring within Lesser Frigatebird home range area,
whereas 68% of the home range of Lesser Frigatebirds occurred within that of Great
Frigatebirds. Areas of core use showed less extensive overlap whereby 43% of Great
Frigatebird core area and 41% of Lesser Frigatebird core area occurred within that of the
other species.
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Median SST within core foraging ranges did not differ between species (χ12 = 0.2, P = 0.67).
Core areas of Great Frigatebird foraging trips had significantly higher median Chl-α
concentration (χ12 = 11.1, P < 0.001) and were located over waters with shallower
bathymetry (χ12 = 6.4, P = 0.01) than core areas of Lesser Frigatebird foraging trips.
Discussion
Important differences in dietary and spatial aspects of the foraging strategy of Great
Frigatebirds and Lesser Frigatebirds were revealed. SIA demonstrated some dietary
differences are maintained year-round, whereas tracking and SIA indicated similarity in
spatial attributes of foraging during the breeding season. For each tissue type one or both
sexes of Great Frigatebird had a higher mean δ 15N value compared to male Lesser
Frigatebirds. The same trend was apparent, though not significant, for both sexes of Great
Frigatebird relative to female Lesser Frigatebirds. Cherel et al. (2008) found similar interspecific differences between δ 15N values of Great Frigatebirds and Lesser Frigatebirds
during the non-breeding period, but not the breeding period. They found no significant
differences between sexes for Great Frigatebirds and did not test for between-sex
differences in Lesser Frigatebirds. Pooling of data across sexes by Cherel et al. (2008), may
have contributed to the breeding season disparity between their findings and those
presented here.
Year-round trophic differences
Our observation that male Lesser Frigatebirds consistently fed on prey with a lower δ 15N
when compared with other frigatebird cohorts is best explained by body size. Great
Frigatebirds are larger than Lesser Frigatebirds (Marchant and Higgins, 1990, this study)
and frigatebirds display reversed sexual dimorphism (Marchant and Higgins, 1990, Lagarde
et al., 2004, Mott et al., 2015, this study). Body size can mediate trophic position by enabling
larger individuals to capture larger prey items (Cohen et al., 1993, Scharf et al., 2000). In
marine food chains, body size of a fish is correlated with its δ 15N value and this correlation is
particularly strong in flying fish (Mancini and Bugoni, 2014, Mancini et al., 2014). Flying fish
are a major component of frigatebird diet (Diamond, 1975, Harrison et al., 1983, Cherel et
al., 2008), a feature confirmed by regurgitation samples obtained here (Table S1). Therefore,
Great Frigatebirds, with their larger body size, may have captured a larger proportion of
large-bodied, high δ 15N prey items leading to their comparatively high δ 15N value.
Alternatively, their larger body size may have enabled them to exclude the smaller-bodied
Lesser Frigatebird from profitable foraging opportunities and forced Lesser Frigatebirds to
forage on a prey base of lower value (Persson, 1985, Ballance et al., 1997). However, the
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smaller number of Great Frigatebirds within the Ashmore study region suggests that it would
be difficult to have maintained levels of interference competition sufficient to sustain this
effect (Young et al., 2010a). Finally, energetic cost of flight and flight speed of a bird are
proportional to body mass and wing loading, respectively (Ellington, 1991, Ballance et al.,
1997). Although flight costs are low for frigatebirds (Weimerskirch et al., 2003, Weimerskirch
et al., 2016), the larger body size of Great Frigatebirds would have incurred higher flight
costs relative to the smaller Lesser Frigatebird. In combination with any difference in wing
loading between these species, this may have imposed energetic constraints on foraging
trips whereby exploiting a foraging location where a prey type or prey size class was
particularly abundant was viable for only one of the 2 species (Shaffer et al., 2001, Phillips et
al., 2004, Lewis et al., 2005). Although there are several plausible proximate mechanisms,
observed size differences between Great Frigatebirds and Lesser Frigatebirds remain the
likely ultimate mechanism leading to differences in resource use. Similar patterns of sizemediated differences in foraging ecology occur in other tropical seabirds (Lewis et al., 2005,
Young et al., 2010a, Young et al., 2010b). However, there is no information available to
indicate whether body size-mediated differences in prey exploitation we observed occurred
in response to limited prey availability or whether these 2 species were simply using prey
resources on which they were best adapted to exploit (Linnebjerg et al., 2013).
Breeding season foraging ecology
Dietary assimilation during the breeding period as inferred through stable isotope analyses
(plasma and RBC samples) suggested sampled individuals, irrespective of species or sex,
shared similar foraging locations. Similarly, GPS tracking demonstrated striking similarities
between foraging strategies of breeding Great Frigatebirds and Lesser Frigatebirds. These
conclusions applied to both measures of foraging effort (range, path distance) and spatial
usage (home range overlap, clustered orientation of the distal bearing of foraging trips, path
sinuosity). Central place foraging imposes restrictions on foraging range that likely
necessitated some degree of spatial convergence in foraging strategy (Phillips et al., 2007).
Moreover, these similarities may explain why previous attempts to identify spatial
mechanisms facilitating resource partitioning using vessel-based at-sea surveys were unable
to resolve inter-specific differences (e.g., Pocklington, 1979).
Stable isotope analysis and home range estimation are coarse indicators of spatial
parameters and coarse-scaled sampling units limit the potential to detect difference in
foraging parameters (Haney and Schauer, 1994). By contrast, when GPS outputs were
considered at the finer resolution of core foraging areas it appears that there were some
subtle differences in habitat affinities of the 2 species. Median chlorophyll-α concentration of
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waters within core foraging areas for both frigatebirds was low relative to the range of
chlorophyll-α concentrations available within the foraging range. However, median
chlorophyll-α concentration in core areas of Great Frigatebird foraging trips was significantly
higher than Lesser Frigatebirds. The waters within core foraging areas of Great Frigatebirds
also had a significantly shallower median depth. By contrast, in other locations frigatebirds
forage preferentially over waters with the highest available productivity (Weimerskirch et al.,
2004, Jaquemet et al., 2005, Weimerskirch et al., 2010). Reaching waters with high relative
productivity during the present study would have required frigatebirds to depart the colony
into a head wind based on prevailing wind conditions (MERRA Model MATMNXSLV v5.2.0
data available from NASA Giovanni Portal at http://giovanni.gsfc.nasa.gov/giovanni/). Many
species of seabirds display behaviors that minimize energy expended flying into a head wind
(Weimerskirch et al., 2000, Grémillet et al., 2004, Weimerskirch et al., 2005) and frigatebirds
may also have orientated foraging trips to capitalize on wind conditions rather than
orientated foraging trips towards waters with higher relative productivity (Young et al.,
2010a).
Non-breeding season foraging ecology
Differences in feather sample δ 13C values between sexes indicated male frigatebirds
include a greater proportion of prey sourced from pelagic locations than female frigatebirds
when not breeding (Hobson et al., 1994). This could have resulted from periodic movements
over offshore waters or relocation to oceanic islands, whereas females foraged preferentially
over inshore waters or relocated to roosting islands in neritic locations. No isoscape
information exists for this region to assess the strength of the 13C enrichment gradient
between inshore and offshore locations and inform which of these scenarios was most
probable. The biennial breeding cycle of frigatebirds that successfully reproduce would result
in a large proportion of the population in a non-breeding phase at any one time (Nelson,
1975). Large numbers of non-breeding birds are not present at this colony during the
breeding season (Clarke and Herrod, 2014) suggesting post-breeding dispersal from the
colony. Migration is a strategy to cope with seasonal variation (Cohen, 1967) and postbreeding movements are undertaken by tropical seabirds, including Barau’s Petrels
(Pterodroma baraui), Cape Verde Shearwaters (Calonectris edwardsii), and Wedge-tailed
Shearwaters (Puffinus pacificus) (Catry et al., 2009, González-Solís et al., 2009, Pinet et al.,
2011). Cherel et al. (2008) found no difference between the sexes in δ 13C value at any
stage of the breeding cycle for Great Frigatebirds at Europa Island. Year-round breeding of
frigatebirds at Europa Island (Le Corre, 2001) indicates that suitable foraging conditions for
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frigatebirds persist year-round there, possibly negating the need for post-breeding dispersal
in that system.
The isotopic niche width of male Great Frigatebirds and male and female Lesser Frigatebirds
was larger during the non-breeding period (feather samples) than the breeding season
(plasma and RBC samples) for all cohorts. Although it is important to consider that the time
frame over which isotopic information is integrated into feathers differs from red blood cells
and plasma, large isotopic niche width during the non-breeding period occurs in other
tropical, and polar seabird assemblages (Cherel et al., 2007, Cherel et al., 2008). Species
including Light-mantled Albatross (Phoebetria palpebrata), Common Diving-petrel
(Pelecanoides urinatrix), and Wilson’s Strom-petrel (Oceanites oceanicus) can have large
isotopic variation in feather samples indicative of broad geographical ranges during the nonbreeding period (Cherel et al., 2006, Phillips et al., 2009, Connan et al., 2014). Concomitant
trophic differences may also occur, reflecting divergent foraging patterns in different parts of
the non-breeding range (Connan et al., 2014). Broadening of the isotopic niche has been
attributed to release from constraints of central place foraging (Cherel et al., 2007) and
results suggest that frigatebirds also increase variation in foraging parameters once breeding
has ceased. However, isotopic niche width of female Great Frigatebirds did not increase and
this was primarily a result of the low variation in δ 13C values within the cohort. Although
sample size is small, this suggests low variation in the spatial distribution of this cohort (Ceia
et al., 2014) which could be related to habitat specificity during this period.
The results identified dietary partitioning as an important mechanism facilitating year-round
partitioning of resources between these congeneric seabirds. When constrained during the
breeding season by the requirements of central place foraging, differences in spatial
attributes of the foraging strategy of these species are limited. However, when not breeding,
between-sex differences in location of foraging emerge that may further diminish resource
overlap among members of this colony.
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Table 1. Mean body masses of sampled frigatebird cohorts at Ashmore Reef.
Species
Great Frigatebird
Lesser Frigatebird

Sex
Female
Male
Female
Male

n
7
5
22
9

Mass ± s.e. (g)
1403.6 ± 50.4
1075.8 ± 46.9
899.0 ± 13.1
778.8 ± 17.4
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Figure 1. Study region showing Ashmore Reef, the location of tracking device deployment
(star), along with core (50% utilization distribution) and home range (95% utilization
distribution) kernel density plots for Great Frigatebirds (GRFR) and Lesser Frigatebirds
(LEFR). Inset: location of study region in a broad geographical context with the extent of the
main map demarcated by black rectangle.
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Figure 2. Bi-plots depicting isotopic values of Great Frigatebirds (female: black square;
male: black triangle) and Lesser Frigatebirds (female: gray square; male: gray triangle) for
feather, red blood cells (RBC) and normalized plasma (Plasma). Standard ellipses (SEAc)
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are also shown with Great Frigatebirds and Lesser Frigatebirds represented by black, and
gray ellipses, respectively. Females are indicated by solid lines and males by dotted lines.
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Figure 3. Density plot displaying the mean standard ellipse area (black circle) of each sex of
Great Frigatebirds (GRFR) and Lesser Frigatebirds (LEFR) for the 3 tissue types. Shaded
boxes depict the 50, 75 and 95% confidence intervals associated with the mean from dark
grey to light grey. Shared letters indicate that the mean value of one or both cohorts is
contained within the 95% confidence interval of the other cohort.
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Supplementary material
Identification of regurgitated prey remains. Each regurgitated prey item was identified to
the lowest taxonomic unit possible. Food and Agriculture Organization species identification
sheets (Food and Agriculture Organization of the United Nations, 1974), Allen et al. (2009),
the online resource Fishbase (available at www.fishbase.org), and a photographic reference
collection of known identity prey remains were used to assist visual identification.
Identification of otoliths involved comparison with a reference collection extracted from fish of
known identity and the resources of Furlani et al. (2007) and Fishbase. Cephalopod beaks
were identified primarily using Lu and Ickeringill (2002), but also Wolff (1982), Wolff (1984),
Nateewathana (1992), Xavier and Cherel (2009), and Chen et al. (2012). Cuttlebones were
identified using Norman and Reid (2000). It was not possible to identify all ingested items to
species level due to partial digestion of some items and results are subsequently grouped at
the family level.
The importance of individual taxa in the diet of frigatebird species was assessed by
calculating frequency of occurrence and numerical abundance (Polito et al. 2011; Connan et
al. 2014). Frequency of occurrence was calculated as the proportion of regurgitation
samples that contained the given prey. Numerical abundance was calculated as the total
number of individuals of a given prey taxon across all regurgitation samples as a percentage
of the total number of identified prey items.
Results of identification of prey remains
Exocoetid and hemiramphid fishes were present in both Great and Lesser Frigatebird
regurgitate samples (Table S1). Piscivorous predators of the families Scombridae and
Carangidae were present only in regurgitate samples of Great Frigatebirds (Table S1).
Conversely, remains of ommastrephid squid were present only in Lesser Frigatebird
regurgitate samples (Table S1).
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Table S1. Composition of regurgitation samples of Great Frigatebirds (GRFR) and Lesser
Frigatebirds (LEFR) in terms of frequency of occurence (FO) and numerical abundance (NA)
of prey families.
Species
GRFR (n = 3 [8 items])

