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ABSTRACT 

Seabirds feed at high trophic levels and therefore are important indicators of marine ecosystem 

health. In this thesis, the year-round distribution, activity patterns and diet of Chatham Island 

brown skuas (Catharacta antarctica lonnbergi) were investigated – a population that is thought 

to be in decline. Firstly, a combination of light-based geolocation sensing and stable isotope 

analysis of feathers was used to investigate the non-breeding behaviour of brown skuas. By 

analysing data from 27 skuas that were tracked in two seasons (2015–16), it was shown that all 

tracked individuals dispersed throughout mixed subtropical-subantarctic and subtropical waters 

of the Chatham Rise between February and July. Interestingly, the duration of migration was 

reduced compared to brown skuas breeding at higher latitudes. Secondly, fine-scale movements 

and activity patterns of skuas were studied while at their breeding grounds, during incubation 

and early chick-rearing periods. By analysing 102 GPS tracks collected from 64 individuals in 

three seasons (2014–16), it was found that female and male skuas differed in their spatial 

distribution and diel activity levels. During the night, females mostly remained at the nest site, 

whereas males predominantly foraged on burrow-nesting petrels. Although both sexes spent 

equal times at the nest during the day, only females foraged over nearby farmland. Furthermore, 

the contribution of major prey species to the breeding season diet of brown skuas was estimated 

using a Bayesian stable isotope mixing model. Consistent with differences in movement, female 

and male brown skuas showed significant differences in their diet, a pattern that could be driven 

by differences in their parental roles. Finally, to test whether the skuas’ non-breeding 

distribution and diet during breeding have changed over time, stable isotope data of modern 

and museum feathers (1871–2016) and modern and historical blood samples (1987–2016) were 

compared. The findings indicate no major shifts in the non-breeding distribution of brown skuas 

over a 145 year period, but suggest that females shifted towards a more terrestrial breeding 
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season diet during the past 30 years, possibly as a response to changes in local farming practices 

and/or the marine ecosystem. 
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1 

General introduction 

1.1 Management and conservation of predators 

Top predators are indicators of ecosystem health and maintain biodiversity by controlling prey 

communities (Miller et al. 2001, Ripple et al. 2014). Top predators are in global decline, largely 

owing to the impacts of human activities on their habitats (McCauley et al. 2015). Importantly, 

the worldwide loss of top predators may have far-reaching effects on global ecosystem health 

and trophic cascades (Estes et al. 2011). In marine ecosystems, efforts are being made to protect 

predators via establishing marine protected areas. Such areas are intended to provide protection 

for marine organisms by preventing overexploitation by humans e.g., by restricting access to 

fisheries and oil extraction. Unfortunately, marine protected areas can be ineffective if 

resources for management and enforcement are limited (Rife et al. 2013). For far-ranging 

species, marine protected areas are more effective if species specific movement patterns are 

taken into account (Runge et al. 2015). This is particularly relevant for organisms that migrate 

between their breeding and feeding areas, which may increase risk of harmful interactions with 

humans e.g., ship strikes in whales (Peel et al. 2018) or incidental bycatch of seabirds by 

commercial fisheries (Weimerskirch et al. 2015a). 

 

1.2 Human-seabird conflict 

Seabirds are long-lived and highly mobile species and amongst the most threatened bird taxa 

(Croxall et al. 2012). Many seabird populations are currently experiencing declines in numbers 

with c. 30% of all species being globally Threatened and another 10% Near Threatened 
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(Croxall et al. 2012). Seabirds are facing threats in both marine and terrestrial habitats. These 

include invasive predators, environmental change, anthropogenic activities (e.g., fisheries 

bycatch, farming, and pollution). One of the major threats for seabirds are interactions with 

commercial fisheries. This is particularly evident in albatrosses (Diomedeidae), where 

hundreds of thousands of individuals are killed every year as incidental bycatch (Anderson et 

al. 2011, Pardo et al. 2017). Although albatrosses are the most popular example, many other 

species of mid-sized and large seabirds are incidentally caught by fisheries (Ryan & Boix-

hinzen 1999, Nel et al. 2002, Gianuca et al. 2017). Moreover, fisheries can alter the trophic 

structure in marine ecosystems (Pauly et al. 1998, Pauly & Palomares 2005), which ultimately 

affects seabirds and other marine predators. For example, a change in the diet of marbled 

murrelets (Brachyramphus marmoratus) is thought to have resulted in part from overfishing 

(Becker & Beissinger 2006). Overfishing can have negative consequences for the body 

condition of adult seabirds and the growth rates of their chicks (Cohen et al. 2014), which may 

ultimately reduce breeding success (Grémillet et al. 2008). Importantly, fishery waste and other 

anthropogenic resources can also alter the foraging behaviour and diet quality of seabirds 

(Grémillet et al. 2008, Navarro et al. 2009), with possible impacts on reproductive performance 

(Ward 1973, Blight et al. 2015). 

During the breeding season, seabirds have to visit land, and time and energy constraints 

are particularly strong during this part of their annual cycle, when foraging ranges are restricted 

to waters in the vicinity of the breeding colony (Burke & Montevecchi 2009). Human-seabird 

conflict can also occur in terrestrial systems, where human activities overlap with those of 

breeding seabirds, as is the case in urban environments or at agricultural sites (Furness & 

Monaghan 1987). Similar to terrestrial birds of prey, seabirds with a raptorial lifestyle (i.e., 

gulls, giant petrels and skuas) are often considered nuisance or pest species, and have been 

subject to ‘control’ actions. In North America and Northern Europe, the large scale culling of 
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gulls in combination with changes in food availability is thought to have contributed to a 

decline in populations in some species (Furness & Monaghan 1987, Anderson et al. 2016). 

However, other gull species have benefitted from their ability to adapt and now occur in high 

numbers (Furness & Monaghan 1987). Gulls have been subject to culling due to their perceived 

negative impact on the breeding performance of other birds (Magella & Brousseau 2001) and 

risk to public health (Monaghan et al. 1985, Hatch 1996). In New Zealand, southern black-

backed gulls (Larus dominicanus), although a native species, are subject to culling due to a 

perceived threat to nesting terns and waders (Stein 2010, Steffens et al. 2012). They are not 

protected under the New Zealand Wildlife Act and are widely considered pests. Although less 

abundant than gulls, skuas often have a bad reputation where they overlap with farming 

activities and have been subject to culling (e.g., great skuas Catharacta skua, Furness 1987). 

 

1.3 Key questions in seabird conservation research 

Due to the many threats and the global decline of seabird populations, Lewison et al. (2012) 

highlighted six priority research areas to guide seabird conservation research. These research 

areas are i) population dynamics (i.e., the study of factors that affect populations), ii) spatial 

ecology, iii) trophic ecology, iv) interactions with humans, v) environmental change, as well 

as vi) management of anthropogenic effects on seabird populations. Although the findings of 

my thesis have implications that fall within each of these six categories, my chapters will 

directly address three of these priority research areas, namely spatial ecology, trophic ecology 

and environmental change. These three research areas have benefited strongly from modern 

sampling and analysis techniques, which are briefly outlined below. 
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1.3.1 Spatial ecology 

The relatively new field of movement ecology has improved our understanding of why, how, 

when and where animals move (Nathan et al. 2008). While size, weight and battery limitations 

have previously confined tracking to very large organisms (Rempel et al. 1995), the 

miniaturization of devices now allows for tracking of smaller and highly mobile species, 

including seabirds (Weimerskirch et al. 1993, Phillips et al. 2004a, Rayner et al. 2015, Hays et 

al. 2016). Tracking technology can serve as a powerful tool for the management and 

conservation of seabirds. Tracking can be used to determine their distribution during long-

distance migration and during single foraging trips (Shaffer et al. 2006, Egevang et al. 2010, 

Freeman et al. 2010, Kopp et al. 2011, Zhang et al. 2019). When integrated with oceanographic 

and remotely sensed data (e.g., chlorophyll, sea surface temperature), tracking can identify 

habitat features that are regularly targeted by seabirds (Gonzáles-Solís 2009). Furthermore, 

when combined in meta analyses, tracking data can inform management and conservation 

decisions by identifying foraging and biodiversity hotspots, and where these overlap with 

fisheries activities (Waugh et al. 2012, Lascelles et al. 2016). 

 

1.3.2 Trophic ecology and environmental change 

In addition to tracking technology, stable isotope analysis constitutes an effective and 

affordable tool to study the distribution and diet of seabirds (Quillfeldt et al. 2005, Masello et 

al. 2013). Modern stable isotope mixing models allow for estimating the proportional 

composition of diet (Anderson et al. 2009, Lavoie et al. 2012, Masello et al. 2013), which can 

complement existing information from conventional diet analyses (Morgenthaler et al. 2016). 

Because they feed at high trophic levels, some seabirds have been suggested to serve as 

indicators of changes in the marine environment (Furness & Camphuysen 1997, Piatt et al. 

2007). If long-term datasets are available (e.g., from museum specimen) stable isotope analysis 
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can be used to detect changes in the distribution and diet of seabirds (Norris et al. 2007, 

Quillfeldt et al. 2010a, Cherel et al. 2014, Grecian et al. 2016), as well as system shifts 

(Weimerskirch et al. 2003). For example, Hilton et al. (2006) used stable isotope analysis of a 

historical set of feather samples from rockhopper penguins (Eudyptes chrysocome) to 

investigate changes in their diet. The authors found that values of 13C in modern samples were 

decreased compared to historical samples, and suggested that this was indicative of a reduction 

in primary productivity of the ecosystem. Anthropogenic resources can also alter the diet of 

seabirds, particularly where their distributions overlap with that of humans. Stable isotope 

analysis of historical and modern samples suggest that anthropogenic food sources are 

associated with changes in the diets of gulls (see e.g., herring gull Larus argentatus, Hebert et 

al. 1999; glaucous-winged gull Larus glaucescens, Blight et al. 2015).  

 

1.4 The skuas 

Skuas (Family Stercocariidae) are predatory seabirds with a raptorial lifestyle. There are seven 

recognised species of skua. Four species breed in the Northern Hemisphere: the great skua 

(Catharacta skua) and the three smaller species Arctic skua (Stercocarius parasiticus), long-

tailed skua (S. longicaudus) and pomarine skua (S. pomarinus). While great skuas are restricted 

to subarctic and Arctic breeding colonies in the North Atlantic, the three smaller species show 

circumpolar breeding distributions in the Arctic and Subarctic (Furness 1987).  

Three species of skua (i.e., south polar skua (C. maccormicki), Chilean skua (C. 

chilensis) and the brown skua (C. antarctica) breed in the Southern Hemisphere. The breeding 

distribution of south polar skuas is restricted to the Antarctic continent as well as the Antarctic 

Peninsula and adjacent islands. Chilean skuas breed only along the southern coasts of Chile 

and Argentina. The brown skua is divided into the three sub-species Falkland skua C. a. 
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antarctica, Tristan skua C. a. hamiltoni and C. a. lonnbergi, the latter is commonly referred to 

as brown skua. 

 

1.4.1 Spatial and trophic ecology of skuas during the non-breeding period 

Little is known about the ecology of skuas during the non-breeding period. Skuas generally 

leave their territories after breeding to moult and regain energy for reproduction (Furness 

1987). Until recently, this has impeded thorough studies of their non-breeding distribution. 