LEFR (n = 4 [14 items])

Carangidae
Exocoetidae
Hemiramphidae
Ommastrephidae
Scombridae
Unidentifiable fish
Carangidae
Exocoetidae
Hemiramphidae
Ommastrephidae
Scombridae
Unidentifiable fish

FO (%)
33.3
33.3
33.3
0.0
33.3
33.3
0.0
50.0
50.0
25.0
0.0
75.0

NA (%)
25.0
25.0
25.0
0.0
12.5
12.5
0.0
14.3
14.3
7.1
0.0
64.3
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Regurgitation sample preparation for stable isotope analysis. Regurgitated remains of
prey from five families that occur most frequently in regurgitation samples of frigatebirds in
this region were subjected to SIA (hemiramphids were not included because limited
undigested tissue). Sample preparation followed Logan et al. (2008). A sample of muscle
was removed from the caudal region of fish or the mantle of cephalopods. Samples were
rinsed in deionized water before being finely minced and oven-dried at 60°C for 48 hours
until constant mass was attained. Dried samples were then ground with a mortar and pestle
and the resulting powder separated into 2 sub-samples per prey item. The first set of subsamples was immediately prepared for SIA (referred to hereafter as bulk samples), whereas
other sub-samples were subjected to a lipid extraction. Lipid extraction consisted of
immersing the sample in a 2:1 chloroform:methanol solution, mixing by vortexing for 30 s
before standing for 30 minutes. Each sample was subsequently centrifuged at 1318 ɡ for 10
minutes and the supernatant was discarded with the aid of a pipette. This immersion process
was repeated 3 or more times until the supernatant was no longer colored or cloudy. Lipid
extracted samples were again oven dried at 60°C for 48 hours. Bulk samples and lipid
extracted samples were freeze dried and weighed (range: 0.4-0.6 mg) into tin capsules for
analysis.
Mixing model generation. Stable isotopic values obtained from regurgitated prey remains
commonly occurring in the diet of frigatebirds were used to estimate proportional contribution
of prey families to the diet of Lesser and Great Frigatebirds. This was achieved using mixing
models solved within the SIAR Bayesian framework with a non-informative Dirichlet prior
distribution (Jackson et al., 2009) and Markov chain Monte Carlo (MCMC) simulations. SIAR
mixing models generate a true probability density function for the parameter of interest.
Default SIAR MCMC parameters (iterations = 2×105, burning = 5×104, thinning = 15) were
used for modelling. No trophic enrichment factor has been determined for any species of
frigatebird so we applied the values of Stauss et al. (2012) to mixing models for another
Suliform seabird, the Northern Gannet (Morus bassanus). These were Δ13C = +0.24 (±0.79)
and Δ15N = +2.25 (±0.61). Simulated mixing polygons were generated following Smith et al.
(2013) using the packages ‘sp’ and ‘splancs’ in R to make an a priori assessment of the
goodness-of-fit of the data to the mixing model. No sampled birds were excluded as all were
within the 0.05 contour (Fig. S1) indicating that a viable mathematical solution for the mixing
model existed (Smith et al., 2013).
Mixing model outputs. In relation to among-group separation, variation in isotopic value of
all 5 prey families considered was large in both the δ13C and δ15N directions resulting in
substantial overlap in the spread of samples (Fig. S2) and a mixing model with little
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discriminating power. Consequently the model indicated approximately equal contributions
of each prey family to the diet of males and females of both species (Fig. S3).
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Figure S1. Mixing region displaying the probability of the data fitting the MCMC mixing
model following Smith et al. (2013). Contours depict the probability of a viable solution
existing with the outermost contour representing a probability of 0.05 and the remaining
contours increasing from 0.1 to 0.7 in 0.1 increments. Grey crosses indicate dietary sources
and black circles depict the location of frigatebird plasma samples in isotopic space. Trophic
enrichment factors of Stauss et al. (2012) (Δ15N = 2.25 ± 0.61 and Δ13C = 0.24 ± 0.79) have
been added to the raw isotopic data of sources.
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Figure S2. Isotopic bi-plot depicting the position in isotopic space of frigatebirds in relation to
mean position of prey families in their diet after the trophic enrichment factors presented in.
Stauss et al. (2012) have been added to isotopic values of dietary sources. Errorbars of prey
families depict standard error.
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Figure S3. Mixing model-derived estimates of the proportional contribution of each prey
family to the diet of A) female Great Frigatebirds; B) male Great Frigatebirds; C) female
Lesser Frigatebirds; and D) male Lesser Frigatebirds. Shaded boxes indicate 50, 75 and
95% credibility intervals from dark grey to light grey, respectively.
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Summary
1. Conspecific individuals inhabiting nearby breeding colonies are expected to compete
strongly for food resources owing to the constraints imposed by shared morphology,
physiology and behaviour on foraging strategy. Consequently, colony-specific
foraging patterns that effectively partition the available resources may be displayed.
2. This study aimed to determine whether intra-specific resource partitioning occurs in
two nearby colonies of Lesser Frigatebirds (Fregata ariel).
3. A combination of stable isotope analysis and GPS tracking were used to assess
dietary and spatial partitioning of foraging resources during the 2013 and 2014
breeding seasons. These results were compared to vessel-derived estimates of prey
availability, local primary productivity, and estimates of reproductive output to
suggest potential drivers and implications of any observed partitioning.
4. Isotopic data indicated a more neritic source of provisioned resources for nearfledged chicks at an inshore colony, whereas their offshore counterparts were
provisioned with resources with a more pelagic signal. Deep pelagic waters (>200 m)
had higher availability of a preferred prey-type despite a trend for lower primary
productivity. Differences in foraging ecology between the two populations may have
contributed to markedly different reproductive outputs.
5. These findings suggest environmental context influences dietary and spatial aspects
of foraging ecology. Furthermore, the effect of colony-specific foraging patterns on
population demography warrants further research.
Key words demography, intra-specific partitioning, competition, prey availability, foraging
conditions, population ecology.
Running heading: demographic effects of resource partitioning
Introduction
Colonial organisms may gain fitness benefits from their group-living lifestyle. These benefits
include predator defence (Uetz and Hieber, 1994), transmission of social information (Krebs,
1974, Riley et al., 2005, Robinson et al., 2009), and increased likelihood of finding a mate
(Simpson et al., 1987). The ubiquity of coloniality across diverse taxonomic divisions ranging
from insects to mammals indicates that benefits may be common and evolutionary
successful (Wilkinson, 1988). Yet, coloniality also incurs disadvantages, such as increased
parasite burden (Møller, 1987, Hieber and Uetz, 1990) and competition for prey resources
(Hoogland and Sherman, 1976, Furness and Birkhead, 1984).
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Animals that behave as central place foragers, returning from foraging trips to the same
centrally placed nest, roost, or cache, are time-limited (Wetterer, 1989). There are necessary
trade-offs between time spent commuting to foraging grounds and aspects of the
provisioning strategy including load size, time spent foraging, and choice of patch quality
(Wetterer, 1989, Bonser et al., 1998, Bakker et al., 2005, Olsson et al., 2008). Central place
foraging is particularly common for breeding animals and decisions around these trade-offs
can have important repercussions for dependent offspring (Lewis et al., 2004). Breeding
individuals should develop efficient foraging strategies that best suit the needs of their
developing young (Weimerskirch et al., 1997b, Hamer et al., 1998, Boyd, 1999) while also
maintaining their own body condition (McLaughlin and Montgomerie, 1990, Chaurand and
Weimerskirch, 1994, Weimerskirch et al., 1997a, Weimerskirch, 1998) and that of their
breeding partner (Tveraa et al., 1998).
Parents that are able to optimise the mass, delivery rate and nutrient quality of prey
delivered to offspring increase fitness of their young (Lock et al., 2004, Schwagmeyer and
Mock, 2008). Not only does provision of adequate food avoid starvation-mediated mortality,
but higher prey delivery correlates with faster growth of the young (Harfenist, 1995,
Bukaciński et al., 1998), shorter development times (Harfenist, 1995) and higher body mass
at independence (Harfenist, 1995, Bosch and Vicens, 2006). Importantly, these qualities
confer advantages on the young that may be maintained long after the young have reached
independence (Hamer et al., 1991, Schwagmeyer and Mock, 2008). Therefore, selection
favouring foraging strategies that optimise prey delivery to young is expected to be strong.
Most seabirds breed colonially and behave as central place foragers when breeding
because they must return to the colony for incubation or to provision young. Competition
from adjacent colonies within the foraging range of a population of seabirds tends to impose
limits on total population size (Furness and Birkhead, 1984). This indicates that depletion of
prey resources has occurred as a result of metapopulation-wide foraging activity and that the
reduced availability of food for provisioning young sets a limit on the total reproductive output
of the metapopulation. Therefore, it might be expected that conspecifics ranging from nearby
colonies display divergent patterns in their foraging ecology that would act to minimise
overlap in resource use and maximise the rate that they can provision young. Yet,
conspecific individuals share similar morphology and physiology, thereby limiting potential
for gross differences in foraging ecology. Indeed, some studies find no evidence of resource
partitioning among adjacent colonies of conspecific seabirds and other marine organisms
(Clarke et al., 2006, Evans et al., 2016). Where studies do find evidence for divergent
foraging parameters, differences tend to be in spatial aspects of foraging behaviour relating
to the location of foraging grounds, and the influence of large colonies in governing spatial
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usage patterns appears greater than for small colonies (Ainley et al., 2004, Grémillet et al.,
2004, Thiebot et al., 2012, Wakefield et al., 2013).
The marine environment is dynamic and conditions that support higher primary productivity
or act to aggregate prey may change over temporal scales ranging from minutes to years.
Consequently, the foraging strategy of a seabird must be sufficiently flexible so as to
subsume environmental change if the individual is to meet its resource requirements and
those of its dependant offspring. This may see individuals increase foraging effort when prey
is scarce (Ainley et al., 2003, Burke and Montevecchi, 2009) or switch from a preferred prey
species to a more accessible alternative (Hamer et al., 1991, Montevecchi et al., 2009).
Similarly, an individual may alter the location where foraging takes place as a result of
changes in environmental conditions (Pinaud et al., 2005, Kowalczyk et al., 2015).
Using two large populations of Lesser Frigatebirds (Fregata ariel Gray) inhabiting nearby
islands, it was predicted that inter-population differences in foraging location would occur.
Stable isotope analysis (SIA), and tracking data were used to assess spatial and dietary
attributes of foraging. Findings were compared to at-sea abundance estimates of their
primary prey-type, local primary productivity, and estimates of reproductive success to infer
putative effects of any observed resource partitioning on populations.
Methods
Study sites
Field work was conducted at two locations in the Browse Basin, north-western Australia (Fig.
1). Ashmore Reef (12° 16’ S 123° 2’ E) is an offshore feature surrounded by pelagic
waters >200 m in depth. Adele Island (15° 31' S, 123° 9' E) is an inshore island situated in
neritic waters <200 m deep. The two locations are ~360 km apart – a distance less than the
maximum foraging range of a breeding Lesser Frigatebird (this study) – with no other Lesser
Frigatebirds colonies between them. At both locations, large colonies of Lesser Frigatebirds
trigger designation as BirdLife International Important Bird Areas (IBAs) (Lavers et al., 2014).
Breeding at these sites is highly synchronous with laying occurring mid-February through
April (Clarke et al., 2011, Clarke et al., 2013). Thus, timing of courtship, incubation and chick
guarding overlap at both locations. In addition to Lesser Frigatebirds, Ashmore Reef and
Adele Island support an additional 22 and 24 species of seabirds and coastal waterbirds,
respectively (Coate, 1997, Clarke et al., 2011, Clarke et al., 2013, Clarke and Herrod, 2014).
At both locations, breeding of Lesser Frigatebirds overlaps temporally with potential food
competitors including Great Frigatebirds (F. minor Gmelin), and Masked (Sula dactylatra
Lesson), Brown (S. leucogaster Boddaert) and Red-footed Boobies (S. sula Linnaeus), as
well as many smaller species such as Sooty Terns (Onychoprion fuscatus Linnaeus),
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Greater Crested Terns (Thalasseus bergii Lichtenstein) and Brown Noddies (Anous stolidus
Linnaeus) (Coate, 1997, Clarke et al., 2011). Seabird colonies at each location benefit from
protected area designation (Clarke et al., 2011). Ashmore Reef seabird colonies are within
Ashmore Reef Commonwealth Marine Reserve, a reserve with an IUCN Ia (strict nature
reserve) status and off-limits to people (Director of National Parks, 2013). Adele Island is a
Class A Nature Reserve and human visitation is rare (Coate, 1997). These protective
measures extend only to the reef extent. However, interactions with fisheries beyond reserve
boundaries are likely to be negligible as very few Western Australian fisheries vessels