However, during the past two decades, light-based geolocation loggers have enabled scientists 

to track the non-breeding movements of skuas (Table 1). The non-breeding distribution of great 

skuas was first characterised by Magnusdottir et al. (2012), who found that great skuas from 

colonies in Scotland wintered off northwest Africa and southern Europe, while those from 

Iceland and Norway wintered off Canada. South polar skuas from different colonies in 

Antarctica showed trans-equatorial northwards migrations wintering in tropical waters of the 

Indian Ocean and temperate waters of the North Pacific (Weimerskirch et al. 2015b) as well as 

in North Pacific and North Atlantic waters (Kopp et al. 2011). Phillips et al. (2007) first 

described the non-breeding patterns of brown skuas. Using a combination of geolocation 

tracking and stable isotope analysis, the authors showed that brown skuas from South Georgia 

departed from their territories after breeding, dispersing throughout waters between the 

Subtropical Front and the Subantarctic Front. Furthermore, stable isotope analysis of feathers 

suggested that skuas fed on a mixed diet of zooplankton, small fish and squid (Phillips et al. 

2007). Antarctic and subantarctic populations of brown skua have since been thoroughly 

studied in terms of their year-round distribution, activity patterns and diet (Table 1). While it 

was suggested that skuas breeding at temperate sites may remain resident at the colony during 

the nonbreeding period (Hemmings 1990), no detailed study of the non-breeding distribution, 

diet and activity patterns of brown skuas breeding at lower latitudes has been published. 
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1.4.2 Spatial and trophic ecology of skuas during the breeding period 

Skuas are agile predators that can pursue, kill or kleptoparasitise other seabirds. Their diet also 

includes seal carrion, fish and marine invertebrates (Hemmings 1990, Phillips et al. 1997, 

Phillips et al. 2004b, Malzof & Quintana 2008, Anderson et al. 2009). Skuas are opportunistic 

foragers and facultative scavengers and readily take advantage of anthropogenic resources, for 

example introduced rodents, carrion and offal from sheep (Bayes et al. 1964, Furness 1987, 

Moncorps et al. 1998). Where their foraging ranges overlap with agricultural activities, skuas 

at times become the target of farmers and are shot, especially during lambing periods (Furness 

1987, Young 1999). Although skuas are thought to attack lambs on rare occasions, scavenging 

on sheep offal and placentae is likely to be a more common behaviour (Furness 1987).  

The global distribution, longevity and large body size of skuas makes them good 

candidates for studying long-term patterns in the spatial distribution and trophic ecology of 

predatory seabirds. Skuas have therefore received considerable attention in terms of their year-

round distribution and diet, involving tracking technologies and stable isotope analysis of 

different tissues (Table 1). It was only recently, that movements of skuas during breeding were 

described in detail using GPS-tracking technology (Carneiro et al. 2014, 2015). These studies 

revealed that brown skuas spent c. 80% of their time at the territory. Although foraging took 

place exclusively on land during incubation and early chick-rearing, skuas foraged at sea during 

late chick-rearing, when food availability on land decreased. Although the great skuas of the 

Northern Hemisphere have been more extensively studied than those of the Southern 

hemisphere, surprisingly little is known about their movements. There are to date only two 

published studies characterising fine-scale movements of great skuas during the breeding 

season (Wade et al. 2014, Jakubas et al. 2018). These tracking studies confirm differences in 

foraging behaviour of brown and great skuas, with the latter foraging predominantly at sea and 
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the former mainly feeding on land (Carneiro et al. 2014, Jakubas et al. 2018), although brown 

skuas foraged at-sea late in the breeding season (Carneiro et al. 2015).  

Like terrestrial raptors, skuas show a reversed sexual dimorphism (females are larger 

than males; Furness 1987). The evolution of reversed sexual dimorphism in raptors, owls and 

skuas has hotly highly debated, but a common consensus is that it might be linked to the 

behavioural ecology of predatory birds (Anderson & Norberg 1981, Lundberg 1986, Catry et 

al. 1999). Consequently, it could be expected that female and male skuas show differences in 

their foraging behaviour or diet. However, despite the size difference most studies that tested 

for differences between the sexes did not find noticeable differences in movement or diet 

(Anderson et al. 2009, Carneiro et al. 2014, 2015, Jakubas et al. 2018). One exception were 

female and male long-tailed skuas from the Canadian Arctic, which showed differences in 

stable isotope signatures indicative of differences in their diet (Julien et al. 2014). 

 

1.5 A temperate population of brown skuas 

Brown skuas (Māori name: hākoakoa) show a wide latitudinal breeding distribution 

(Furness 1987), ranging from the Antarctic peninsula (c. 64°S) as far north as the temperate 

Chatham (44ºS) and Amsterdam (38°S) Islands (Fig. 1). Although extensively studied at 

Antarctic and subantarctic colonies, relatively little is known about the spatial distribution and 

trophic ecology during breeding and non-breeding periods of brown skuas from temperate sites 

(but see Young et al. 1988, Hemmings 1990).  

The Chatham Islands lie within the northern margins of the breeding distribution of 

brown skuas. They are home to a range of rare and endemic seabirds including Chatham petrel 

(Pterodroma axillaris), Chatham Island taiko (P. magentae), and Chatham Island albatross 

(Thalassarche eremita). They are also a key breeding site for brown skuas in New Zealand. 

The archipelago is located c. 800 km east of New Zealand’s South Island and is part of the 
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Chatham Rise, a region of seasonal peaks in primary productivity (Boyd et al. 2004; Fig. 1). 

The brown skua population at the Chatham Islands is relatively small (~100 breeding pairs, 

Young 1999) compared to populations breeding at higher latitudes (e.g., 467 pairs breed on 

Bird Island, South Georgia; Phillips et al. 2004b). Numbers are also small compared to those 

of Falkland skuas (333 pairs breed on New Island, Falkland Islands; Catry et al. 2011) and 

Tristan skuas (~2000 pairs breed on Gough Island; Furness 1987). 

South East Island, Chatham Islands consistently has c. 40 to 45 breeding territories of 

brown skua (Young 1994, 1999). The small (218 ha) island is covered in native bush and, apart 

from a few inland sites, skuas breed around the island’s periphery, which is free of vegetation 

(Fig. 2). Although the number of breeding territories has remained relatively constant, a recent 

decline in the number of non-breeding brown skuas and communally breeding groups (three or 

more birds sharing one nest), likely indicate a decline in the brown skua population from South 

East Island. This is consistent with other studies that found a decline in the population number 

and breeding success of Falkland skuas (Catry et al. 2011) and south polar skuas breeding on 

King George Island, South Shetland Islands (Krietsch et al. 2017). At the Chatham Islands, this 

has raised concerns in the New Zealand Department of Conservation about the long-term 

viability of brown skuas. The breeding period of brown skuas (c. September–January) overlaps 

with the lambing season and, although generally protected under the New Zealand Wildlife 

Act, an unknown number of birds are legally shot every year. Despite extensive studies on the 

breeding ecology of the Chatham Island brown skua population from the 1970s to the 1990s 

(Young 1978, 1994, Hemmings 1990, Millar et al. 1994), little is known about the distribution, 

activity patterns and diet of brown skuas during non-breeding and breeding-periods (but see 

Young 1978, 1994). The only existing report about the wintering behaviour of Chatham Island 

brown skuas suggests that they were resident on the Chathams year-round (Hemmings 1990). 

However, this is inconsistent with more recent observations by New Zealand Department of 
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Conservation staff, who found that skua territories on South East Island were deserted during 

winter. Furthermore, information about movements and diet of skuas during the breeding 

season is scarce. South East Island is close (c. 2.5 km) to Pitt Island, which is farmed. Although 

skuas are regularly seen on Pitt Island, it is unclear how much time they spend in this habitat. 

However, this information is important for our understanding of the ecology of Chatham Island 

brown skuas and for assessing potential impacts of shootings and the availability of 

anthropogenic resources on this population.  

 

1.6 Thesis aims  

The aim of this thesis was to investigate the i) spatial distribution, ii) trophic ecology and iii) 

long-term trends in the distribution and diet of brown skuas from the Chatham Islands. An 

integrated approach (stable isotope analysis and tracking) was used to investigate the non-

breeding and breeding ecology of brown skuas over three seasons (2014–16). Furthermore, 

stable isotope analyses of blood and feather tissues were used to investigate long-term trends 

in the distribution and trophic ecology of brown skuas. This is the first detailed study of the 

movement and diet of Chatham Island brown skuas during non-breeding and breeding periods. 

It builds on existing knowledge about brown skuas breeding on the Chatham Island, 

populations breeding in Antarctic and subantarctic regions, as well as other skua species 

breeding throughout the Northern and Southern Hemispheres.  

In Chapter 2, the non-breeding patterns of brown skuas from the Chatham Islands are 

explored. Data on the movement and activity patterns of 27 individual brown skuas were 

collected over two non-breeding periods using combined light- and saltwater immersion 

loggers. This thesis chapter provides the first quantitative assessment as to whether brown 

skuas from the Chatham Islands are resident or migratory. Furthermore, using stable isotope 
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analysis of feathers, fundamental information on the diet of skuas during the non-breeding 

period is provided. 

In Chapter 3, the movement and activity patterns during the breeding season are 

investigated based on high-resolution GPS tracking data. A total of 102 GPS tracks from 64 

individuals were collected during three consecutive breeding seasons (2014–16). The data were 

analysed using measures of activity and habitat use, and the findings are discussed in terms of 

parental roles, sexual dimorphism and the environmental context. 

In Chapter 4, the contribution of different prey items to the breeding season diet of 

brown skuas is investigated using a stable isotope mixing model. Furthermore, repeatability 

analysis is used to test for individual consistency in diet.  

In Chapter 5, long-term trends in skua diet during non-breeding and breeding periods 

are studied. To test for changes in the non-breeding distribution and diet of skuas, trends in 

stable carbon and nitrogen isotopes from modern and museum feather samples spanning a 

period of 145 years (1871–2016) are analysed. Furthermore, potential shifts in the diet of brown 

skuas during the breeding season are explored using stable isotope analysis of modern and 

historical blood samples that were collected on South East Island over a 30 year period (1987–

2016). 

The findings of this thesis highlight the value of combining modern technology with 

long-term data sets for investigating the foraging behaviour of seabirds. The fundamental 

information that was collected in this study improves our understanding of the Chatham Island 

brown skua population in terms of the distribution, activity patterns and diet and how such 

patterns vary between females and males. The findings have important implications for the 

management and conservation of Chatham Island brown skuas and further the understanding 

of the factors that contribute to sexual differences in the movement patterns and diets of other 

predatory seabirds such as gulls, giant petrels and other skua species.  
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1.7 TABLES AND FIGURES 

Table 1 Summary of studies that have used tracking technology or stable isotope analysis to 

investigate the spatial distribution and trophic ecology of skuas during non-breeding and 

breeding periods. 

     
  Spatial ecology Trophic ecology  

Species Non-breeding Breeding Non-breeding Breeding 
 

 
Great skua 

Catharacta  
skua 

Magnusdottir et 
al. 2012 

Jakubas et al. 
2018 

Wade et al. 2014 

Leat et al. 
2013 

Bearhop et 
al. 2001 

 

 
Arctic skua 

Stercocarius 
parasiticus 

Rypdal 2018 - Rypdal 2018 - 

 

 
Long-tailed skua 

Stercorarius 
longicaudus 

Gilg et al. 2013 

Van Bemmelen et 
al. 2017 

Sittler et al. 2011 

- - 
Julien et al. 
2014 

 

 
Pomarine skua 

Stercorarius 
pomarinus 

- - - - 

 

 
South polar skua 

Catharacta 
maccormicki 

Weimerskirch et 
al. 2015b 

Kopp et al. 2011 

Swärd 2014 
Weimerskirch 
et al. 2015b 

- 

 

 
Chilean skua 

Stercorarius 
chilensis 

- - - - 

 

 
Brown skua 

Catharacta 
antarctica 

Phillips et al. 
2007 

Carneiro et al. 
2016 

Krietsch et al. 
2017 

Delord et al. 2018 

Schultz et al. 
2018 

Carneiro et al. 
2014, 2015 

Phillips et al. 
2007 

Anderson et 
al. 2009 
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Fig. 1 Breeding distribution of brown skuas (Catharacta antarctica lonnbergi) and related 

forms on the Falkland and Tristan de Cunha Islands. Most breeding colonies (orange fill) are 

located at Antarctic and subantarctic latitudes. A few populations breed north of the Subtropical 

Front at the temperate Tristan da Cunha, Chatham (black star) and Amsterdam Islands. 
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Fig. 2 Breeding territories (black star) of brown skuas (Catharacta antarctica lonnbergi) on 

South East Island, Chatham Islands. Non-breeding skuas are located at a club site (grey ellipse) 

in an area called the ‘Clears’, which is free of large vegetation. The coastal rock platform (grey 

fill) and native bush (green fill) are shown. 
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2.1 ABSTRACT  

Brown skuas Catharacta antarctica lonnbergi breed across a broad latitudinal range from the 

Antarctic to temperate regions. While information on the non-breeding distribution and 

behaviour for Antarctic and subantarctic populations is known, no data exist for populations 

breeding at temperate latitudes. We combined geolocation sensing and stable isotope analysis 

of feather tissue to study the non-breeding behaviour of brown skuas from the temperate 

Chatham Islands, a population that was historically thought to be resident year-round. Analysis 

of 27 nonbreeding tracks across 2 winters revealed that skuas left the colony for a mean 

duration of 146 d, which is 64% of the duration reported for Antarctic and subantarctic 

populations from King George Island, South Shetland Islands, and Bird Island, South Georgia. 

Consistent with populations of brown skuas from Antarctica and the Subantarctic, the 

distribution was throughout mixed subtropical−subantarctic and shelf waters. Stable isotope 

analysis of 72 feathers suggests that moulting takes place over mixed subtropical−subantarctic 

and subtropical shelf waters. We conclude that brown skuas from the Chatham Islands are 

migratory, but the year-round mild environmental conditions may reduce the necessity to leave 

their territories for extended periods. 
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2.2 INTRODUCTION 

Seabirds are apex predators that feed at high trophic levels in marine ecosystems. 

Typically, they spend most of the year over the open ocean and come to land only for a few 

months to breed and raise offspring (Brooke 2004). During the non-breeding period, seabirds 

forage to obtain resources required for moult, often migrating large distances between breeding 

and non-breeding grounds (Shaffer et al. 2006, Egevang et al. 2010). The ability of seabirds to 

travel long distances and the accessibility of their colonies during the breeding season makes 

them important indicators of ecosystem health, which is critical for management of marine 

protected areas (Piatt et al. 2007, Einoder 2009). Investigating species-specific migratory 

patterns is important for understanding the natural history and demography of seabirds, 

including the localisation of foraging hotspots (Burger & Shaffer 2008, Lascelles et al. 2016). 

However, until recently, the mobility of seabirds has impeded thorough studies of their at-sea 

behaviour and migration routes. Advances in key technologies and the corresponding 

miniaturization of tracking devices have enabled researchers to follow the movements of far-

ranging seabirds (Weimerskirch et al. 1993, Phillips et al. 2004a), including the trans-equatorial 

migrations of sooty shearwaters (Puffinus griseus) and Arctic terns (Sterna paradisaea) 

(Shaffer et al. 2006, Egevang et al. 2010). Seabirds offer opportunities to study intra- and inter-

population differences in migratory behaviour (Kopp et al. 2011, Weimerskirch et al. 2015a). 

For example, Weimerskirch et al. (2017) observed variation in the non-breeding movements 

of great frigatebirds (Fregata minor) ranging from residency to long-distance migration. While 

frigatebirds were studied at similar latitudes, seabirds that breed across a wide geographic range 

allow investigation of migratory patterns at different latitudes. 

Brown skuas (Catharacta antarctica lonnbergi) have a circumpolar breeding 

distribution ranging from 64°S in the Antarctic to 38°S at the subtropical Amsterdam Islands. 

Populations breeding at high latitudes in Antarctica and the Subantarctic migrate during the 
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non-breeding period. Non-breeding routes of skuas from Bird Island, South Georgia and King 

George Island, South Shetland Islands have consistently showed a northwards trend towards 

subantarctic and subtropical waters (Phillips et al. 2007, Carneiro et al. 2016, Krietsch et al. 

2017). In contrast, the non-breeding distribution of brown skuas from the subantarctic 

Kerguelen and Crozet archipelagos showed high inter-individual variability, ranging from 

subantarctic to subtropical and tropical latitudes, and their duration of migration was shorter 

than that of Antarctic populations (Delord et al. 2018). To date, no detailed study on brown 

skua from temperate latitudes has been published, but it has been suggested that some 

individuals may remain at their colonies throughout the year (Hemmings 1990). Here, we 

investigate for the first time the non-breeding behaviour in a temperate population of brown 

skuas from the Chatham Islands. The archipelago is located just north of the Subtropical Front 

and is characterized by a mild austral winter with mean annual air temperatures ranging from 

11 to 12°C (Pearce 2016). While their breeding ecology has been well characterised, little is 

known about their non-breeding behaviour (but see Hemmings 1990). Brown skuas breeding 

on South East Island, Chatham Islands, were reported to be year-round residents (Hemmings 

1990), but more recent observations indicate that skua territories were mostly deserted during 

winter. Only between one and eight skuas were observed on South East Island during eight 

separate winter visits between 3 March and 5 June, from 2013 to 2017, and some of these skuas 

were positively identified as juvenile birds (T. Bliss pers. comm.).  

The aim of this study was to shed light on the natural history of the Chatham Island 

brown skua during the non-breeding period. By combining tracking data obtained via light-

based geolocation devices with stable isotope analysis of feathers, we investigated their 

migration schedules, geographic distribution, key aspects of at-sea behaviour and diet. Given 

what is known about the non-breeding behaviour of other brown skua populations from 

Antarctica and the Subantarctic, we hypothesize that brown skuas from the Chatham Islands 
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would leave their territories after the breeding season. Due to the reduced seasonality at this 

temperate breeding location, we further hypothesize that the extent of migration (i.e., duration 

and distance travelled) would be reduced compared to populations of brown skuas breeding at 

higher latitudes. 

 

2.3 MATERIALS AND METHODS 

2.3.1 Field methods 

Fieldwork was conducted on South East Island (44°20’S, 176°10’W) in the Chatham Island 

archipelago (Fig. 1) in three consecutive brown skua breeding seasons (2014–16), during 

incubation and early chick-rearing periods (October to December). There are c. 100 breeding 

individuals of brown skua on South East Island, with a total of c. 200 on the Chatham Islands, 

New Zealand. Breeding adults were captured within their territories using a hand net. Blood 

(~200µl) was sampled from the tarsal vein using sterile syringes for molecular identification 

of sex (Griffiths et al. 1998) and stable isotope analysis.  

 

2.3.2 Deployment, settings and retrieval of geolocators 

A total of 56 global location sensing immersion loggers (Intigeo-C250; Migrate Technology 

Ltd, henceforth referred to as ‘geolocators’) were deployed on 30 breeding skuas in 2014 and 

on 26 different breeding individuals in 2015. Geolocators were attached to a metal leg band 

using a weatherproof cable tie and a thin layer of self-amalgamating tape. The total load of the 

tracking device and attachment materials was 7.3 g, equating to <0.01% of mean adult body 

weight. Geolocators were set to mode 11, measuring light-levels at 1-minute intervals, and 

saving the maximum recorded value every 10 minutes. In addition, geolocators tested for 

saltwater-immersion every 30 seconds and stored the cumulative counts of ‘wet’ every 10 

minutes. Devices were configured to not detect freshwater immersion. 
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We retrieved a total of 27 functioning geolocators containing data from 10 females and 

17 males (Table S1). In October 2015, we retrieved 13 (43%) of the 30 geolocators that had 

been deployed in 2014. All 13 recovered geolocators were functional, enabling us to download 

their light and immersion data. In the following breeding season (2016), we retrieved 20 (79%) 

geolocators, out of which 6 had malfunctioned after deployment. The 14 remaining geolocators 

were included in light-level analysis. Three geolocators showed artefacts in their saltwater 

immersion data and were excluded from the analysis of at-sea activity patterns. Out of the 27 

tracked skuas, 21 had bred successfully during the previous breeding season (Table S1). 

 

2.3.3 Light-level analysis 

The R package ‘BASTag’ (Wotherspoon et al. 2016) was used to select twilight events in light- 

level data from each geolocator. The light intensity threshold was set to 1.5, which is the 

recommended value for Intigeo geolocators from Migrate Technology (Rakhimberdiev et al. 

2016). Twilight periods with strong shading events were excluded from further analysis. 

Subsequently, light-level data were analysed in the R package ‘FLightR’ (Rakhimberdiev et 

al. 2017). The hidden Markov chain model of ‘FLightR’ combines a physical ‘template fit’ 

approach (Ekstrom 2007) and a movement model (uncorrelated random walk) in conjunction 

with a particle filter to estimate posterior locations. ‘FLightR’ then determines the most likely 

track consisting of up to two location estimates per day. We defined a spatial mask based on 

prior locations derived from simple threshold analysis, but we did not use land or behavioural 

masks. We used the ‘rooftop’ method (Lisovski et al. 2012) to create a calibration object for 

each geolocator. Light-level analyses were restricted to the non-breeding period, including data 

that were collected during the equinoxes. 
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2.3.4 Characterisation of migratory patterns 

Non-breeding periods for individual skuas (departure-/arrival-dates, and duration) were 

inferred visually from saltwater immersion data using the R package ‘BASTag’ (Wotherspoon 

et al. 2016; see Text S1 in the supporting information for details). Maximum distances of 

individuals from the breeding colony (great-circle distances between each location and the 

colony) were calculated using the R package ‘trip’ (Sumner 2016). For each individual, total 

distances of non-breeding movements were calculated as summed great circle distances 

between consecutive locations. 

 

2.3.5 Delineation of the non-breeding distribution 

Individual kernel utilisation distributions (UDs) were calculated in a Lambert Equal Area 

projection centred on South East Island, using the R package ‘adehabitatHR’ (Calenge 2006). 