operate in the region and only those Indonesian vessels that employ traditional fishing
methods are permitted in the waters surrounding Ashmore Reef under a Memorandum of
Understanding between Australian and Indonesian Governments (Commonwealth of
Australia, 2002, Fletcher and Santoro, 2015)
Bird capture and processing
Juvenile birds were sampled at Ashmore Reef and Adele Island just prior to fledging from
their nests during October and November of 2013 and 2014. Individuals were weighed and
fitted with an Australian Bird and Bat Banding Scheme-supplied metal leg band. From each
individual, a sample of five breast feathers was obtained. Feather samples were placed in
paper envelopes and stored under dry, dark conditions until analysis. These feathers had
been grown while the individual was on the nest and were thus synthesised using locally
acquired resources provisioned by both parents. No record of sex was made as it is not
possible to distinguish the sex of juvenile Lesser Frigatebirds in the field (James, 2004). Any
prey remains spontaneously regurgitated during handling were archived individually and
stored frozen (-20°C) following return to the vessel.
Adult Lesser Frigatebirds were captured during the incubation and early chick-rearing
periods. These individuals were captured in March and April of 2013 and 2014 at Ashmore
Reef only. Captures were made at night and were facilitated with a bright spotlight to
temporarily dazzle an individual attending its nest. Weighing, leg banding and feather
sampling occurred as for juvenile birds. This was followed by the fitting of a global
positioning system (GPS) device with Tesa® tape to three central rectrices of the tail
(CatTrack 1, Catnip Technologies, Hong Kong: n = 54) or by a Teflon leg-loop harness
(HARIER-4L, Ecotone Telemetry, Sopot, Poland: n = 9) (Mott et al., 2015). CatTrack devices
were archival-type loggers sealed in waterproof heatshrink tubing. HARIER-4L devices had
a solar panel and were capable of transmitting stored data via UHF frequencies to a base
station that was established on the island, thus negating the need to recapture a bird to
recover data. The total weight of the bird-borne devices was ca. 26 g for CatTrack devices
and ca. 15 g for Harier-4L devices, equivalent to ca. 3.0% (range: 2.6 to 3.9%) and ca. 1.8%
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(range: 1.6 to 1.9%) of the bird’s body weight, respectively. Finally, a blood sample (~0.5
mL) was collected via brachial venepuncture with a 23 gauge needle and syringe. This was
immediately transferred to a clean 1.5 mL microtube and a portable centrifuge was used to
separate the sample into its plasma and red blood cell (RBC) components. The plasma
portion was transferred to a second clean microtube by pipette and ethanol was added to
both tubes. Whereas some studies indicate storage of samples in ethanol does not alter
tissue isotopic ratios (Hobson et al., 1997), recent evidence indicates systematic 13C
enrichment for seabird samples preserved in ethanol (Bugoni et al., 2008). As such no
comparisons were made between samples stored in ethanol and those stored ethanol-free.
Microtubes containing plasma and RBC were refrigerated upon return to the vessel the
following morning and then kept at -20°C once in the laboratory. Any regurgitated prey
remains were collected as for juveniles. Individuals fitted with CatTrack devices were
recaptured to recover data after a period of 4-25 days.
Stable isotope analysis
Stable isotope analysis (SIA) using ratios of the stable isotopes of nitrogen (15N/14N) and
carbon (13C/12C) is a method commonly used in research on seabird foraging ecology to
detect dietary change in relation to trophic position and/or the location of foraging (Inger and
Bearhop, 2008). This approach relies on the predictable manner with which these two
isotopic tracers are modified between the proteins of prey and predator. Due to differential
elimination between isotopes of nitrogen (Peterson and Fry, 1987), the relative proportion of
heavy 15N increases with each successive step up the food chain. By contrast, the ratio of
different carbon isotopes vary little between trophic levels. Instead, this tracer is used to
indicate sources of primary production in the trophic web which are influenced by foraging
location (Kelly, 2000). In marine systems δ 13C gradients exist between inshore and offshore
locations (Hobson et al., 1994), benthic and pelagic prey sources (Hobson et al., 1995), and
along latitudinal clines (Cherel and Hobson, 2007).
Feathers samples were cut into small fragments using scissors to create a homogeneous
sample for each individual. A subsample of fragments was rinsed in a 2:1
chloroform:methanol bath followed by two further rinses in methanol. The rinsed product was
air dried for >48 hours before further trimming with a pizza cutting wheel until the sample
resembled a coarse powder. This coarse powder was then weighed (0.7-0.9 mg) into tin
capsules for analysis. Ethanol was evaporated off plasma and RBC samples obtained from
adult birds before the samples were freeze dried, ground and weighed as for feather
samples. Owing to the small volume of plasma obtained in some instances, lipid extraction
was not performed. The mathematical normalisation equation presented by Post et al.
(2007) for aquatic organisms and followed by Cherel et al. (2014) was used to correct for the
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presence of lipids in plasma samples. This approach uses the equation δ 13Cnormalised = δ 13C
− 3.32 + (0.99 × C:N) to correct the measured δ 13C value for the presence of lipids based
on the recorded ratio of the mass of carbon to nitrogen (C:N) in the sample. No correction
was undertaken for feather and RBC samples as C:N was consistently low (<3.5) indicating
low lipid content (Post et al., 2007).
An ANCA-GSL2 elemental analyser was used for sample analysis and a Hydra 20:22
isotope-ratio mass spectrometer (Sercon Ltd., Cheshire, UK) analysed the resultant CO2 and
N2 gases. A laboratory standard separated every five unknown samples. The equation δ 13C
or δ 15N = (Rsample/Rstandard)-1; where R = the ratio of the heavy isotope to the light isotope
(13C/12C or 15N/14N) in the sample and standards was used to derive stable isotope
abundances with values expressed in per mille units (‰). The international standards
Vienna Peedee Belemnite and atmospheric N2 were used for carbon and nitrogen isotopic
ratios, respectively.
Identification of regurgitated prey remains
Prey remains were identified to the lowest taxonomic unit possible. Visual identification was
aided using species identification sheets (Food and Agriculture Organization of the United
Nations, 1974), Allen et al. (2009), the online resource Fishbase (www.fishbase.org), and a
photographic reference collection of known-identity prey remains. A key was used to identify
flying fish remains to species level (Food and Agriculture Organization of the United Nations,
1999). Fish otoliths and hard parts of cephalopods were also recovered from regurgitate
samples. Otoliths were used for identification by comparison with a reference collection
extracted from known identity fish as well as comparison with material in Furlani et al. (2007)
and Fishbase.
Cephalopod beaks were identified where possible using Lu and Ickeringill (2002) and
identification was supported by comparison with images in Wolff (1982), Wolff (1984),
Nateewathana (1992), Xavier and Cherel (2009), and Chen et al. (2012). Cuttlebones were
identified by comparison with images in Norman and Reid (2000).
It was not possible to identify all ingested items to species level because some items were
partially digested. Consequently, all results are grouped at the family level.
Flying fish availability data
During vessel transit from the port of departure at Broome, Western Australia, to the study
sites, the location and number of flying fish flushed from the water surface into flight by the
vessel were recorded to a handheld PDA with inbuilt GPS (Nautiz X7, Handheld Group,
Lidköping, Sweden). A minimum of two observers were stationed on the bow at all times
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during daylight hours and recorded all flying fish sighted. Transect strip width was
considered unimportant as flying fish are not flushed into flight by vessels at distances
beyond which they can be detected. Data were available for two voyages in 2013 (April and
November) and three voyages during 2014 (March, April and November) with approximately
six days of survey effort per voyage.
Frigatebirds are unable to alight on the water surface (Weimerskirch et al., 2003,
Weimerskirch et al., 2004). Consequently, they use surface dipping and surface snatching
while in flight as their foraging method (Spear et al., 2007). Flying fish are the predominant
prey of frigatebirds (Diamond, 1975, Weimerskirch et al., 2004) and the number of flying fish
recorded in this manner per kilometre of transect here serves as a proxy of the availability of
their primary prey.
Local primary productivity
A qualitative assessment of local primary productivity was made using mean monthly
chlorophyll-α concentration within the maximum foraging range (this study) of Lesser
Frigatebirds. Data from the early breeding period (March, April, and May) for each year were
obtained from NASA’s MODIS aqua satellite (http://oceandata.sci.gsfc.nasa.gov/opendap/)
at a resolution of 4 km.
Estimating reproductive output
The number of active nests was counted at Ashmore Reef and Adele Island during April of
2013 and 2014. The timing of these censuses was planned to coincide with the peak in
breeding activity; most birds had already laid by this time and a small number were brooding
small chicks. These counts were made using standard seabird population census techniques
(Clarke et al., 2011). Briefly, experienced counters moved around the colony and used
tripod-mounted spotting scopes, binoculars and the un-aided eye, as appropriate, to count
the number of attended nests. Hand-held twin bank tally counters were used to aid counting.
These counts were repeated in October-November of each year to record the number of
near-fledged juveniles present at each colony. These data were used to estimate the
proportion of active nests in April of each year that had successfully reached this nearfledging stage. This is the best available measure of breeding success as these remote
locations were not visited between the two survey times.
Statistical analysis
Stable isotope analysis. Multivariate analysis of variance (MANOVA) or non-parametric
permutational multivariate analysis of variance (PERMANOVA) were conducted to test for
overall differences in δ 13C and δ 15N between Lesser Frigatebirds from different islands in
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each year. Where significant differences were found, post hoc Tukey’s HSD or KruskalWallis tests were conducted to determine which subject groups were responsible for the
difference (e.g., Cherel and Hobson, 2007).
Tracking. Tracking data were obtained from 25 Lesser Frigatebirds (17 females and 8
males). Foraging trips from 2013 and 2014 were imported into ESRI ArcMAP 10.0. Any
movements made by an individual within the reef platform were excluded from analysis
because these movements were likely attributable to thermal soaring on reef-associated
thermals rather than foraging activity. It was not possible to monitor the nest status of
individuals fitted with remote download loggers. Therefore, to minimise the likelihood of
including birds that had failed in their breeding attempt in the analysis, any trip that lasted
longer than 12.2 days (the maximum duration of a foraging trip recorded for a CatTracker
deployment that was known to be from a bird still engaged in reproductive duties) was
considered to indicate breeding failure and that, and all subsequent trips, were excluded
from analysis. This duration is consistent with the maximum duration of foraging trips
recorded for the congeneric Great Frigatebird at other locations in the Indian Ocean
(Weimerskirch et al., 2004). For each individual foraging trip, the maximum range, path
distance, duration and compass bearing of this distal point in relation to the Ashmore Reef
colony were extracted. Inter-annual differences in foraging effort were assessed by
comparing foraging range, path distance and trip duration in the two years using mixed
effects models with sex and year treated as fixed effects and the individual as a random
effect. This was implemented in R version 3.2.1 (R Core Team, 2015) with the package
‘lme4’ (Bates et al., 2015) for model construction and P-values were obtained using
likelihood ratio tests of the full model against a partial model lacking the effect in question.
Visual inspection of residual and Q-Q plots were undertaken to assess heteroscedasticity
and deviations from a normal distribution. Where this indicated violation of the underlying
assumptions of mixed effects models, square root transformation of the response variable
was carried out. Likewise, the presence of influential data points was assessed by
calculating Cook’s D in the package ‘influence.ME’ (Nieuwenhuis et al., 2012) and any data
points returning a Cook’s D value exceeding 4/n were excluded before proceeding with the
analysis (Van der Meer et al., 2010).
The R package ‘circular’ (Agostinelli and Lund, 2013) was used to investigate clustering of
the bearing of the distal point of each foraging trip. To avoid pseudo-replication in the
analysis of the distal bearing data set, only the first complete foraging trip recorded for each
individual was included. A Rayleigh test was undertaken to determine whether the distal
bearings of each study group were clustered as opposed to uniformly distributed in all
directions. When this indicated that study groups showed a clustering in their distal bearing
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the mean bearing was calculated and then between groups comparisons were made using a
Watson-Williams test.
Results
Diet of juvenile Lesser Frigatebirds
Overall differences in the isotopic composition of juvenile Lesser Frigatebird feather samples
(PERMANOVA: F3,76 = 24.94, P = 0.001) were attributable to samples from Ashmore Reef
having a lower mean δ 13C value than samples from Adele Island (Fig. 2). Feathers obtained