Cell size and bandwidth parameters were set to 50 and 100 km, respectively, to account for the 

grid resolution and approximate error of the ‘FLightR’ model. To calculate a pooled UD of all 

tracked skuas, while accounting for individual differences in tracking duration, all 27 

individual UDs were stacked, and averaged (Clay et al. 2016). Core non-breeding areas were 

defined by the 25 and 50% UD contours. We followed a terminology similar to Phillips et al. 

(2009) to delineate the oceanic non-breeding areas: subtropical for waters north of the 

Subtropical Front, mixed subtropical-subantarctic for the oceanic region between the 

Subtropical Front and Subantarctic Front, subantarctic for water masses between the 

Subantarctic Front and the Antarctic Polar Front, and Antarctic for the oceanic regime south of 

the Antarctic Polar Front. Neritic waters in proximity of continental shelf and shelf slopes were 

termed shelf. We used latitudinal isoscapes as proposed by Phillips et al. (2009) for the South 

Atlantic Ocean and by Jaeger et al. (2010) for the Indian Ocean to describe oceanic non-

breeding areas based on stable carbon and nitrogen isotope ratios from feather tissue. 
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2.3.6 Stable isotope analyses 

Blood and feather samples were analysed for stable carbon (13C/12C, expressed as 13C) and 

nitrogen (15N/14N expressed as 15N) isotopes. Avian blood samples reflect diet integrated over 

2-4 weeks prior to sampling (Hobson & Bairlein 2003) and therefore, when collected from 

nesting birds, reflect breeding season diet. In contrast, feathers are metabolically inert and 

hence stable isotopes indicate the latitudinal origin (13C) and composition (15N) of the 

seabirds’ diet during their non-breeding moult (Cherel et al. 2000). 

The tip of the outermost right rectrix was sampled from breeding adults for analysis of 

stable isotopes in each of the three breeding seasons (2014 to 2016). Brown skuas moult 

primarily post breeding, while away from the colony (Furness 1987). We did not find moulting 

birds during three breeding seasons and signs of primary moult in this population have not been 

observed before mid-January (A. Hemmings, pers. comm.). Therefore, assuming similar 

timings of primary and tail feather moult, the majority of the sampled rectrices were likely 

grown during the non-breeding period. We acknowledge however that, since moulting in 

brown skua has not been well characterised, isotope signatures from some feathers may reflect 

pre- or post-breeding periods (see Text S2 in the supporting information for additional details). 

Rectrices from 61 individuals were analysed for stable carbon and nitrogen isotopes: 

27 skuas that were successfully tracked during their non-breeding migration, and 34 individuals 

that had not been tracked. Feathers from 11 individuals were analysed across two different non-

breeding periods. In addition, blood samples from 68 nesting adults were analysed to serve as 

a reference for breeding season diet. Sample preparation for analysis of stable isotopes was 

performed as described in Ismar et al. (2014). In brief, feathers were first rinsed with 70% 

ethanol, then dried and homogenised using sterile stainless-steel scissors. Blood samples were 

freeze dried overnight and then homogenised within the sampling tube using a rounded spatula. 

Subsequently, 0.75 to 0.85 mg of homogenized material was transferred into tin capsules. 
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Stable isotope analyses were carried out on a Delta V Plus continuous flow isotope ratio mass 

spectrometer linked to a Flash 2000 elemental analyser using a MAS 200 R autosampler 

(Thermo-Fisher Scientific, Bremen, Germany) at the National Institute for Water and 

Atmospheric Research (NIWA) Environmental Stable Isotope Laboratory in Wellington (see 

Text S3 in the supporting information for details).  

To identify the spatial distribution and diet of brown skuas during the non-breeding 

period, a hierarchical cluster analysis was performed on δ13C and δ15N values using Ward’s 

method implemented in the R package ‘cluster’ (Maechler et al. 2017). To test whether 

individuals belonging to cluster I or II differed in their non-breeding distributions, we generated 

individual UDs (25%) and calculated the pairwise overlaps between UDs of all 27 individuals 

(Bhattacharyya’s affinity index), using the R package ‘adehabitatHR’ (Calenge 2006). 

Subsequently, we performed an analysis of similarities (ANOSIM) implemented in the R 

package ‘vegan’ (Oksanen et al. 2017) on the pairwise Bhattacharyya distances using cluster 

affiliation (cluster I and II) as a grouping factor. Significant differences in the overlaps of the 

two isotopic clusters would indicate that the spatial distributions differ between the two groups 

(see Carneiro et al. (2016) for detailled method). 

 

2.3.7 Analysis of activity patterns  

We used the online tool ‘Actave.net’ (Mattern et al. 2015) to assign each data point to one of 

three behavioural categories (‘in flight’, ‘on water’ or ‘foraging’). Actave.net requires ε 

(cumulative counts of ‘wet’ per 10-minute sampling period) to range from 0 (continuous dry) 

to 200 (continuous wet), which assumes that sampling of ‘wet’ occurs every 3 seconds. Since 

Intigeo geolocators sampled wet counts every 30 seconds, immersion counts in our dataset 

ranged from ε = 0 (continuous dry) to ε = 20 (continuous wet). Hence, prior to loading the data 

into ‘Actave.net’, all sampling points were scaled by a factor of 10. Based on these data, 
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‘Actave.net’ categorised all data points into either in flight (immersion value ε = 0), foraging 

(0 < ε < 200) or on water (ε = 200). While this conservative approach may categorise some 

non-foraging data as foraging, it is generally considered to be an appropriate choice for 

analysing activity data of different seabird species, including brown skua (McKnight et al. 

2011, Cherel et al. 2016, Krietsch et al. 2017). The foraging category was further differentiated 

into ‘dusk’, ‘night’, ‘dawn’ and ‘day’, based on nautical twilight times. However, due to the 

accuracy of the geolocation method, and since nautical twilight times were based on location, 

the relatively short periods of dawn and dusk were removed from the analysis. Moreover, we 

used ‘Actave.net’ to calculate the daily frequency and duration of flight bouts, defined as a 

series of continuous data points that were categorised as ‘in flight’. We exclusively performed 

the analysis of activity patterns on data obtained during the non-breeding season (as defined 

by departure and arrival dates). 

 

2.3.8 Statistical analyses 

All statistical analyses were performed using R version 3.4.1 (R Core Development Team 

2017). Results are presented as means ± SD unless otherwise indicated. 

To test for differences in migratory traits with respect to explanatory factors of sex 

(male, female) and breeding status (successful, unsuccessful), general linear models were fitted 

using departure date, arrival date, duration, maximum distance from the colony, and total 

distance travelled as response variables. We did not include tracking year as a factor, since our 

sample comprised data from only two years. Model selection of general linear models was 

performed via Akaike’s information criterion for small sample sizes (AICc) (Burnham & 

Anderson 2002). An all-subset approach (i.e., including all main effects and their interactions 

in the model) was chosen to find the model that best represented the data (i.e., the model with 

the lowest AICc value). Response variables were visually checked for normality and 
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homogeneity. When necessary, a logarithmic (log) transformation was applied to response 

variables to meet criteria of normality.  

Differences in stable carbon and nitrogen values were analysed by fitting a linear 

mixed-effect model (LMM) with the fixed factors tracking year and sex using the R package 

‘nlme’ (Pinheiro et al. 2016). Between-year repeatability of feather δ13C and δ15N values from 

individuals that were sampled in two seasons (n = 11) was assessed using a mixed-effect model 

framework implemented in the R package ‘rptR’ (Stoffel et al. 2017).  

To assess activity patterns, LMMs were fitted, testing for differences in the time spent 

foraging according to sex and time of the day (day, night). Due to the low sample size, we did 

not consider effects of tracking year in the statistical analysis of activity patterns. We fitted a 

LMM to compare the duration of flight bouts between the sexes. For analysing the daily 

number of flight bouts with respect to the explanatory factor sex, we fitted a generalized linear 

mixed effect model (GLMM) using the glmer function in the R package ‘lme4’ (Bates et al. 

2015). To account for non-independence of repeated measures from the same individual, bird 

identity was included as a random effect in models of spatial distribution, stable isotopes and 

activity. P-values were adjusted for multiple comparisons using false discovery rate. 

 

2.4 RESULTS 

2.4.1 Characteristics of migration 

All 27 tracked skuas departed the colony after breeding. Mean departure and arrival dates did 

not differ with respect to breeding status or sex (Table 1). Although not statistically significant 

(p = 0.054), males departed on average eight days later than females (males: 16 February ± 

12.7 d, females: 08 February ± 4.2 d) and returned to the colony 10 days after females (males: 

12 July ± 20.1 d, females: 02 July ± 14.4 d). On average, tracked skuas were away from the 

breeding colony for 146 ± 20.0 days travelling a mean total distance of 8283± 4631 km (Table 
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1). The mean maximum distance to the breeding colony was 1499 ± 1092 km. Neither duration 

of migration, nor travel distance, nor distance from the colony differed in relation to sex or 

breeding status (Table 1). 

 

2.4.2 Non-breeding distribution 

At-sea locations of skuas ranged between subtropical and subantarctic waters (35°S to 60°S; 

see Fig. S1). Apart from three exceptions, the longitudinal range of skuas was between 180 and 

160°W. However, two females travelled as far west as New Zealand and one male headed more 

than 6000 km east towards Chile (Fig. 1). The average core area across all individuals, here 

defined by the 50% UD contour, was located east along the Chatham Rise and southeast of the 

Chatham Islands (Fig. 1). When plotted on a monthly basis, core utilisation areas of skuas were 

distributed over subtropical and shelf waters in the vicinity of the Chatham Rise early (February 

to March) and late (June to July) in the non-breeding season. During mid-winter (April to May), 

skuas dispersed throughout subtropical, mixed subtropical-subantarctic and subantarctic 

waters. Notably, the shelf region of the eastern Chatham Rise was utilised by skuas throughout 

the non-breeding period (see Fig. S2 in supporting information). The non-breeding distribution 

of females and males differed temporally with significant spatial segregation in core utilisation 

areas (50 %) occurring during May and June (ANOSIM: R = 0.19, p = 0.011; Fig. 2). 