from Ashmore Reef in 2013 also had a significantly lower mean δ 15N value than mean
values for all other juvenile samples (P < 0.001 for all three pairwise comparisons) (Fig. 2).
At both breeding stations the remains of fish were present in at least 83% of regurgitate
samples from juvenile Lesser Frigatebirds, whereas cephalopod prey occurred in only 27.7%
of regurgitate samples at Ashmore Reef and a smaller percentage (26.1%) at Adele Island
(Table 1). The fish families Exocoetidae and Hemiramphidae displayed a high frequency of
occurrence at Ashmore Reef, each being identified in over a third of regurgitate samples
from that colony (Table 1). Hemiramphidae were also frequently identified in samples from
Adele Island although the composition of prey remains from that colony showed a more even
spread across fish families (Table 1).
Diet and foraging of adult Lesser Frigatebirds
No significant differences in δ 13C or δ 15N values between years or sexes were found for
feather or RBC samples of adult Lesser Frigatebirds breeding at Ashmore Reef (Feathers
PERMANOVA: F3,38 = 0.23, P = 0.74; RBC PERMANOVA: F3,38 = 0.55, P = 0.60) (Fig. 3a
and 3b). Plasma samples revealed differences in foraging strategy between years and sexes
(MANOVA: F3,35 = 5.61, P < 0.001) (Fig. 3c). Inter-annual variation was evident between
male samples with those obtained in 2014 displaying a more pelagic signal typified by
depleted 13C (P < 0.05) (Fig. 3c). Between sex differences were also found in plasma
samples, with males sampled in 2014 foraging on prey of lower trophic level than females in
either 2013 or 2014 (P < 0.05) (Fig. 3c). Similarly, males sampled in 2013 also fed on prey
of lower trophic level than females sampled in 2014 (P < 0.05) (Fig. 3c).
The notable difference between the diet of adult Lesser Frigatebirds compared to juveniles
was the apparent lack of cephalopods in adult regurgitate samples (Table 1). Similar to the
composition of regurgitate samples of juveniles from Ashmore Reef, Exocoetidae and
Hemiramphidae were the most commonly identified family of fish in samples from adult
Lesser Frigatebirds (Table 1).
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There were no significant differences in the maximum range, path distance or duration of
foraging trips between years (Likelihood ratio test Range: χ12 = 0.7782, P = 0.377; Path
distance: χ12 = 3.2164, P = 0.0729; Duration: χ12 = 3.2065, P = 0.07335) (Table 2).
The distribution of distal bearings of trips undertaken by male and female Lesser
Frigatebirds were not clustered in 2013 and these groups were excluded from the WatsonWilliams test (Table 2). The distal bearing of trips undertaken by males and females in 2014
displayed clustered distributions with trips centred towards the south-southwest (Table 2).
There was no significant difference in the mean bearing between these groups (WatsonWilliams test: F1,13 = 0.0010563, P = 0.9746).
Flying fish availability
Mean flying fish availability was higher in pelagic waters (2.904 fish/km) than neritic waters
(0.824 fish/km) (t = -3.56, df = 4, P = 0.024). No significant differences in flying fish
availability were observed between years (2013: 0.946 fish/km; 2014: 2.710 fish/km; t =
2.63, df = 3, P = 0.079). However, flying fish availability was greater at all sampling points in
2014 than for 2013 excepting availability in pelagic waters in November 2013 (Table 3).
Flying fish availability was generally low in April 2013 and remained low in neritic waters in
November 2013 (Table 3).
Flying fish availability along 10 km transect segments was significantly more patchy in
pelagic waters than in neritic waters (as measured by variation in standard deviation: t = 2.81, df = 4, P = 0.049) (Table 3). Although this measure tended to be higher in 2014 than
2013, the inter-annual difference was not statistically significant (t = -2.46, df = 3, P = 0.091).
Local primary productivity
Mean chlorophyll-α concentration within the maximum foraging range of Lesser Frigatebirds
from Ashmore Reef during the early breeding periods was consistent between years (2013 =
0.18 ± 0.02 mg.m-3 and 2014 = 0.18 ± 0.01 mg.m-3). At inshore Adele Island, mean
chlorophyll- α concentrations of 0.3 ± 0.02 mg.m-3 and 0.35 ± 0.04 mg.m-3 occurred in 2013
and 2014, respectively.
Reproductive output
As a measure of reproductive output, significantly more nests reached the near-fledging
stage at Ashmore Reef than did at Adele Island in both years (2013: χ12 = 54.27, df = 1, P <
0.001; 2014: χ12 = 15.27, df = 1, P < 0.001) (Table 4). Breeding success was similar at
Ashmore Reef in both years (χ12 = 1.22, df = 1, P > 0.05) (Table 4). However, breeding
success was higher at Adele Island in 2014 when compared with 2013 (χ12 = 26.41, df = 1, P
< 0.001) (Table 4).
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Discussion
Evidence for intra-specific differences in resource utilisation between breeding stations was
apparent. The stable isotope values of feather samples obtained from near-fledged juveniles
demonstrated clear differences in dietary provisioning during a period when the resource
demands of a colony are at their peak (Simons and Whittow, 1984, Croxall et al., 1985)
creating conditions favouring competition. For colonies of conspecific individuals ranging
from nearby locations a high degree of competition for prey resources is expected due to the
constraints imposed by shared morphology, physiology and general behaviours. To
maximise foraging success it is common for individuals to display colony-specific foraging
strategies that act to partition available resources e.g. New Zealand Fur Seals Arctocephalus
forsteri (Baylis et al., 2008), Cape Gannets Morus capensis (Grémillet et al., 2004), Northern
Gannets Morus bassanus (Wakefield et al., 2013), Cory’s Shearwater Calonectris borealis
(Ceia et al., 2015), Rockhopper Penguins Eudyptes chrysocome chrysocome (Masello et al.,
2010) and E. c. filholi (Thiebot et al., 2012), Magellanic Penguins Spheniscus magellanicus
(Masello et al., 2010) and Gentoo Penguins Pygoscelis papua (Masello et al., 2010) (but see
Evans et al. (2016) where substantial overlap was observed from three nearby < 4 km
colonies of European Shags Phalacrocorax aristotelis). In the present study, juveniles raised
at the inshore island were provisioned with prey from more neritic locations than their
offshore counterparts. This pattern was evident in both years. The offshore site was
surrounded by pelagic waters. By contrast, the inshore site was located 131 km from the
nearest pelagic waters requiring adults breeding at this site to commute large distances to
reach pelagic sectors. Our results suggest that this constrains birds originating at the inshore
site to a more inshore foraging pattern whereby they either confine foraging trips to neritic
waters or obtain substantial prey resources from neritic waters while commuting to and from
the more distant pelagic foraging grounds. Whether this behaviour is to avoid competition
with conspecific individuals ranging from the offshore colony or is a result of some other
factor cannot be ascertained from our data (González-Solís et al., 2000). Despite their
relative proximity it appears that the two colonies display a degree of spatial separation in
the location of foraging grounds that is maintained from year to year.
Two families of fish, Exocoetidae (flying fish) and Hemiramphidae (halfbeaks), dominated
the diet of juvenile and adult Lesser Frigatebirds from the offshore colony. These families are
known to be an important component of the diet of frigatebirds at other locations (Diamond,
1975, Weimerskirch et al., 2004). No single family of fish dominated in terms of frequency of
occurrence across regurgitate samples from the inshore colony. This suggests that
individuals ranging from this colony may be employing an opportunistic foraging strategy,
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capturing various prey types when the opportunity arises rather than specialising on a diet of
flying fish and their allies (MacArthur and Pianka, 1966, Araújo et al., 2008). The higher
availability of flying fish in deep pelagic waters suggests a causative reason as to why flying
fish are of lower importance in the diet of individuals from the inshore colony. Switching from
a preferred prey type to a more varied diet occurs when the preferred prey is scarce and this
can maintain reproductive success (Suryan et al., 2000). However, switching from a
preferred prey species to a varied diet can also result in a decline in reproductive success
indicative of difficulty in capturing sufficient prey resources (Baird, 1990).
Inter-annual differences in SIA values were detected for the offshore colony only. Feather
samples collected during the 2014 breeding season indicated that juveniles were
provisioned with higher trophic order prey than juveniles in 2013. Furthermore, plasma
samples indicated that during the early breeding season of 2013 adult males foraged on
neritic prey resources to a greater extent than in 2014. Together, these findings indicate
higher behavioural capacity for foraging flexibility or a greater opportunity or need for
flexibility in the offshore population compared to the inshore population (Phillips et al., 1997).
The tendency for primary productivity to be lower within the foraging range Lesser
Frigatebirds from Ashmore Reef may indicate that flexibility is driven by need rather than
other potential factors. Flexibility in foraging strategy can buffer against environmental
change leading to higher fitness (Burke and Montevecchi, 2009, Berlincourt and Arnould,
2015).
Although foraging flexibility was evident in SIA data for adult males there was no indication
of between-year alteration of the foraging range, path distance or duration of adults tracked
during the early breeding period. These parameters are a proxy for foraging effort (Petersen
et al., 2006) and together they indicate that foraging effort was consistent between years.
However, the distal bearings of foraging trips during 2013 were not concentrated around a
particular bearing as they were in 2014. No area was a favoured foraging ground at the
colony level, which could indicate that prey resources were uniformly distributed around the
colony, or that their distribution was unpredictable (Hamer et al., 2001, Weimerskirch, 2007).
The magnitude of the difference between availability of flying fish in neritic and pelagic
waters during the early breeding period of 2013 was small. This may have made it more
profitable for some Lesser Frigatebirds to forage in neritic locations thereby spreading the
burden of intra-specific competition across a wider spatial area with little cost in relation to
prey encounter rate while at the same time reducing the need to increase foraging effort. A
scattered pattern in the distal bearing could also be responsible for the 13C-enriched values
obtained from adult male plasma samples in 2013. If during 2013, instead of concentrating
foraging trips over deep pelagic waters to the south-southwest, Lesser Frigatebirds
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undertook a higher proportion of trips in more easterly and northerly directions, these trips
could take individuals over neritic waters proximate to the Australian, Indonesian and Timor
coastlines. Importantly, these trips over neritic waters could be of the same range, path
distance and duration as trips to pelagic waters thereby accounting for the similarity in
foraging effort in tracking data. Owing to the gradient in δ 13C between pelagic and neritic
waters (Hobson et al., 1994), these trips would account for the inter-annual differences
observed in isotopic analysis of plasma samples from adult males. Croll et al. (2006) found
no change in parental foraging effort of Chinstrap Penguins (Pygoscelis antarcticus) from the
South Shetland Islands despite year to year changes in prey availability. This resulted in
inter-annual differences in reproductive output. They suggest that long-lived seabirds should
display a strategy that maximises lifetime reproductive output rather than increasing foraging
effort to ensure the survival of that year’s young. In the present study, plasticity in foraging
behaviour may have enhanced the probability of successfully rearing that year’s offspring
with little cost to foraging effort. Therefore, no additional costs to future reproductive output
were incurred.
Reproductive output was lower at the inshore colony than the offshore colony in both years
of the study and this disparity was greatest in 2013 when breeding success was only 3.53%
at the inshore colony. No significant inter-annual difference in breeding success was
observed at the offshore colony. The availability of flying fish in the neritic waters
surrounding the inshore colony was significantly lower than in pelagic waters and low flying
fish availability was a feature particularly apparent during 2013. This was despite a tendency
for primary productivity to be higher within the foraging range of Lesser Frigatebirds from the
inshore colony. These results could implicate low availability of a preferred prey-type as a
driver of low reproductive performance at the inshore colony.
Findings of the present study suggest that the two populations have differences in foraging
site and prey-type that limit competition for prey resources. Furthermore, results indicate that
environmental context influences how these differences manifest with differences in prey
availability likely responsible for observed differences in diet specificity. Although this study
was unable to formally test for the effect of prey availability on reproductive output, the
apparent relationship between reproductive output and proximity to foraging grounds with
high availability of a preferred prey-type warrants further investigation.
Data Accessibility
Upon acceptance of the manuscript, data will be archived in the Dryad database. DOIs will
subsequently be provided.
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Table 1. Composition of regurgitated prey remains of juvenile and adult Lesser Frigatebirds
expressed as frequency of occurrence (FO %) and numerical abundance (NA %). FO %
indicates the percentage of individual regurgitate samples from which the prey type was
identified. NA % indicates the percentage of the total number of all regurgitated prey items
accounted for by that prey type.
Colony
Adele
Island