 

2.4.3 Stable isotopes 

The mean isotope value of all sampled feathers was -17.3 ± 1.5‰ (median = 17.2‰, range: -

25.3 to -15.3‰) for carbon and 12.7 ± 2.6‰ (median = 13.4‰, range: 8.9 to 16.6‰) for 

nitrogen. The mean δ13C value of blood that was collected during the breeding season was -

20.2 ± 2.2‰ (median = -19.3, range: -26.9 to 17.6‰). The mean δ15N value was 12.4 ± 0.7‰ 

(median = 12.4‰, range: 11.1 to 15.0‰; Fig. 3). Feather δ15N values did not differ according 
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to sex, but nitrogen data obtained from 2014 were significantly higher than those of subsequent 

(2015–16) years (LMM; 2014–15: 3.3‰, 95% CI [1.9, 4.6], p = 0.004; 2014–16: 3.0‰, 95% 

CI [1.7, 4.3], p = 0.004; see Table S1 in the supporting information). Feathers of females were 

depleted in 13C compared to those of males (-0.9‰, 95% CI [-1.6, -0.2], p = 0.013). However, 

this difference was not significant after removing the five females with low δ13C values from 

the analysis (F(1,56), p = 0.542). The hierarchical cluster analysis revealed three distinct clusters 

in feather isotopic values (Fig. 3). Cluster I was characterised by moderate δ13C (-17.6 ± 0.4‰, 

range: -18.3 to -16.6‰) and low δ15N (9.8 ± 0.7‰, range: 8.9 to 11.2‰) values, representative 

of mixed subtropical-subantarctic waters. Cluster II showed elevated δ13C (-16.5 ± 0.7‰, 

range: -17.9 to -15.3‰) and δ15N (14.8 ± 1.1‰, range: 12.1 to 16.5‰) values indicating 

wintering in mixed subtropical-subantarctic to shelf waters. Cluster III entailed individuals 

with low δ13C (-21.5 ± 2.5‰, range: -25.3 to -19.1‰) and elevated δ15N (14.7 ± 1.1‰, range: 

13.8 to 16.6‰) levels (Fig. 3). Individual stable isotope signatures were not consistent between 

years (δ13C: r = 0.286, 95% CI [0.00, 0.74], p = 0.208; δ15N: r = 0.033, 95% CI [0.00, 0.56], p 

= 1.000), indicating possible year-to-year variation in non-breeding behaviour. Only five out 

of 11 skuas that were sampled in two seasons were associated with the same isotopic cluster in 

both years (Fig. 3). Furthermore, the individual association with isotopic clusters (cluster I, II) 

was not reflected in the spatial distributions (25, 50% UDs) of the tracked skuas (ANOSIM: R 

= -0.02 to -0.04; p > 0.05). The average core areas (25, 50% UDs) of individuals associated 

with cluster I were distributed over mixed subtropical-subantarctic and shelf waters. Average 

core areas of skuas that were associated with cluster II were mainly distributed over shelf 

waters, but overlapped with core UDs of cluster I over the Chatham Rise (see Fig. S3). 
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2.4.4 Activity patterns and behaviour at-sea  

Brown skuas spent most of their daily time sitting on water, relatively moderate times foraging 

and even less time in flight (Table 2). Females spent more of their daily time in flight and 

engaged in longer (but not more frequent) flight bouts than males (Table 2). Interestingly, both 

sexes spent a greater proportion of their daily foraging time foraging during the night (females: 

60.9 ± 2.5%; males: 57.5 ± 3.1%) than during the day (females: 34.8 ± 2.6%; males: 38.6 ± 

3.1%). Females spent less time foraging during daylight and more time foraging at night 

compared to males, even though sex-specific differences were only statistically significant 

during daytime foraging (Table 2). 

 

2.5 DISCUSSION 

This study is the first to describe the non-breeding distribution of brown skuas from a temperate 

population. Contrary to historical reports, but consistent with recent observations, all tracked 

skuas were migratory. We found that the extent of migration (i.e., both the duration and 

maximum distance from the colony) was shorter than for populations breeding at higher 

latitudes. 

 

2.5.1 Non-breeding distribution 

Apart from one exception, the tracked skuas did not undertake long-distance migrations, but 

were mainly distributed over shelf waters of the Chatham Rise and oceanic waters north of the 

Subantarctic Front. Notably, the shelf region east of the Chatham Rise was consistently utilised 

throughout the non-breeding period, indicating its importance as a wintering ground for the 

population. The Chatham Rise is part of the New Zealand continental shelf and constitutes an 

area of elevated primary productivity (Boyd et al. 2004). The significance of the Chatham Rise 

as a suitable habitat for seabirds has been demonstrated for grey-headed albatross 
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(Thalassarche chrysostoma) and wandering albatross (Diomedea exulans) (Weimerskirch et 

al. 2015a, Clay et al. 2016). Furthermore, global analyses emphasise its ecological importance 

as a foraging hotspot for seabirds (Waugh et al. 2012, Lascelles et al. 2016). The Antarctic 

Polar Front, a region with seasonal peaks in primary productivity (Moore & Abbott 2002), 

constituted the southern boundary of brown skuas’ non-breeding distribution. The pacific 

region of the Antarctic Polar Front is of high importance for seabirds breeding in New Zealand. 

Sooty shearwaters (Puffinus griseus) visit the area during foraging trips (Shaffer et al. 2009) 

and common diving petrels (Pelecanoides urinatrix) target the region during their post-

breeding migration (Rayner et al. 2017). 

The latitudinal non-breeding distribution of brown skuas from the Chatham Islands was 

similar to that of populations from Bird and King George Islands (Phillips et al. 2007, Carneiro 

et al. 2016, Krietsch et al. 2017). Moreover, Carneiro et al. (2016) highlighted brown skuas’ 

preference for wintering over shelf-slope regions, which is consistent with stable isotope 

studies (Phillips et al. 2007, 2009, Graña Grilli & Cherel 2017). Interestingly, the non-breeding 

distributions of brown skuas from the subantarctic Kerguelen and Crozet archipelagos were 

highly variable, with individuals distributing over neritic and oceanic waters of subantarctic, 

subtropical and tropical biomes (Delord et al. 2018). Similarly, we observed inter-individual 

variability in migration schedules and distances travelled. However, migration seems to occur 

at a smaller spatiotemporal scale than observed in Antarctic and subantarctic populations. 

Brown skuas from King George Island (62ºS) departed from the colony for 228 days, 

distributing over waters of the Patagonian Shelf and the Argentinian Basin, with core non-

breeding areas being c. 1700 and 2500 km away from the breeding colony (Krietsch et al. 

2017). Similarly, skuas from Bird Island (54ºS) travelled c. 1500 to 2700 km away from their 

colony (Carneiro et al. 2016), and were at sea for 225 days. Interestingly, despite a relatively 

short duration of migration of 159 days, brown skuas from the Kerguelen (49ºS) and Crozet 
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(46ºS) archipelagos undertook long-distance migrations, travelling a mean maximum distance 

of c. 4000 km away from the colony (Delord et al. 2018). Brown skuas from South East Island 

(44ºS) travelled a mean maximum distance of c. 1500 km from the colony and returned after 

146 days at sea, indicating a shorter range and duration of migration compared to populations 

from higher latitudes. This comparison emphasises the potential importance of both location 

(i.e., the proximity of the colony to suitable non-breeding grounds) and seasonality, for the 

spatial and temporal extent of brown skua migration. In the case of Chatham Island brown 

skua, the proximity of the colony to productive waters of the Chatham Rise may reduce the 

need to migrate long distances, and the year-round mild climate may contribute to a reduced 

duration of migratory journeys. 

 

2.5.2 Stable isotopes 

Combining latitudinal isoscape data with the analysis of δ13C from feathers allows the inference 

of non-breeding areas for migratory seabirds (Quillfeldt et al. 2010a). Isoscapes have been 

determined for the Southern Indian Ocean (Jaeger et al. 2010) as well as for the South Atlantic 

(Phillips et al. 2009), but no such data exists for the South Pacific. We identified three discrete 

clusters in the isotopic signatures of feathers. Depending on which isoscape is used, the values 

of δ15N and δ13C in cluster I indicate non-breeding distributions over either mixed subtropical-

subantarctic (Phillips et al. 2009) or subtropical waters (Jaeger et al. 2010). Elevated δ13C and 

δ15N values of cluster II have been described for wandering albatross, which forage over 

subtropical and shelf waters (Phillips et al. 2009) including the Chatham Rise (Weimerskirch 

et al. 2015a). Higher δ15N and δ13C values are likely a result of the more complex food chains 

in shelf-slope waters (Phillips et al. 2009). Hence, considering the non-breeding distribution of 

tracked skuas, the elevated δ15N and δ13C levels suggest that moulting of rectrices occurred in 

shelf waters of the Chatham Rise.  
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Interestingly, feathers from five females forming cluster III were depleted in 13C. There 

are two non-mutually-exclusive explanations for this pattern, namely moulting occurred in 

Antarctic waters or on land, since both environments are characterised by low δ13C baseline 

values. In the latter scenario, the five females may either i) have migrated, but returned 

sufficiently early to moult at the colony or ii) they moulted at a terrestrial site, which could 

have been the colony or elsewhere in their non-breeding range. Alternatively, these five 

females moulted over Antarctic waters south of the Polar Front. Indeed, similarly low δ13C 

values were reported for feathers from chicks of south polar skuas (Catharacta maccormicki) 

and from adults that had moulted over Antarctic waters (Weimerskirch et al. 2015b).  

Our results show two major isotopic clusters which are consistent with the findings in 

brown skuas breeding at high latitudes: skuas from King George Island had isotope values 

consistent with a non-breeding distribution over mixed subtropical-subantarctic and shelf 

waters (Graña Grilli & Cherel 2017). Similarly, feather isotopes of skuas from Bird Island 

indicated moulting over mixed subtropical-subantarctic waters, and one ‘outlier’ (elevated δ13C 

and δ15N values) indicated that moulting occurred in shelf waters (Phillips et al. 2009). 

Consistent with their non-breeding distribution, brown skuas from the Kerguelen archipelago 

showed high variability in isotopic signatures (Delord et al. 2018). Individuals that were 

distributed over mixed subtropical-subantarctic waters showed low δ15N values similar to those 

of brown skuas from Bird Island (Phillips et al. 2007) and cluster I in this study. These low 

δ15N values likely reflect a low trophic-level prey comprised of macrozooplankton, fish and 

squid (Phillips et al. 2007). If true, low δ15N values could result from skuas kleptoparasitising 

other seabirds or capturing prey of low trophic level at the sea surface. However, the 

interpretation of δ15N from feathers is complex, especially when individuals forage across 

biomes that are characterised by different δ15N baseline levels (Delord et al. 2018). 

 



Chapter 2: Brown skua migration behaviour 

32	

2.5.3 At-sea activity and foraging behaviour 

While reports about skuas’ foraging behaviour at sea are mostly anecdotal, direct observations 

suggest that brown skuas kleptoparasitise and attack other seabirds at-sea, scavenge on dead 

seabirds, fish and mammals, and also feed on benthic organisms such as goose barnacles (Lepas 

australis) and paua (Haliotis virginea) (Furness 1987, Hemmings 1990, Higgins & Davies 

1996, Reinhardt et al. 2000). Brown skuas from the Chatham Islands foraged mainly during 

the night, which contrasts with the findings by Krietsch et al. (2017) who found that non-

breeding brown skuas from King George Island foraged predominantly during the day. 

Females performed longer, but not more frequent, flight bouts than males, which is consistent 

with observations made in brown skuas from Antarctica and the Subantarctic (Carneiro et al. 

2016, Krietsch et al. 2017). Since brown skuas are reversed sexually dimorphic (Phillips et al. 

2002), sexual differences in flight behaviour may be attributed to size-dependent disparities in 

manoeuvrability between females and males (Carneiro et al. 2016). Moreover, non-breeding 

brown skuas from Bird Island spent more time in flight than the smaller Falkland skuas 

(Catharacta antarctica antarctica; Phillips et al. 2007), indicating that body size may indeed 

play a role in shaping the activity patterns of skuas (Delord et al. 2018). It is therefore possible 

that size-mediated differences also contribute to the spatial segregation in the non-breeding 

distributions of female and male brown skuas found in this study. 