Age
Juvenile (n = 61
from 18 samples)

Fish

Cephalopod

Ashmore
Reef

Juvenile (n = 93
from 23 samples)

Fish

Cephalopod

Adult (n = 29
from 8 samples)

Fish

Cephalopod
Grand
Total

FO % = 83.3
NA % = 83.6

FO % = 27.7
NA % = 16.4
FO % = 95.7
NA % = 89.2

FO % = 26.1
NA % = 10.8
FO % = 100.0
NA % = 100.0

Taxon

n

FO %

NA %

Carangidae

4

11.1

6.6

Clupeidae

11

16.7

18.0

Exocoetidae

2

11.1

3.3

Hemiramphidae

6

16.7

9.8

Priacanthidae

0

0.0

0.0

Scombridae

1

5.6

1.6

Sillaginidae

0

0.0

0.0

Unidentified fish

27

55.6

44.3

Sepiidae

3

16.7

4.9

Teuthida

7

22.2

11.5

Carangidae

1

4.3

1.1

Clupeidae

0

0.0

0.0

Exocoetidae

16

34.8

17.2

Hemiramphidae

17

39.1

18.3

Priacanthidae

1

4.3

1.1

Scombridae

1

4.3

1.1

Sillaginidae

12

4.3

12.9

Unidentified fish

35

73.9

37.6

Sepiidae

2

8.7

2.2

Teuthida

8

17.4

8.6

Exocoetidae

4

50.0

13.8

Hemiramphidae

4

50.0

13.8

Scombridae

1

12.5

3.4

Unidentified fish

20

75.0

69.0

FO % = 0.0
NA % = 0.0
183
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Table 2. Mean attributes of foraging trips undertaken by Lesser Frigatebirds breeding at
Ashmore Reef. Values are means (± sd). The mean bearing refers to the direction of the
distal point of the first foraging trip recorded for each individual (0° = north, 90° = east, 180°
= south and 270° = west) in relation to the breeding colony. The clustered column indicates
whether a Rayleigh Test found that the trips were focused along a particular bearing or
whether the trips were scattered.
Group
Females 2013
Males 2013
Females 2014
Males 2014

Range (km)
92.8 ± 94.7
166.1 ± 39.1
104.3 ± 107.9
102.8 ± 96.4

Path distance
(km)
820.4 ± 1112.9
868.4 ± 249.3
561.8 ± 827.3
632.6 ± 559.6

Duration
Mean
Clustered
(days)
bearing (°)
2.3 ± 3.4
No
N.A.
2.3 ± 0.7
No
N.A.
1.5 ± 2.4
Yes
209.1
1.8 ± 1.7
Yes
208.0

Rayleigh test
Test statistic = 0.80 P = 0.07
Test statistic = 0.47 P = 0.45
Test statistic = 0.55 P = 0.03
Test statistic = 0.87 P = 0.04
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Table 3. Flying fish observation data as a function of location (neritic < 200 m deep waters
and pelagic > 200 m waters) and survey period. Flying fish availability is the assumed
availability of flying fish to frigatebirds using the number of individual fish recorded as being
put to flight in response to the passage of the research vessel per kilometre of survey
transect. Standard deviation per kilometre is a measure of how patchily flying fish were
distributed at a 10 km scale. Higher values indicate some areas would be highly profitable
foraging locations whereas low values indicate a more even distribution of flying fish across
surveyed area (note only complete 10 km survey sections were included in the calculation of
SD). Number of flying fish is the total number recorded for the research voyage and survey
effort is the total transect length travelled.
Sector/period

Flying fish
availability (fish/km)
0.288

SD among 10
km segments
1.422

Number of
flying fish
161

Survey effort
(km)
559.9

Neritic November 2013

0.379

0.674

130

343.3

Neritic March 2014

0.533

0.711

163

533.1

Neritic April 2014

2.159

3.651

710

328.8

Neritic November 2014

1.071

3.022

446

416.3

Pelagic April 2013

0.325

0.547

104

319.5

Pelagic November 2013

3.772

3.871

1017

269.6

Pelagic March 2014

2.560

4.381

1021

398.9

Pelagic April 2014

4.864

9.528

1801

370.3

Pelagic November 2014

2.907

6.516

971

334.0

Neritic April 2013
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Table 4. Estimates of nesting success at Ashmore Reef and Adele Island during 2013 and
2014 based on nesting activity at the beginning and end of the breeding period.
Location

Year

Number of

Number of

Proportion of

attended nests

near-fledged

successful

(April)

juveniles

nests

(November)
Adele Island

Ashmore Reef

100a

2013

2835

3.53

2014

4254

1520

35.73

2013

2371

1520

64.12

2014

2098

1621

77.26

a

Count conducted in October.
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Figure 1. Study region showing the location of the Ashmore Reef and Adele Island study
sites. Dark grey shading represents land whereas mid grey shading represents waters >200
m in depth and pale grey shading represents shallow waters <200 m in depth. Tracking data
of Lesser Frigatebirds from the Ashmore Reef colony are displayed as 50 and 95%
utilisation distributions for each of the years 2013 and 2014. Kernels were produced
following Lascelles et al. (2016) for individual foraging trips and merged to indicate important
areas at the colony-wide scale. The location of flying fish availability transects are also
shown. Inset shows the study region in relation to Australia and parts of southeast Asia.
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Figure 2. Isotopic bi-plot depicting the trophic relationships between feather samples from
juvenile Lesser Frigatebirds. Samples obtained from Adele Island are represented by square
symbols and samples from Ashmore Reef by diamonds. Samples obtained in 2013 are black
whereas those from 2014 are grey. Error bars depict standard error.
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Figure 3. Stable isotope bi-plots for adult Lesser Frigatebirds captured at Ashmore Reef.
Plots depict: A) feather samples; B) red blood cells; and C) normalised plasma. Female
samples are represented by circular symbols and male samples by triangles. Samples
obtained in 2013 are represented by black symbols and those from 2014 by grey symbols.
Plotted values are means with error bars representing the standard error.
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Summary
1. Species that inhabit spatially distinct regions at different stages of their lifecycle pose
challenges to conservation managers, particularly when distributions span
international or jurisdictional boundaries. Despite the importance of non-breeding
habitat to the persistence of individuals and species, there remains limited
information on the habitat requirements of most species during the non-breeding
period.
2. We used global positioning system tracking devices to determine the non-breeding
movements of Great Frigatebirds, Fregata minor, and Lesser Frigatebirds, F. ariel, in
a region recognised for the high level of human impact it is experiencing. These data
were analysed with MaxEnt modelling to identify important habitat features for nonbreeding frigatebirds and inform priorities for addition to the marine protected area
network.
3. Habitat suitability for non-breeding frigatebirds was positively linked to proximity to
small islands. Although sea surface temperature influenced habitat suitability to a
limited extent, all other environmental variables were of only minor importance for
determining habitat suitability. The importance of small islands to non-breeding
frigatebirds is likely related to the use of small islands for overnight roosting.
4. The existing protected area network contains only a small proportion of habitat
identified as optimal for non-breeding frigatebirds. This is of particular concern given
the region is exposed to high cumulative human impacts.
5. Synthesis and applications. Small islands are a spatially static habitat feature.
Consequently, areas proximate to small islands are likely to remain important for
non-breeding frigatebirds into the future provided threats do not intensify. The
addition of habitat in close proximity to small islands to the marine protected area
network represents a viable strategy for achieving long-term conservation benefits for
frigatebirds in this region and should become a priority for conservation managers.
Key words: dispersal, international collaboration, management recommendations, marine
conservation, marine protected area, MaxEnt, migration, oceanography, threat mitigation
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Introduction
Many organisms undertake extensive migrations or display characteristic patterns of
dispersal. Often, these movement strategies may track ephemeral or seasonally available
resources (Fryxell and Sinclair, 1988, Wilmshurst et al., 1999, Leimgruber et al., 2001). In
other cases, movements away from breeding grounds may alleviate resource competition,
which may be intense at breeding sites that are used by many individuals (Ashmole, 1963).
In both instances these movement strategies are thought to increase potential population
maxima as they allow a higher proportion of the population to meet year-round resource
requirements (Ashmole, 1963, Fryxell and Sinclair, 1988).
Species that occupy spatially distinct regions during breeding and non-breeding periods
pose challenges for conservation as a different suite of threats may be present in each
region (González-Solís et al., 2007). Alternatively, threats that are common to both regions
may have a particularly deleterious effect in one region because protection measures
afforded there do not match the counterpart region (Suryan et al., 2007). Furthermore,
species that occupy different regions at different times of the year utilise a larger spatial
extent and therefore are more area demanding when it comes to establishing an effective
protected area network. This may require collaboration between conservation agencies if the
species ranges over international or jurisdictional boundaries. The complexities of
conservation management for species displaying wide ranging movement strategies are
recognised in a number of international migratory species conventions, such as the
Convention on the Conservation of Migratory Species of Wild Animals (UNEP/CMS, 1979)
and the China-Australia Migratory Bird Agreement (CAMBA). These agreements foster
international collaboration when it comes to implementing conservation strategies and
recognise the value of conservation across the entire range of a species.
Despite the obvious value of non-breeding areas for maintaining viable populations, little is
known of the migratory paths and non-breeding ranges of many species when compared to
our knowledge of ecology when breeding (González-Solís et al., 2007). Recent advances in
tracking technologies have heralded new discoveries on the truly global scale of migrations
of many species (Bairlein et al., 2012, Carey et al., 2014, Willemoes et al., 2014, Ramos et
al., 2015). Yet, these advances have coincided with sustained declines in many species that
display expansive movement strategies (Piersma et al., 2016) demanding further
understanding of interactions with threatening processes across entire species’ ranges.
Marine waters of south-east Asia and northern Australia are increasingly being recognised
for their importance as a migratory pathway for many seabird species (Lavers et al., 2014,
Yamamoto et al., 2014). Furthermore, non-breeding aggregations of a number of tropical
Page | 147

seabird species are frequently encountered in this region (de Korte, 1984, de Korte, 1989).
Historically, this area also supported many large colonies of breeding seabirds (de Korte,
1984, de Korte, 1989), but severe declines and local extinctions have occurred, particularly
among Pelecaniform seabirds (de Korte, 1984). Halpern et al. (2008) identified this region as
experiencing high cumulative human impacts and the loss of seabird colonies indicates that
these impacts are negatively affecting biodiversity. This region was also highlighted as a
priority for targeted research in Chapter 2 owing to the paucity of existing research on
seabirds. If the value of this region to biodiversity is to be maintained, existing conservation
measures need to be reviewed against new information to improve their efficacy.
In order to develop appropriate conservation measures it is important to gain an
understanding of how the species or assemblage of species under consideration interact
with threats. This requires sound knowledge of species’ spatial distributions and important
features of their habitat that influence patterns in spatial ecology (Hyrenbach et al., 2000,
González-Solís and Shaffer, 2009, Agardy et al., 2011, Lascelles et al., 2012, Lascelles et
al., 2016). We sought to determine spatial movements of non-breeding frigatebirds in this
region and use this spatial information to identify priorities for conservation actions. These
aims were addressed using high precision global positioning system (GPS) tracking devices
fitted to birds breeding at colonies in Australian waters and followed post-breeding as
individuals assumed their non-breeding range.
Methods
Tracking data
Adult Great Frigatebirds and Lesser Frigatebirds were captured from their nests during the
breeding period at Adele Island and Ashmore Reef in the eastern Indian Ocean and Timor
Sea. Birds were weighed and fitted with an individually identifiable metal leg band before a
14 g Harier-4L (Ecotone Telemetry, Poland) solar powered GPS tracking device was
attached using a Teflon leg-loop harness (Mott et al., 2015). Mean device and harness mass
was 1.3% (range 1.0 to 1.6%) of the body mass of Great Frigatebirds and 1.8% (range 1.3 to
2.2%) of Lesser Frigatebird body mass. Each device was programed to record a position at
5 minute intervals. A temporary base station was established at each breeding colony and
tracking devices transmitted data to these via UHF radio frequencies, thus negating the need
to re-capture tracked birds for data recovery.
Data included in this study related only to birds not engaged in a breeding attempt. The
identification of non-breeding individuals in the tracking data set was achieved in two ways:
1) the highly seasonal breeding activity of frigatebirds at these breeding locations meant that
any tracking data collected between 1 December and 14 February was classified as nonPage | 148