 

2.6 CONCLUSIONS 

Our findings suggest migratory behaviour in all Chatham Island brown skuas. This contradicts 

previous findings by Hemmings (1990), who found 82% of breeding brown skuas to be resident 

on their territories during the non-breeding period. The author’s findings were based on a visit 

to South East Island from 7 to 14 July 1986. The discrepancy between this report and our recent 

findings may reflect a change in the proportions of skuas that are resident and migratory. 
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Alternatively, since tracked skuas returned in early July (7 July ± 19 d), the majority of brown 

skuas could have returned to the colony prior to Hemming’s observations. Either way, both 

historical and contemporary findings suggest that, at the temperate Chatham Islands, migration 

may be less critical than it is for populations breeding at higher latitudes, where food 

availability is limited during the non-breeding period. Furthermore, the temperate climate and 

food availability possibly allow skuas to reduce the duration of their migratory journeys and 

maximise the time to maintain their breeding territories. Further investigation is necessary to 

quantify differences in migratory behaviour across the species’ geographic range. A meta-

comparison combining tracking data and isotopic signatures from various breeding sites is 

needed to evaluate whether there is a strong relationship between the duration of migration and 

latitude. 
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2.8 TABLES AND FIGURES 

Table 1 Migration characteristics of 27 brown skuas (Catharacta antarctica lonnbergi) 

breeding on the Chatham Islands tracked using geolocators during the 2015 (n = 13) and 2016 

(n = 14) non-breeding periods. Presented are general linear models testing for effects of the 

fixed-factors sex and breeding status on departure and arrival dates, total distance travelled, 

maximum distance from the colony, and duration of migration. Only models with best fit 

according to AICc ranking are shown. A plus (“+”) denotes parameters that were included in 

the best models. Breeding status and interactions among factors are not shown because they 

were not included in the final models. 

  Mean ± SD (range) Sex Estimate 95% LCa 
95% 
UCa 

p-value  
 

         
 Departure date 13 Feb ± 11 d 

(01 Feb to 19 Mar) 
+ 1.17 1.00 1.37 0.054 

 

         
 Arrival date 07 July ± 19 d 

(30 May to 29 Aug) 
+ 1.05 0.98 1.14 0.201 

 

         
 Total distance 

travelled 
8283.0 ± 4631.1 km 
(2494.9 to 27880.3) 

+ 1.39 0.99 1.93 0.070 
 

         
 Duration 146 ± 20 d 

(102 to 205) 
      

         
 Max. distance 

from colony 
1499.2 ± 1092.2 km 

(780.5 to 6696.7) 
      

         
aDenotes back-transformation of log-transformed values (i.e., ratios) 
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Table 2 Comparison of daily activity types, flight bouts and foraging behaviours of male (n = 

15) and female (n = 9) brown skuas (Catharacta antarctica lonnbergi) breeding on the Chatham 

Islands. Skuas were tracked using geolocators with integrated saltwater-immersion sensors 

during the 2015 and 2016 non-breeding periods. Activity types are depicted as daily time spent 

on water, in flight, and foraging. Flight bouts are reported as mean duration and counts per day. 

Foraging activities are differentiated into the categories day and night. Values are shown as 

means ± SD and range within parentheses. 

  Female Male Estimate 
95% 
LC 

95% 
UC 

p-value  

 
Activity type  
in h ∙ d-1 (%) 

       

 On water 
14.9 ± 0.8 

(62.2 ± 3.5) 
15.5 ± 0.7 

(64.7 ± 2.3) 
-0.59 -1.14 -0.04 0.048  

 In flight 
3.0 ± 0.8 

(12.5 ± 3.1) 
2.32 ± 0.5 
(9.7 ± 2.2) 

0.67 0.16 1.18 0.017  

 Foraging 
6.1 ± 0.3 

(25.3 ± 1.0) 
6.2 ± 0.5 

(25.7 ± 2.0) 
-0.07 -0.41 0.26 0.671  

 
Daily flight  
bouts 

 

 Duration (min) 48.9 ± 10.9 37.9 ± 5.8 1.24a 1.07a 1.43a 0.008  

 Frequency (n) 4.2 ± 0.3 3.9 ± 0.5 1.09a 0.99a 1.19a 0.079  

 
Diel foraging  
activity  

 

 
Day in h ∙ d-1 (% 
day) 

2.1 ± 0.2 
(19.6 ± 2.1) 

2.3 ± 0.2 
(23.0 ± 2.7) 

-0.25 -0.42 -0.09 0.004  

 
Night in h ∙ d-1 (% 
night) 

3.7 ± 0.2 
(35.2 ± 2.3) 

3.6 ± 0.4 
(32.3 ± 3.8) 

0.16 -0.01 0.33 0.065  

         
adenotes back-transformation of log-transformed values (i.e., ratios) 
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Fig. 1 Utilisation distribution (UD) of geolocation fixes obtained from 27 brown skuas 

(Catharacta antarctica lonnbergi) breeding on South East Island, Chatham Islands (black star) 

during the 2015 and 2016 non-breeding periods. UD contours are depicted at 5% intervals 

ranging from 25% (red) to 90% (blue). The overlaid tracks of one female (red circles) and one 

male (blue squares) show the skuas’ longitudinal range. Breeding colonies of C. a. lonnbergi 

and those of the related C. a. hamiltoni (Tristan de Cunha, Gough Island) and C. a. antarctica 

(Falkland Islands) are represented by orange buffers around islands. 
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Fig. 2 Comparison of the core non-breeding utilisation distributions (25, 50% UDs) for 10 

female (red) and 17 male (blue) brown skuas (Catharacta antarctica lonnbergi) from the 

Chatham Islands (black star) during May and June. UDs are overlaid on the bathymetric profile. 

The general (90%) utilisation distribution contours for females (red line) and males (blue line) 

are shown.  
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Fig. 3 Isotopic δ15N and δ13C values from tail feathers of female (red circles) and male (blue 

squares) brown skuas (Catharacta antarctica lonnbergi). Numbers within circles and squares 

indicate the identity of individuals that were sampled in different years. Ellipses and roman 

numerals depict three distinct isotopic clusters, one with low δ15N and moderate δ13C (cluster 

I), a second with elevated δ15N and δ13C (cluster II), and a third with moderate δ15N and low 

δ13C values (cluster III). Blood isotopic signatures during breeding (mean  SD) from females 

(hollow circle) and males (hollow square) are shown (not corrected for diet-tissue 

discrimination). The isotopic positions of the Polar Front (PF) and Subtropical Front (STF) 

were derived from Phillips et al. (2009; blue fill) and Jaeger et al. (2010; yellow fill). 
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3 

High-resolution GPS tracking reveals patterns of movement, activity 

and habitat use in Chatham Island brown skuas 

 

3.1 ABSTRACT 

Sexual differences in foraging behaviour are common in seabirds, but the ecological drivers of 

these differences are still poorly understood. Global positioning system (GPS) devices were 

used to investigate the movement patterns and habitat preferences of brown skua (Catharacta 

antarctica lonnbergi), a seabird with reversed sexual size-dimorphism. One hundred and two 

high-resolution GPS tracks (at five-minute intervals) were collected from 64 individuals in 

three breeding seasons (2014–16), during incubation and the early chick-rearing period. 

Females and males consistently differed in their diel activity patterns and habitat use. 

Differences in activity levels between the sexes were strongest at night with females spending 

more time at the territory, while males performed the majority of chick provisioning. While 

females foraged extensively on nearby farmland during the day, males spent more time foraging 

in colonies of burrow-nesting seabirds. Sexual differences in foraging behaviour could be 

attributed to differences in parental roles of females and males, which are possibly also reflected 

in sexual differences in body size. It is possible that differences in female and male foraging 

behaviour can only occur under certain ecological conditions. Importantly, this could explain 

why strong sexual segregation in foraging occurs in brown skuas from the Chatham Islands, 

which have a temperate climate and multiple available food sources, but not elsewhere. These 
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results have important management and conservation implications for the Chatham Island 

population, in particular female skuas, which are at an increased risk of human-induced 

mortality. 
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3.2 INTRODUCTION 

Seabirds are important indicators of marine ecosystem health (Einoder 2009). They forage at 

high trophic levels and contribute to the exchange of nutrients between marine and terrestrial 

systems (Ellis et al. 2006). Seabirds are in global decline, which is largely driven by the impacts 

of human activities on their habitats (Croxall et al. 2012). The worldwide loss of seabirds and 

other top predators may have far-reaching effects on global ecosystem health and trophic 

cascades (Estes et al. 2011). Understanding how seabirds use their habitat is important for 

effective management and conservation efforts. Females and males differ in their foraging 

behaviour in many seabird species. This can include sexual differences in the spatial 

distribution, time of foraging and diving depth (Casaux et al. 2001, Jones et al. 2002, Lewis et 

al. 2002, Phillips et al. 2004b, Paredes et al. 2008). For example, females foraged at sea and 

males targeted seal carcasses on land in sexually dimorphic northern giant petrels (Macronectes 

halli) (González-Solís et al. 2000a). A reverse pattern was found in lesser black-backed gulls 

(Larus fuscus), where males targeted marine and females terrestrial resources, resulting in 

greater foraging ranges for males (Camphuysen et al. 2015). Similarly, sex-specific differences 

in trip characteristics were found in brown boobies (Lewis et al. 2005). These differences can 

have important management and conservation implications if one sex forages in areas with high 

levels of fisheries activities (Gianuca et al. 2017, Phillips et al. 2017). However, the factors that 

drive sex-specific foraging behaviours remain poorly understood. 

In size dimorphic species, sexual differences in foraging behaviour are often attributed 

to differences in body size. For example, it was suggested that in giant petrels the larger and 

more dominant males scavenge on seal carcasses in coastal areas, forcing the smaller females 

to forage at sea (González-Solís et al. 2000a). Differences in body size may also play a 

functional role by enabling individuals of different sex and/or size to forage more efficiently in 

different habitats or under different environmental conditions (Shaffer et al. 2001). For 
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example, females and males in sexually dimorphic Thalassarche albatrosses temporarily 

exploit habitats of contrasting wind conditions (Phillips et al. 2004a).  

Apart from body size, differences in nutritional requirements, risk partitioning or 

parental roles between females and males are also thought to drive sexual differences in 

foraging behaviour. This could explain why the latter is also found in monomorphic species 

(e.g., northern gannets Morus bassanus, Lewis et al. 2002; thick-billed murres Uria lomvia, 

Elliott et al. 2010, and Barau’s petrel Pterodroma baraui, Pinet et al. 2012).  

Skuas, like terrestrial raptors, are reversed sexually dimorphic (females larger than 

males, Anderson & Norberg 1981). In raptors and owls, sexual dimorphism is thought to be 

associated with differences in parental roles or foraging behaviour (Anderson & Norberg 1981, 

Lundberg 1986). While differences in parental roles are common in most skuas, at least during 

parts of their breeding season (Catry et al. 1999), reports of sexual differences in their foraging 

behaviour are rare (Furness 1987). However, only few studies have directly tested for sexual 

differences in foraging movements of skuas (but see Carneiro et al. 2014, 2015, Jakubas et al. 

2018).  