breeding season data; 2) during periods within a breeding season (15 February to 30
November), tracking data were categorised as breeding and non-breeding based on foraging
trip duration. All trips exceeding 12.2 days duration, the longest trip duration recorded at
these sites for which the bird maintained breeding activity, signified failure of a breeding
attempt. This second step was necessary as the remoteness of the study sites meant that no
nest monitoring was carried out during the tracking period. Analysis was carried out
separately on data collected within a breeding season and that collected during the nonbreeding season due to the potential for competition between the study birds and those still
engaged in breeding duties.
Data analysis
Retrieved data were projected into Lambert Azimuthal Equal Areas projection and
subsequently filtered based on a maximum flight speed of 65 km/h (Weimerskirch et al.,
2004, Weimerskirch et al., 2010) to eliminate erroneous locations. Locations over land were
also excluded. Areas representing suitable habitat for non-breeding frigatebirds in each of
these two seasons were identified using MaxEnt (Phillips et al., 2006). Seven environmental
predictor variables were considered (Table 1). These were projected into a Lambert
Azimuthal Equal Area projection and aggregated to match a standard grid (1.861 km)
because the random sampling of background cells implicitly assumes equal cell area (Elith
et al., 2011). Prior to modelling, predictor variables were assessed for correlation because
these can result in spurious modelling results. Pair-wise Spearman rank correlations were
calculated between environmental predictor variables to identify those that were strongly
correlated (Spearman rank correlation coefficient |rs| > 0.6). The variables BAT, STREAM,
and REEF were removed due to strong correlations with other variables. ISLAND was
retained in preference to BAT because Hennicke et al. (2015) highlighted the importance of
small islets to non-breeding individuals of the closely related Christmas Island Frigatebird, F.
andrewsi. A bounding box was generated around all non-breeding frigatebird tracking
locations and background points were selected from within this area according to the method
of Edrén et al. (2010) and Louzao et al. (2012). Briefly, within a season, a single location per
day was extracted for each individual until 30 locations had been obtained. Limiting data to a
single location per individual per day minimises spatial autocorrelation. The number of
locations was capped so that each individual contributed equally to the model output. The
threshold of thirty locations was arbitrarily set as it provided an adequate trade-off between
the number of birds for which sufficient data existed while also representing an adequate
number of locations for modelling purposes. A samples with data (SWD) approach was used
because data were collected over a period of 21 months and this method enables the
inclusion of temporally dynamic variables such as CHL and SST. Background points were
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randomly sampled until 10,000 were obtained. For dynamic predictor variables, these were
selected randomly in space in proportion to the number of discrete days for which individual
tracking data were available for each month. A MaxEnt model was constructed for each of
100 iterations with 80% of the data used to train the model and 20% withheld for model
evaluation. Complex relationships to environmental variables can be fitted using hinge
features and threshold values in MaxEnt. Models implementing complex relationships can be
difficult to interpret, so we chose to fit only linear and quadratic relationships (Edrén et al.,
2010, Louzao et al., 2012). Identification of priority areas for conservation action in the
broader region was achieved by projecting each of the resultant MaxEnt models into
surrounding areas extending from 15N to 20S latitude and 92E to 141E longitude (Fig. 1).
Model predictions were averaged across all 100 iterations to produce the final predicted
habitat suitability outputs. Prior to projecting model predictions, the spatial stability of
dynamic predictor variables were assessed within each season. Monthly CHL values were
classified as either high (>0.3 mg.m-3) or low (<0.3 mg.m-3) following Louzao et al. (2012).
SST was classified as high or low (upper and lower quartiles for that month, respectively).
Spatial persistence of high CHL values was assessed by summing the number of high CHL
cells occurring at a location across all months within a season for which the tracking period
spanned. Spatial persistence of high and low SST values were each assessed in a similar
manner. The value of maximum persistence for breeding season data was 18 in each case
whereas the maximum persistence value for non-breeding season data was four.
Optimal habitat areas were identified following Arcos et al. (2012) whereby all cells below the
10th percentile of predicted habitat suitability were classified as ‘Unsuitable’. The mean of all
predicted habitat suitability values above this threshold was considered as the upper bound
of ‘Low suitability’ habitat. Similarly, the mean of all habitat suitability values not falling within
these two classifications was taken as the threshold between ‘Moderate suitability’ habitat
and ‘Optimal’ habitat. The relationship between habitat suitability classes with existing
marine protected areas as well as cumulative human impacts in the region was assessed by
overlapping outputs with data on the boundaries of MPAs (UNEP-WCMC, 2014) and
cumulative human impacts (Halpern et al., 2015a).
Results
Tracking data for non-breeding individuals were available for nine Great Frigatebirds and 23
Lesser Frigatebirds during periods classified as breeding season. Of these, six Great
Frigatebirds and 18 Lesser Frigatebirds met the seasonal data collection thresholds (i.e >30
days) for inclusion in MaxEnt modelling. During periods coinciding with the non-breeding
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season, six of the eight Great Frigatebirds and eight of the 13 Lesser Frigatebirds for which
data were available met this threshold.
The spatial distribution of chlorophyll-α concentration was very stable across months within
breeding and non-breeding seasons for the duration of data collection. Over 57% of the
study area did not change classification between high chlorophyll-α concentration and low
chlorophyll-α concentration across all months of breeding season data collection (Fig. 2a).
This increased to 82.8% during the non-breeding season data collection period (Fig. 2b).
Similarly, sea surface temperatures were spatially static within each season with 15.9% and
54.6% of cells always classified either above or below the upper quartile threshold during the
breeding and non-breeding seasons, respectively, and 22.3% and 56.5% always being
classified either above or below the lower quartile for the respective season (Fig. 2c-f).
Owing to the spatial stability of these dynamic oceanographic variables, MaxEnt model
results were projected over seasonally averaged values of chlorophyll-α concentration and
sea surface temperature.
Optimal habitat for non-breeding Great Frigatebirds and Lesser Frigatebirds during the
breeding season was predicted across much of the study region. For Great Frigatebirds,
optimal habitat was concentrated in eastern and central parts of the region, whereas Lesser
Frigatebird optimal habitat was most concentrated in the central west of the region in the
Karimata Strait, and the South China and Java Seas (Fig. 3a and 3c). During the nonbreeding season, predicted optimal habitat for both species was concentrated in eastern
parts of the study region in the Banda, Flores, Timor and Arafura Seas (Fig. 3b and 3d).
Unsuitable habitat for both species in both seasons was predicted in the north-east and
south-west of the study region, far from land in the open ocean (Fig. 3). The AUC values of
MaxEnt models were moderate indicating that the predictions are adequate, but not strong
(Table 3). Jackknife experiments indicated that ISLAND was the most important predictor
variable for Great Frigatebirds during both seasons and for Lesser Frigatebirds during the
breeding season (Fig. 4). During the non-breeding season ISLAND remained important for
Lesser Frigatebirds, but contributed approximately equal information to models as SST (Fig.
4d). CHL contributed very little information to models for either species in both seasons (Fig.
4).
Less than 6% of areas identified as optimal habitat for Great Frigatebirds and Lesser
Frigatebirds was located within the boundaries of existing MPAs. Areas predicted to be
optimal habitat often coincided with locations where cumulative human impacts were
highest. This was particularly so during the breeding season when up to 21.5% of optimal
habitat of Lesser Frigaetbirds overlapped with areas exposed to the upper tenth percentile of
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cumulative human impacts within the study region. During the non-breeding season, overlap
of optimal habitat with areas experiencing high cumulative human impacts was lower for
both species.
Discussion
Large expanses of suitable habitat were available for non-breeding individuals of both
species of frigatebirds throughout the year. Areas of optimal habitat were typically in close
proximity to small islands and transitioned from being concentrated in the central west of the
study region during the breeding season to a more easterly distribution during the nonbreeding season. Christmas Island Frigatebirds also disperse to this region when not
breeding and they behave as central place foragers, making daytime foraging trips from a
roosting island and returning at night to roost (Hennicke et al., 2015). Together, these
findings indicate that prioritising conservation actions and enforcement of existing
regulations in areas close to small islands will return the greatest benefit for all species of
frigatebirds using this region when not breeding. Furthermore, the importance of proximity to
small islands to habitat suitability suggests that new and existing marine protected areas
need not have boundaries that change temporally provided they are placed appropriately.
The transition of optimal habitat along a longitudinal gradient between the two seasons,
particularly in the case of Lesser Frigatebirds, means that it will be important to ensure the
adequacy of the reserve network in western and eastern parts of the study region. Future
management actions in these locations should aim to mitigate the threats posed by
entanglement in fishing gear, deliberate capture or killing, and exposure to mercury
contaminants entering the marine environment as run-off (Tirtaningtyas and Hennicke, 2015,
Watanuki et al., 2016). Frigatebirds are highly sensitive to disturbance (Weimerskirch et al.,
2004, Weimerskirch et al., 2010) and human visitation to breeding islands is believed to
have been a major factor in the demise of at least five breeding colonies in this area (de
Korte, 1989). Any management actions taken to protect important marine habitat in close
proximity to roosting islands should also extend protective measures onto the islands
themselves to reduce the potential for human-mediated disturbance. This approach will
reduce the potential for conservation gains that are made in marine areas to be undermined
by continued exposure to threats on land and vice versa.
Dispersal away from breeding colonies is a strategy that minimises competition for prey
resources (Ashmole, 1963). Typically, seabirds range over larger spatial extents when not
breeding than when constrained by the requirements of central place foraging during a
breeding attempt (Cherel et al., 2014). The tight relationship of optimum habitat to small
islands indicates that ranging over wide spatial extents is not required and individuals are
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capable of meeting their resource requirements using only a short-distance ranging strategy.
The utilisation of neritic habitats within an island archipelago contrasts with the behaviour of
non-breeding Great Frigatebirds from colonies in the western Indian Ocean. Weimerskirch et
al. (2016) tracked adult Great Frigatebirds at the conclusion of breeding and these
individuals spent extended periods of time ranging over pelagic waters of the central Indian
Ocean, not coming to land for weeks, or even months, at a time. Atmospheric conditions
were a key determinant of movements in that study with birds taking advantage of
favourable wind conditions to facilitate low cost movement. Wind speeds in the present study
region are low throughout the year (Suryan et al., 2008). At some locations within the study
region, wind speeds of <2 m.s-1 occur at least 50% of the time
(https://eosweb.larc.nasa.gov/cgi-bin/sse/global.cgi). Such low wind speeds could reduce the
flight efficiency of frigatebirds making wide-ranging foraging trips unprofitable (Furness and
Bryant, 1996). Under this scenario, nightly roosting and short foraging trips are a more
profitable strategy within the region, particularly given the high productivity of these neritic
locations compared to the open pelagic ocean (Umani, 1996, Hennicke et al., 2015).
Although CHL contributed very little information to MaxEnt models, this may have been
driven by an overabundance of resources (productivity) relative to requirements, as opposed
to limited productivity constraining frigatebirds to forage in only the most productive locations
to meet resource requirements. An abundance of resources may be the reason that seabirds
breeding as far afield as New Zealand (e.g. Hutton’s Shearwater (Lavers et al., 2014)) and
Japan (e.g. Streaked Shearwater (Watanuki et al., 2016)) are drawn to this region when not
breeding. Alternatively, CHL may not have accurately captured patterns of subsurface
chlorophyll concentration that may have been more important for determining habitat
suitability (Scott et al., 2010). Or the spatial distribution of suitable habitat may have changed
had we included derived variables such as fronts of CHL or SST in modelling. Frontal areas
are an important influence on the distribution of mobile marine vertebrates (Scales et al.,
2014a, Scales et al., 2014b). Similarly, the distribution of seabirds may be influenced by the
distribution of subsurface predators that drive prey to the surface where prey are accessible
to seabirds (Catry et al., 2009, Yamamoto et al., 2010). There are no relevant data sets that
cover the spatial distribution of subsurface predators across the study region. However, they
may have played a substantial role in determining the spatial configuration of suitable habitat
for frigatebirds.
The study region is becoming increasingly recognised for its importance to non-breeding
seabirds. Yet, the region is exposed to high cumulative impact and the level of impact
continues to increase (Halpern et al., 2008, Halpern et al., 2015b). Marine protected areas
are the primary tool used by marine conservation managers to limit exposure of marine
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biodiversity to threatening processes. The existing protected area network in the study
region includes 865 reserves that encompass marine areas with a total extent of 617199
km2. This equates to just 3.8% of the total marine area within the study region, well below
the target of 10% specified under Target 11 of the Convention on Biological Diversity
(Conference of the Parties, 2010). Furthermore, existing MPAs captured less than 6% of
optimal habitat for frigatebirds in all cases. If Target 11 is to be met, substantial additions
and expansions to the network are required. Targeted additions to the network that focus on
optimum habitat for non-breeding frigatebirds would likely improve conservation outcomes
for frigatebirds and many other species that depend on similar habitat. Areas identified as
optimal habitat for non-breeding frigatebirds overlapped with some of the region’s most
heavily impacted areas, particularly during the frigatebird breeding season. This suggests
there is potential to mitigate threats in optimal habitat to benefit conservation. Indonesian
territorial waters accounted for between 52.0 and 68.7% of optimal habitat for Great
Frigatebirds and Lesser Frigatebirds depending on the season. Territorial waters of all other
nations in the region accounted for less than 22.5% of optimal habitat in any season. This
suggests that management in Indonesia will be vital to protecting non-breeding frigatebirds
in this region. Indonesia’s Ministry of Marine Affairs and Fisheries, and Ministry of
Environment and Forestry will have a key role to play in initiating conservation action.
Measures such as reducing fishing pressure and gear restrictions that limit bycatch, reducing
environmental pollutants including marine plastic and metal contaminants, and increasing
public education to reduce direct persecution will be crucial measures to implement
(Tirtaningtyas and Hennicke, 2015, Watanuki et al., 2016). Similarly, limiting human access
to known roosting islands or, at the very least, restricting access to during daylight hours will
likely be important for ensuring adequate protection of important terrestrial sites.
The relationship between optimal habitat for non-breeding frigatebirds and proximity to small
islands provides the opportunity for conservation practitioners working in this region to
efficiently manage the environment for frigatebird conservation. New additions and
expansions of the existing MPA network in areas close to small islands, in combination with
limiting human-mediated disturbance on roosting islands, will be most relevant to achieving
these outcomes. Although a sizeable MPA network exists in this region, new areas will need
to be added to this network to meet international targets. Owing to the likelihood that
protected areas in close proximity to small islands will remain valuable habitat in the future,
protecting optimal habitat and enforcing regulations for this disturbance sensitive group
should become a high priority for conservation practitioners.
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Table 1 (Opposite). Environmental variables used as predictor variables to identify suitable
habitat for non-breeding frigatebirds.
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Environmental variable
Sea surface temperature
(SST)

Source
MODIS aqua satellite available at:
http://oceandata.sci.gsfc.nasa.gov/opendap/

Chlorophyll-α (CHL)

MODIS aqua satellite available at:
http://oceandata.sci.gsfc.nasa.gov/opendap/
ETOPO1 available at:
http://www.ngdc.noaa.gov/mgg/global/global.html
Derived from ETOPO1 available at:
http://www.ngdc.noaa.gov/mgg/global/global.html

Bathymetry (BAT)
Sea bed slope (SLOPE)

Distance to major
stream mouth (STREAM)

Derived from HydrSHEDS data set. Available at:
http://hydrosheds.org/download

Distance to small island
(ISLAND)
Distance to nearest reef
(REEF)

World Countries, Esri Data and Maps. Available from:
https://www.arcgis.com/home/item.html?id=3864c63872d84aec91933618e3815dd2
Derived from UNEP-World Conservation Monitoring Centre data set available at:
http://data.unep-wcmc.org/datasets/1

Description
Monthly averaged night time measurements of sea
surface temperature collected at a resolution of 4
km
Monthly averaged night time measurements of
chlorophyll-α collected at a resolution of 4 km.
Bathymetry at a 1 arc-minute resolution
The maximum difference between the depth of a
cell and all cells adjacent to it. Calculated at 1 arcminute resolution.
Minimum transit distance over water to the mouth
of a major stream. A major stream was defined as
the top 5% of watercourses based on extent of
up-stream area. The river network data used had
a resolution of 15 arc-seconds.
Minimum transit distance over water to an islands
with an area <1000 ha.
Minimum transit distance over water to a reef.
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Table 2. Comparison of the area of optimal habitat predicted for each species during
breeding and non-breeding seasons with the amount (and percentage) that optimal habitat
overlaps with existing marine protected areas (MPAs) (UNEP-WCMC, 2014) and areas
among the top 10th percentile in terms of cumulative human impacts (Halpern et al., 2015a).
Species

Season

Great Frigatebird

Breeding
Non-breeding
Breeding
Non-breeding

Lesser Frigatebird

Area of optimal
habitat
(1000 km2)
3844.7
2418.2
3667.7
2600.3

Overlap with
MPAs
(1000 km2)
193.9 (5.0%)
122.6 (5.1%)
139.6 (3.8%)
151.1 (5.8%)

Overlap with high
human impacts
(1000 km2)
507.4 (13.2%)
193.2 (8.0%)
788.7 (21.5%)
225.2 (8.7%)
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Table 3. Mean test AUC values derived from the 20% of data withheld from model training
for evaluating model performance.
Species