In brown skuas (Catharacta antarctica lonnbergi), females are c. 5% larger in size and 

weigh up to 16% more than males (Young 1999, Phillips et al. 2002). While the diet of brown 

skuas has been studied at several colonies (Young et al. 1988, Mougeot et al. 1998, Phillips et 

al. 2004b), little is known about their fine-scale patterns of movement, activity and habitat use 

during their breeding season (but see Young et al. 1988, Carneiro et al. 2014, 2015). The only 

two published studies that used high-resolution GPS devices to track the movements of 

breeding brown skuas from South Georgia and King George Island, Antarctica found that skuas 

spent c. 80% of their time at the nest, and used the remainder of the day to forage on seal carrion 

(Carneiro et al. 2014) or penguin chicks (Carneiro et al. 2015). Interestingly, despite the skuas’ 

pronounced sexual dimorphism, these studies did not observe any differences in trip attributes 
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or habitat use between females and males. Furthermore, no strong sexual differences have been 

observed in the diet of brown skuas breeding at high latitudes (Anderson et al. 2009). 

At the temperate Chatham Islands, brown skuas are thought to feed mainly on burrow-

nesting petrels and also have access to sheep carcasses and placentae on nearby farmland 

(Young 1978, Young et al. 1988). Previous findings indicate that brown skuas from the 

Chatham Islands might show differences in parental roles during breeding. In one of three 

breeding groups (one pair and two trios tracked using radio-telemetry), the female incubated 

the eggs during the night, while the male foraged on burrow-nesting seabirds (Young et al. 

1988). 

In this study, high-resolution GPS tracking technology was used to investigate the 

patterns of movement, activity and habitat use in brown skuas breeding at South East Island, 

New Zealand. A total of 102 GPS tracks from 64 individuals were collected during incubation 

and early chick-rearing periods in three breeding seasons to investigate whether movement and 

activity patterns differ according to breeding stage and whether patterns are consistent across 

tracking years. In addition, sex-specific parental roles (as indicated by differences in patterns 

of nest attendance) and foraging behaviour were also investigated. 

 

3.3 MATERIALS AND METHODS 

3.3.1 Study site and data collection 

The study was conducted on South East Island (Māori name: ‘Rangatira’, 44°20’S, 176°10’88 

W) in the Chatham Island Archipelago, New Zealand (Fig. 1) (Department of Conservation 

Wildlife Authority, Permit No. 39406-FAU, 49987-MAR; The University of Auckland Animal 

Ethics Authorisation No. 001382). Brown skuas have a circumpolar breeding distribution 

ranging from the Antarctic Peninsula throughout the Subantarctic and as far north as the 

temperate Chatham and Amsterdam Islands. They are classified as ‘Naturally Uncommon’ in 



Chapter 3: Foraging behaviour 

46	

New Zealand, with c. 200 individuals in the Chatham Island population. Fieldwork took place 

over three breeding seasons from late October to early December (2014–16), during the stages 

of incubation and early chick-rearing. 

All birds used in this study were captured within their territories using either a hand-net 

or clap-trap. Birds were weighed using PESOLA spring scales (2.5 kg). Using sterile 

syringes, approximately 200µl of blood were taken from the tarsal vein for molecular sexing. 

The sex of individuals was determined using the methods detailed in Griffiths et al. (1998). 

Skuas were uniquely identified using stainless steel metal leg bands (14 mm inner diameter; 

New Zealand Department of Conservation National Office) and alphanumeric colour rings 

(14mm inner diameter; Interrex S.C., Poland). 

 

3.3.2 GPS-logger modification and attachment 

Commercially available GPS devices were modified (I-gotU GT-120; Mobile Action 

Technology Inc. Taiwan) to extend the operational time by replacing the original (250 mAh, 

3.7 V) batteries with rechargeable high capacity (800 mAh, 3.7 V) lithium-polymer batteries. 

GPS devices were programmed to record at a sampling interval of 5 minutes. Tracking units 

were sealed in two layers of lightweight heat shrink tubing. The method detailed in Wilson et 

al. (1997) was used to fix the GPS devices to the birds’ contour feathers dorsally between the 

wings, using 4-to-5 strips of adhesive Tesa® tape (model 4651). Total weight of the tracking 

units, including GPS devices, waterproof packaging, and tape was c. 32 g, representing 1.8% 

of the study animals’ mean body weight (1804 ± 140 g, range = 1550 - 2197 g; n = 71). This is 

well below the recommended 3% threshold above which deleterious effects have been reported 

in other seabirds (Phillips et al. 2003). Total handling time of individual birds was <20 min. 
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3.3.3 Measurement of sexual dimorphism 

A dimorphism index (DI; Marti 1990) based on mean body mass was calculated following 

Phillips et al. (2002): DI = (mean male mass - mean female mass) / (mean male mass + mean 

female mass), with positive and negative values indicating sexual dimorphism (SSD) and 

reversed sexual dimorphism (RSD), respectively. 

 

3.3.4 Analysis of movement data 

Skua tracking data were screened for likely erroneous locations using the function ‘sda’ (Freitas 

et al. 2008) implemented in the R package ‘trip’ (Sumner 2016). This procedure seeks to 

identify erroneous locations in movement trajectories in two separate steps, first using an 

iterative forward/backward averaging speed filter (McConnell et al. 1992) and subsequently, a 

distance-angle filter (Freitas et al. 2008). The speed filter algorithm calculates the root mean 

square speed (Vi) between each position estimate and its two preceding and succeeding 

locations, and removes locations with Vi greater than a previously established threshold. A 

conservative threshold of 70·km·h-1 was chosen, which lies between the mean modelled ground 

speed for skuas flying with a tailwind of 18 km·h-1 (c. 55 km·h-1; Spear & Ainley 2008), and 

the maximum recorded flight speeds (c. 83 km·h-1) in this study’s dataset. Since the speed filter 

only removes extremes in Vi (root mean square speed across four locations), single position 

fixes can be retained even if their associated speeds exceed 70·km·h-1. 

The second algorithm (distance-angle filter) filters the remaining locations based on a 

combination of user-defined unrealistic distances and turning angles among consecutive 

position fixes only identifying locations as erroneous if both distance and angle thresholds are 

exceeded. Location observations were classified as unrealistic if their instantaneous speeds 

exceeded 60 km·h-1, and their respective turning angle were greater than 165°, a value which 

falls among the default angles used for screening animal tracking data (Freitas et al. 2008, 
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Douglas et al. 2012). The two-step error-filtering procedure classified a total of eight GPS 

observations (0.002%) as being erroneous (zero in step one and eight in step two); these 

locations were excluded from further analysis.  

 

3.3.5 Activity analysis 

For analysis of daily activity patterns, ‘instantaneous speeds’ were calculated from the step 

lengths (great-circle distances) and time passed between two adjacent locations. Great-circle 

distances from each GPS position fix to the location of the respective nest site were calculated 

using the r-package ‘raster’ (Hijmans 2016). All location observations were classified 

according to their time of the day (day or night) using civil twilight (when the sun is 6 below 

the horizon) as the threshold value (Weimerskirch & Guionnet 2002). This was achieved using 

the r-packages ‘rgeos’ (Bivand & Rundel 2013) and ‘maptools’ (Bivand & Lewin-Koh 2017). 

 

3.3.6 Trip analysis 

For each skua, its complete movement trajectory was separated into individual trips, based on 

outward and return movement segments to its breeding territory. Following Carneiro et al. 

(2014), a radius of 100 m around the location of the nest was chosen to designate the beginning 

and end of a single trip, defined as a sequence of consecutive locations that fell outside this 

radius. All locations within 100 m of a nest were categorised as ‘nest’.  

 

3.3.7 Habitat analysis 

Habitat use was determined based from two high-resolution vegetation layers, one for Pitt 

Island and a second for South East Island. The habitat layer for Pitt Island was produced by 

Landcare Research New Zealand Ltd in June 2015 (Land Cover Database version 4.1, Chatham 

Islands). The habitat layer for South East Island was created by reducing the number of 
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vegetation types in a layer developed by Dave Houston & Peter de Lange in June 2016 (The 

New Zealand Department of Conservation, Biodiversity Group, Auckland). The vegetation 

layer used Google Earth imagery dated 24/11/2015 as the base and vegetation descriptions 

gained from a field trip by Houston & de Lange to South East Island in July 2015. Both layers 

were combined for the analysis of habitat use using the ArcGIS software (ArcMap ver.10.5. 

ESRI, USA). 

Habitat use of skuas was quantified by superimposing GPS locations on the habitat 

layer, using the function ‘over’ implemented in the R package ‘sp’ (Pebesma & Bivand 2005), 

and was calculated as the time spent per day in each of six habitat types: coast (includes rock, 

gravel, sand and shore areas), farmland (includes low- and high-producing grassland), 

freshwater (included stream mouths and ponds on Pitt Island), seabird habitat (includes forest 

and high grass on South East Island, both vegetation types show high densities of nesting 

seabirds), ocean, and other (includes forest and freshwater vegetation on Pitt Island). Contours 

of equivalent utilisation density (50, 75, and 90%) were calculated for females and males based 

on all locations that fell outside a 100 m radius around the nest. This was achieved following 

Walter & Fischer (2016) using a ‘plugin’ bandwidth estimator and cell size of 100 m.  

 

3.3.8 Statistical analyses 

All statistical analyses were performed using the R software version 3.4.2 (R Core Development 

Team 2017). 

The distribution of speeds between consecutive fixed was highly skewed. Therefore, a 

probabilistic method following Freeman et al. (2010) was used to categorize each GPS location 

as being either ‘stationary’ or ‘non-stationary’ based on its associated instantaneous speed 

value. Assuming that the speed data could be explained by two distinct Gaussian density 

distributions, a Gaussian mixing model with expectation maximisation (EM) was used to 
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estimate posterior probabilities for each position fix of belonging to one of the two different 

Gaussian distributions (via the function ‘normalmixEM’ implemented in the R package 

‘mixtools’, Benaglia et al. 2009). These posterior probabilities were then used (chosen by 

weighted random sampling) to classify each data point as being either ‘stationary’ or ‘non-

stationary’. The median speed between fixes of the ‘stationary’ Gaussian distribution was 0.014 

ms-1, which is consistent with the reported measurement error of stationary GPS-devices (Forin-

Wiart et al. 2015). To empirically evaluate the magnitude of the GPS units’ location error, two 

GPS devices that were configured in the same manner as for field deployments on birds were 

placed under open skies for one week. The median speed based on these stationary data was 

0.014 ms-1. The consistency in the median speed and distance values of the stationary Gaussian 

distribution and error estimates obtained from stationary tracking devices, validates the method 

for separating stationary from non-stationary data.  

To analyse activity patterns, a generalised linear mixed-effect model (GLMM) was 

fitted with a binomial distribution to test for effects of the fixed factors sex (female, male), time 

of day (day, night), breeding stage (incubation, chick-rearing) and their interactions on brown 

skua activity (0 = ‘stationary’, 1 = ‘non-stationary’) using the ‘glmer’ function in the R package 

‘lme4’ (Bates et al. 2015). 

For the analysis of foraging trips, GLMMs were fitted with a gamma distribution to test 

for effects of the fixed factors sex (female, male), breeding stage (incubation, chick-rearing), 

time of day (day, night) and their interactions on the trip attributes (frequency, duration, travel 

distance and maximum range). 

Habitat use was based on the time spent by each individual per day within each habitat. 