Season

Great Frigatebird

Breeding
Non-breeding
Breeding
Non-breeding

Lesser Frigatebird

Mean test AUC value (±
standard error)
0.701 (0.004)
0.824 (0.004)
0.720 (0.002)
0.826 (0.003)
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Figure 1. Study region displaying the area to which MaxEnt models were projected. Within
the main map, the black rectangle is the bounding box for all tracking data and represents
the extent from which 10,000 background environment points were selected for model
training of each model. Existing marine protected areas are shown by solid grey shading
(UNEP-WCMC, 2014). Underlying bathymetry is depicted by a gradient of grey with deeper
water appearing as darker grey. Inset shows the location of the study region with the black
rectangle representing the extent of the main map (i.e. the extent that MaxEnt models were
projected to).
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Figure 2. Persistence of dynamic environmental predictors for: high chlorophyll-α
concentration during (a) the breeding season and (b) non-breeding season; upper quartiles
of sea surface temperature during (c) the breeding season and (d) the non-breeding season;
and lower quartiles of sea surface temperature during (e) the breeding season and (f) nonbreeding season. Values approaching 18 during breeding seasons and four during nonbreeding seasons indicate the location was classified as high (a-d) or low (e and f) in most
months of the tracking period. Values close to zero indicate the location rarely fell into the
above classifications. Intermediate values indicate locations that changed classification
between months.
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Figure 3. Mean habitat suitability predictions resulting from 100 iterations of MaxEnt models
for: Great Frigatebirds during the (a) breeding season and (b) non-breeding season; and
Lesser Frigatebirds during the (c) breeding season and (d) non-breeding season.
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Figure 4. Mean results of Jackknife tests of variable importance for: Great Frigatebirds
during the (a) breeding season and (b) non-breeding season; and Lesser Frigatebirds during
the (c) breeding season and (d) non-breeding season. Black bars indicate the explanatory
power (in terms of training gain) when only the specified variable is included in the MaxEnt
model. Open bars indicate explanatory power when the specified variable is omitted from the
full model. Error bars depict standard error across all 100 model iterations of each case.
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CHAPTER SIX: DISCUSSION
Understanding divergent responses of species to environmental conditions and the use of
this information to inform conservation planning was a central tenet of this thesis. Using a
multi-faceted approach including stable isotope analyses, global positioning system tracking,
and direct identification of regurgitated prey remains, this research sought to provide
information on the interactions of Great Frigatebirds and Lesser Frigatebirds with their
marine environment. The findings of my research are of particular value given Chapter 2
indicated the study area was located in a region where knowledge on the interactions of
marine top predators with their environment is limited.
Mechanisms limiting competition for prey resources, including partitioning based on the type
of prey consumed and location of prey capture, as well as dispersal away from breeding
colonies, were identified in a heavily impacted region. Breeding, and the resultant pattern of
central place foraging, limited potential for spatial partitioning of resources between species
breeding at the same colony. However, spatial differences in the location of foraging were
identified between nearby colonies of the same species. Similarly, non-breeding individuals
exploited spatially distinct areas when compared with individuals undertaking breeding.
Together, these results demonstrate the challenges faced by tropical seabirds in acquiring
sufficient foraging resources whilst dealing with competition from other individuals that are
exploiting the same geographic region. Although research was limited to two closely related
species, conservation strategies informed by these findings are expected benefit other top
order marine predators that frequent the study region.
Differences in foraging ecology between species and populations suggest that resource
availability is limiting and partitioning of resources is required in order to meet requirements.
Challenges in meeting resource requirements leaves frigatebirds in these populations
susceptible to perturbations that impact upon lower trophic levels of the food chain.
Consequently, monitoring of frigatebird foraging ecology in this region is expected to be a
sensitive indicator of change in marine conditions. Monitoring of seabirds in this region was
identified as a priority for future research (Chapter 2). This recommendation was made
because of the limited number of spatial ecology studies that have been carried out in this
region despite the intensity of human impacts it has experienced. Chapter 2 also identified
many other regions that were either exposed to high cumulative human impact or supported
high seabird species richness, yet had received comparatively little research. If global
conservation targets are to be met, it is important that this disparity is redressed and
conservation research occurs where it is most needed (Chapter 2, Wilson et al., 2016).
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Effective conservation planning is underpinned by knowledge of the ecology of targets for
conservation action (González-Solís and Shaffer, 2009). In Chapters 3-5, I investigated
patterns of resource exploitation by frigatebirds to identify areas of importance for individuals
at different stages of the breeding cycle as well as determine key prey groups consumed.
For conservation efforts to be effective, it is essential that the interactions of frigatebirds with
threats in their environment are reduced (Margules and Pressey, 2000, Maxwell et al.,
2016). Results of Chapters 3-5 have important implications for conservation planning in this
region and may be extrapolated to inform management decisions in other locations where
populations of Great Frigatebirds and Lesser Frigatebirds occur. Spatial segregation of
foraging areas was not found to be a feature of the foraging ecology of Great Frigatebirds
and Lesser Frigatebirds breeding at the same colony. Nevertheless, stable isotope analyses
and identification of regurgitated prey remains indicated that differences in the prey
resources consumed play a role in facilitating co-occurrence of these two species (Chapter
3). Therefore, any conservation actions that aim to conserve both species can occur in the
same spatial locations, but these actions must aim to sustain or improve conditions that
support a diverse prey-base. In the case of Great Frigatebirds, population declines could
result from inappropriate fisheries management if higher trophic level prey species including
piscivorous species in the families Scombridae and Carangidae are fished unsustainably.
Prey with a high δ 15N value were found to be less important in the diet of Lesser
Frigatebirds. However, the dependence of frigatebirds on the activities of sub-surface
predators including tunas and cetaceans (Au and Pitman, 1986) will likely see indirect
benefits to Lesser Frigatebirds if fisheries management ensures harvest of a diverse suite of
species, including piscivorous scombrids and carangids, remains sustainable.
Whereas no spatial partitioning of foraging grounds was found between Great Frigatebirds
and Lesser Frigatebirds breeding at the same location, two nearby populations of Lesser
Frigatebirds were found to partition foraging resources spatially (Chapter 4). The two
colonies investigated had isotopic values indicating foraging occurred in the habitat type
most readily accessible to the respective colonies. The location of each colony in waters with
markedly different availability of the primary prey group, flying fish (Exocoetidae), was likely
responsible for observed differences in the composition of diet between sites. In addition to
highlighting the importance of environmental context to foraging ecology, these findings also
demonstrate that conservation actions must occur at spatially distinct locations relevant to
each colony to ensure adequate protection for both colonies. As the scale of Lesser
Frigatebirds colonies trigger designation as BirdLife International Important Bird Areas (IBAs)
at both locations, there is an imperative that activities with the potential to reduce prey
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availability are avoided, particularly at inshore locations, if these important populations are to
persist.
Limits to resource availability may have been responsible for the observed pattern of postbreeding dispersal away from the breeding range at the cessation of a breeding attempt. The
combined foraging activities of many individuals at large seabird colonies result in the
depletion of prey resources in the waters surrounding the colony (Ashmole, 1963, Furness
and Birkhead, 1984, Birt et al., 1987, Lewis et al., 2001). Despite the reduced prey
availability, the need to return to the colony to provision young or undertake incubation
duties generates an upper limit on the distance that a breeding individual is able to range
from the colony. Non-breeding individuals are not constrained by this requirement and are
able to range over wider spatial extents. Individuals of some species undertake global-scale
migrations that track the availability of food resources (González-Solís et al., 2007, Egevang
et al., 2010, Jessopp et al., 2013, Carey et al., 2014), whereas others expand their foraging
range into waters beyond that exploited when breeding (Cherel et al., 2007, Cherel et al.,
2008). In Chapter 5, I demonstrated that Great Frigatebirds and Lesser Frigatebirds
undertake a post-breeding dispersal away from breeding colonies in Australian territorial
waters. Non-breeding individuals exploited shallow, productive waters to the north in southeast Asia. By moving away from their breeding colonies, non-breeding individuals may
encountered reduced competition for foraging resources as the population of non-breeding
individuals spread its foraging activity over a wider geographical extent. Such large-scale
movements present a challenge to conservation managers owing to the need for effective
protective measures to be implemented and enforced across international borders (Fall,
1999, Duffy, 2006). Yet, my findings in Chapter 5 also highlight how the efficacy of any
conservation measures taken can be maximised. Optimal habitat for non-breeding
frigatebirds was closely associated with waters in proximity to small islands. Other factors,
such as the concentration of chlorophyll-α and sea surface temperature, that are often found
to be influential in determining the spatial distribution of seabirds (Guinet et al., 1997,
Grémillet et al., 2008) were of negligible or limited importance in determining habitat
suitability. Proximity to small island is a static variable, so there is considerable potential to
establish new marine protected areas or expand existing ones to include optimal habitat with
long-term benefits expected. Marine protected areas in the study region account for just
3.8% of total marine area. Hence, there exists substantial potential to increase the scale of
marine protected areas in this region, particularly given global marine protected area targets
of 10% by 2020 (Conference of the Parties, 2010). Within this region, seabirds are exposed
to many threats and entanglement in fishing gear and direct killing for food are known to
occur (Tirtaningtyas and Hennicke, 2015). Similarly, Streaked Shearwaters spending their
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non-breeding period in the South China Sea in the western part of the study region have
feather mercury concentrations approaching thresholds known to impair reproductive
performance (Watanuki et al., 2016). Threats such as these will need to be mitigated if
protection for frigatebirds is to be achieved throughout their year-round range. However,
achieving threat mitigation will be a complex challenge in this region. For example, the
practice of artisanal small-scale mining is increasing in many parts of this region with a
resultant increase in environmental mercury levels (Anderson, 2012, Ismawati, 2012,
Krisnayanti et al., 2012). Similarly, difficulties in enforcing compliance to environmental
regulations with regard to fishing practices have been documented (Campbell et al., 2012).
There is now a considerable body of literature relating to frigatebirds. However, some
aspects of the ecology of this group remain unknown. Within the present study region,
Chapter 4 identified the availability of prey as a potential influence on reproductive output. A
further investigation that includes other nearby colonies, such as inshore colonies at the
Lacepede Islands and Bedout Island and offshore colonies at Christmas Island and the
Cocos Keeling Islands, may provide further information on the importance of prey availability
for reproductive output. Chapter 5 identified parts of south-east Asia as important for nonbreeding frigatebirds. We are becoming increasingly aware of threats to the marine
environment in this region and mercury contamination is recognised as an emerging problem
(Watanuki et al., 2016). Whether frigatebirds are exposed to dangerous levels of mercury
during their non-breeding period is important information for conservation planners. Beyond
the present study region, frigatebirds from the western Indian Ocean use open ocean
habitats during the non-breeding period (Weimerskirch et al., 2016). This contrasts strongly
with the findings of Chapter 5 and raises questions about the drivers of these differences.
Further research at other locations would clarify typical spatial patterns of frigatebirds during
the non-breeding period. As is the case for most seabird resource partitioning studies, this
research was unable to determine whether observed partitioning was a result of interference
competition, exploitation competition, or simply caused by the two species foraging
preferentially on prey they were best adapted to exploit (Linnebjerg et al., 2013). At-sea
observation of foraging activity when both species are present may clarify the extent to
which exploitation competition influences prey capture.
In summary, my research highlights important deficiencies in geographic coverage within the
spatial ecology literature relating to seabirds. Moreover, it provides new insights into seabird
spatial ecology in an area that has received little previous study. In addition to documenting
patterns of spatial ecology for two species of frigatebirds, it also identifies dietary patterns.
Together, this multifaceted approach revealed differences among species and populations in
terms of both spatial and dietary partitioning of resources. Post-breeding dispersal was also
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identified as an important feature of the spatial ecology of these two species. These findings
have implications for conservation planning by highlighting priority locations for additions to
the marine protected area network as well as information on lower trophic order taxa that will
need to be considered in management planning if conservation actions are to be successful.
References
Anderson, C. 2012. Assessment of biogeochemical mercury cycling: Sekotong artisanal
mining area, Lombok, West Nusa Tenggara (WNT) Province, Indonesia
Ashmole, N. P. 1963. The regulation of numbers of tropical oceanic birds. Ibis, 103b, 458473.
Au, D. W. K. & Pitman, R. L. 1986. Seabird interactions with dolphins and tuna in the
Eastern Tropical Pacific. The Condor, 88, 304-317.
Birt, V. L., Birt, T. P., Goulet, D., Cairns, D. K. & Montevecchi, W. A. 1987. Ashmole's halo:
direct evidence for prey depletion by a seabird. Marine Ecology Progress Series, 40,
205-208.
Campbell, S. J., Hoey, A. S., Maynard, J., Kartawijaya, T., Cinner, J., Graham, N. a. J. &
Baird, A. H. 2012. Weak compliance undermines the success of no-take zones in a
large government-controlled marine protected area. PLoS ONE, 7, e50074.
Carey, M. J., Phillips, R. A., Silk, J. R. D. & Shaffer, S. A. 2014. Trans-equatorial migration of
Short-tailed Shearwaters revealed by geolocators. Emu, 114, 352-359.
Cherel, Y., Hobson, K. A., Guinet, C. & Vanpe, C. 2007. Stable isotopes document seasonal
changes in trophic niches and winter foraging individual specialization in diving
predators from the Southern Ocean. Journal of Animal Ecology, 76, 826-836.
Cherel, Y., Le Corre, M., Jaquemet, S., Menard, F., Richard, P. & Weimerskirch, H. 2008.
Resource partitioning within a tropical seabird community: new information from
stable isotopes. Marine Ecology Progress Series, 366, 281-291.
Conference of the Parties. Conference of the Parties Decision X/2: Strategic plan for
biodiversity 2011-2020. Conference of the Parties to the Convention on Biological
Diversity. Tenth meeting, 2010 Nagoya, Japan, 18-29 October 2010. Convention on
Biological Diversity.
Duffy, R. 2006. The potential and pitfalls of global environmental governance: the politics of
transfrontier conservation areas in Southern Africa. Political Geography, 25, 89-112.
Egevang, C., Stenhouse, I. J., Phillips, R. A., Petersen, A., Fox, J. W. & Silk, J. R. D. 2010.
Tracking of Arctic terns Sterna paradisaea reveals longest animal migration.
Proceedings of the National Academy of Sciences, 107, 2078-2081.
Fall, J. J. 1999. Transboundary biosphere reserves: a new framework for cooperation.
Environmental Conservation, 26, 252-255.
Page | 172

Furness, R. W. & Birkhead, T. R. 1984. Seabird colony distributions suggest competition for
food supplies during the breeding season. Nature, 311, 655-656.
González-Solís, J., Croxall, J. P., Oro, D. & Ruiz, X. 2007. Trans-equatorial migration and
mixing in the wintering areas of a pelagic seabird. Frontiers in Ecology and the
Environment, 5, 297-301.
González-Solís, J. & Shaffer, S. A. 2009. Introduction and synthesis: spatial ecology of
seabirds at sea. Marine Ecology Progeress Series, 391, 117-120.
Grémillet, D., Lewis, S., Drapeau, L., Van Der Lingen, C. D., Huggett, J. A., Coetzee, J. C.,
Verheye, H. M., Daunt, F., Wanless, S. & Ryan, P. G. 2008. Spatial match–mismatch
in the Benguela Upwelling Zone: should we expect chlorophyll and sea-surface
temperature to predict marine predator distributions? Journal of Applied Ecology, 45,
610-621.
Guinet, C., Koudilz, M., Bosts, C. A., Durbecz, J. P., Georges, J. Y., Mouchot, M. C. &
Jouventin, P. 1997. Foraging behaviour of satellite-tracked king penguins in relation
to sea-suriace temperatures. Marine Ecology Progress Series, 150, 11-20.
Ismawati, Y. 2012. Workshop on Sustainable ASGM Practices. Mataram, 9-11 February
2012 Indonesia. Mataram, Indonesia, Balifokus and IRC-MEDMIND.
Jessopp, M. J., Cronin, M., Doyle, T. K., Wilson, M., Mcquatters-Gollop, A., Newton, S. &
Phillips, R. A. 2013. Transatlantic migration by post-breeding puffins: a strategy to
exploit a temporarily abundant food resource? Marine Biology, 160, 2755-2762.
Krisnayanti, B. D., Anderson, C. W. N., Utomo, W. H., Feng, X., Handayanto, E., Mudarisna,
N., Ikram, H. & Khususiah 2012. Assessment of environmental mercury discharge at
a four-year-old artisanal gold mining area on Lombok Island, Indonesia. Journal of
Environmental Monitoring, 14, 2598-2607.
Lewis, S., Sherratt, T. N., Hamer, K. C. & Wanless, S. 2001. Evidence of intra-specific
competition for food in a pelagic seabird. Nature, 412, 816-819.
Linnebjerg, J. F., Fort, J., Guilford, T., Reuleaux, A., Mosbech, A. & Frederiksen, M. 2013.
Sympatric breeding auks shift between dietary and spatial resource partitioning
across the annual cycle. PLoS One, 8, e72987.
Margules, C. R. & Pressey, R. L. 2000. Systematic conservation planning. Nature, 405, 243253.
Maxwell, S. L., Fuller, R. A., Brooks, T. M. & Watson, J. E. M. 2016. Biodiversity: The
ravages of guns, nets and bulldozers. Nature, 536, 143-145.
Tirtaningtyas, F. N. & Hennicke, J. C. 2015. Threats to the critically endangered Christmas
Island Frigatebird Fregata andrewsi in Jakarta Bay, Indonesia, and implications for
reconsidering conservation priorities. Marine Ornithology, 43, 137-140.

Page | 173

Watanuki, Y., Yamashita, A., Ishizuka, M., Ikenaka, Y., Nakayama, S. M. M., Ishii, C.,
Yamamoto, T., Ito, M., Kuwae, T. & Trathan, P. N. 2016. Feather mercury
concentration in streaked shearwaters wintering in separate areas of southeast Asia.
Marine Ecology Progress Series, 546, 263-269.
Weimerskirch, H., Bishop, C., Jeanniard-Du-Dot, T., Prudor, A. & Sachs, G. 2016. Frigate
birds track atmospheric conditions over months-long transoceanic flights. Science,
353, 74-78.
Wilson, K. A., Auerbach, N. A., Sam, K., Magini, A. G., Moss, A. S. L., Langhans, S. D.,
Budiharta, S., Terzano, D. & Meijaard, E. 2016. Conservation research is not
happening where it is most needed. PLoS Biol, 14, e1002413.

Page | 174

APPENDIX

Page | 175

Page | 176

Page | 177

Page | 178

Page | 179

Page | 180