Only four of the six habitats that were assumed to be most relevant for the analysis of foraging 

behaviour were included in the model: a GLMM was fitted using a gamma distribution to test 

for the effects of the fixed factors sex (male, female), habitat (coast, farmland, ocean, and 
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seabird habitat), time of day (day, night), breeding stage (incubation, chick-rearing) and their 

interactions on the daily foraging times.  

The duration of time spent at the nest and at freshwater sites were analysed for the 

effects of sex, time of the day and breeding stage using linear mixed effect models (‘lmer’ 

function) implemented in the R package ‘lme 4’ (Bates et al. 2015). 

To account for non-independence of GPS observations from the same individuals, and 

from members of breeding pairs, individual and pair identity were treated as a random effect in 

all statistical models (individual identity was nested within pair identity). Further, to control for 

possible differences between different breeding seasons, the factor year (2014–16) was also 

fitted as a random effect. Because it had no significant effect on time spent in different habitats 

or time spent at the nest, the fixed factor breeding stage was removed from the habitat and nest 

attendance model. 

 

3.4 RESULTS 

Out of 114 GPS deployments across three breeding seasons (2014–16), 102 functioning GPS 

tracking devices were retrieved from 64 individuals (27 females, 37 males). Individuals were 

tracked for one (n = 35), two (n = 20) or three (n = 9) breeding seasons respectively, resulting 

in 43 tracks from females and 59 tracks from males. Eleven GPS devices either were lost or the 

bird could not be recaptured. One device was retrieved, but its flash memory was corrupted and 

thus the tracking data could not be accessed. Devices were deployed for 17.4 ± 5.9 days (range: 

3.8 to 43.4 days). The mean fix-success-rate was 92.6 ± 3.5% SD (range 75.6 to 98.3%). The 

average position count per bird across all three seasons was 4646.7 ± 1567.7 (range: 947 to 

11080). Two tracks were excluded from analysis because the birds’ breeding attempts failed: 

one from a male, which was tracked for two years (failed in 2016) and another from a female 

that was tracked for three years (failed in 2014). 
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Females were on average 235.9 g heavier than males (females: 1950 ± 94 g; males: 1714 

± 67 g), translating into a dimorphism index of DI = -0.064, which confirms the occurrence of 

reversed-sexual dimorphism for this population of brown skua. 

 

3.4.1 Activity patterns 

Females were highly active during the day with peaks in movements and distances from the 

nest locations occurring around midday, but during the night females were almost completely 

stationary (Fig. 2). Males moved at a lower rate and remained closer to their nest site than 

females during the day, but at night moved at a higher rate than females (Fig. 2). Peaks in male 

patterns of activity and distance from the nest sites were highest around dawn and dusk, 

respectively, coinciding with the departure and approximate return times of burrow nesting 

seabirds (Fig. 2). The peak in male activity and distances from the nest site generally occurred 

during the late afternoon, typically associated with trips to different freshwater streams on Pitt 

Island. 

From the Gaussian analysis, 80 and 20% of all GPS position fixes (i.e., including those 

from around the nest site) were categorized as ‘stationary’ or ‘non-stationary’, respectively. 

Females were c. four to six times less active at night than males during both the incubation and 

chick-rearing periods (odds ratios = 0.26 and 0.16, respectively, p-values < 0.001; Table 1). 

During the day, the sexes did not differ in their levels of activity during incubation (odds ratio 

= 0.94, p = 0.938 Table 1), however females were marginally less active than males during 

chick-rearing periods (odds ratio = 0.87, p = 0.031). The activity levels of males did not differ 

strongly between day and night, neither during incubation nor during chick-rearing periods 

(odds ratios = 0.84 and 0.92, respectively, p-values < 0.001; Table 1). In contrast, females were 

three to five times more active during the day than during the night, over both incubation and 

chick-rearing periods (odds ratios = 2.99 and 4.89, respectively, p-values < 0.001, Table 1). 
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3.4.2 Trip attributes 

The mean frequency of trips taken by females at night was less than one trip per night during 

both the incubation and chick-rearing periods (mean number of trips per night = 0.7 ± 0.12 SE 

and 0.5 ± 1.42 SE, respectively; Fig. 3). Females took approximately three times less trips at 

night than males during both the incubation and chick-rearing periods (0.36 and 0.29 times, 

respectively, p-values < 0.001; Fig. 3). 

The mean duration of trips taken during incubation was longer in females than in males, 

irrespective of the time of the day (day: 1.67 times, night: 1.51 times, p-values < 0.001). 

However, during chick-rearing, trips taken at night lasted only half as long in females than in 

males (0.63 times, p < 0.001; Fig. 3). 

The mean distance travelled per trip during the day was greater in females than in males, 

irrespective of their breeding stage (incubation: 3.58 times; chick-rearing: 3.73 times, p-values 

< 0.001), which was due to the regular foraging trips by females to Pitt Island (Fig. 3). 

The mean maximum distance that skuas travelled from the nest during the day was 

almost three times farther in females than males (2.77 times, p < 0.001). Both sexes ranged 

farther away from the nest during the day than at night during both the incubation (female: 4.03 

times, male: 2.52 times, p-values < 0.001) and chick-rearing periods (female: 5.7 times, male: 

2.04 times, p-values < 0.001; Fig. 3). 

 

3.4.3 Habitat use during foraging 

Female and male skuas differed in their spatial distribution and habitat use (Figs. 4-5). 

Utilisation distributions (50, 75, and 90% UDs) of females were distributed over farmland on 

Pitt Island, while males almost exclusively visited Pitt Island for its freshwater streams, and 

only rarely foraged on farmland (Figs. 4-5).  
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During daylight hours, females spent considerably more time foraging on farmland than 

males (3.67 times, p < 0.001; Table 2, Fig. 5). Interestingly, although females and males did 

not differ in the time spent over the ocean during daylight hours (when positions over the ocean 

mainly resulted from commuting movements between Pitt and South-East Island), at night 

females spent considerably less time over the ocean than males (0.32 times, p < 0.001; Table 

2). Furthermore, male skuas spent approximately half as much time over the ocean during the 

day than during the night (0.52 times, p < 0.001; Table 2), indicating possible foraging over the 

ocean at night. Females spent approximately three times less time in seabird habitat than males, 

irrespective of the time of the day (day: 0.29 times, night: 0.24 times, p-values < 0.001; Table 

2). The time spent at the coast did not differ according to sex (p = 0.700) or time of the day (p 

= 1.000; Table 2). 

 

3.4.4 Nest attendance and use of freshwater sites 

Brown skuas spent on average 19.6 hours (81.7%) per day within 100 m of the nest. Females 

spent significantly more time on the nest at night than males during both the incubation and 

chick-rearing periods (incubation = 0.94 h longer than males, chick-rearing = 1.6 h longer than 

males, p < 0.001). However, the sexes did not differ in time spent on the nest during the day, 

neither during incubation (-0.14 h, p = 1.000) nor during chick-rearing (-0.20 h, p = 1.000). 

Furthermore, the use of freshwater habitat did not differ according to sex (F = 0.60, p = 0.446), 

but skuas spent significantly more time bathing during incubation than during chick-rearing 

periods (1.16 times, p = 0.017). 
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3.5 DISCUSSION 

3.5.1 Sexual differences in parental roles and foraging behaviour 

Sexual differences in the foraging behaviour of seabirds can have important management and 

conservation implications if these differences lead to sex-biased mortality (Ryan & Boix-hinzen 

1999). However, the drivers of sexual differences in the foraging behaviour of seabirds are still 

not well understood. Although a seabird, skuas play a similar ecological role to that of raptors 

in terrestrial ecosystems, and like raptors show reversed sexual dimorphism and differences in 

parental care (Lundberg 1986, Catry et al. 1999). It has therefore been suggested that reversed-

sexual dimorphism in skuas and other seabirds might also be associated with differences in 

parental roles or foraging behaviour (Catry et al. 1999, Lewis et al. 2005). However, no clear 

link between size dimorphism and foraging behaviour could be detected in skuas (Catry et al. 

1999). Although great and brown skuas show a similar degree of dimorphism, the two species 

differ fundamentally in their foraging ecology. While great skuas mainly forage for fish, 

kleptoparasitise other seabirds on the wing and exploit fisheries discards, brown skuas mainly 

hunt petrels on the ground (Young et al. 1988, Phillips et al. 1997, reviewed in Catry et al. 

1999). Furthermore, although differences in parental roles have been reported for south polar 

skuas (Catharacta maccormicki) breeding on Anvers Island, Antarctica, and Arctic skuas from 

Foula, Shetland (Pietz 1986, 1987, Phillips & Furness 1997), similar findings have not typically 

been reported for brown skuas (but see Trivelpiece et al. 1980).  

However, studies that actually tested for differences in foraging behaviour of skuas 

during breeding are scarce, likely due to the limitations of conventional diet analyses. Although 

advances in tracking technology and stable isotope analyses have allowed to test for sexual 

differences in more recent studies, no differences in movement or diet were detected in great 

or brown skuas (Anderson et al. 2009, Carneiro et al. 2014, 2015, Jakubas et al. 2018). 

Interestingly, radio-tracking of brown skuas from the Chatham Islands suggested that females 
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might incubate the nest at night, while the males forage away from the territory, which could 

indicate differences in parental roles and/or foraging behaviour. However, the low sample size 

and limitations of the radio-telemetry method made it difficult to infer a clear pattern (Young 

et al. 1988). 

In this study, we used high-resolution GPS telemetry to actively test for differences in 

patterns of movement and activity in brown skuas from South East Island, Chatham Islands. 

The time that female and male brown skuas spent at the nest site was similar during daylight 

hours, suggesting that both sexes equally shared incubation and chick-provisioning tasks during 

the day. However, consistent with the preliminary findings by Young et al. (1988), females 

were substantially less active during the night, took fewer trips and spent more time at the nest 

site than males. These results suggest that differences in parental roles occur in Chatham Island 

brown skuas. Sexual differences in parental roles and/or nutrient requirements are thought to 

drive differences in the foraging behaviour of seabirds, which can be reflected in the use of 

different habitats between the sexes (Lewis et al. 2002, Pinet et al. 2012). Consistent with this 

hypothesis, this study showed that brown skuas from the Chatham Islands also differed in their 

patterns of habitat use. Female skuas visited farmland at nearby Pitt Island for much longer and 

travelled much farther than males, which only rarely visited this type of habitat. Conversely, 

male skuas spent more time in the native bush on South East Island than females, likely hunting 

burrow-nesting broad-billed prions (Pachyptila vittata) and white-faced storm petrels 

(Pelagodroma marina), which are thought to constitute the major prey of brown skuas from 

South East Island (Young 1978). 

 

3.5.2 What causes sexual differences in foraging behaviour of brown skua? 

In sexually dimorphic seabirds, sexual differences in foraging behaviour and choice of 

food resources have been attributed to differences in body size between females and males 
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(González-Solís et al. 2000a). However, no strong differences in parental roles or foraging 

behaviour were observed in populations of brown skuas breeding at high latitudes where 

intraspecific competition is presumably strong due to the high nesting densities. Brown skuas 

from the South Shetland Islands showed differences in parental roles (Trivelpiece et al. 1980). 

However, no differences in nest attendance, trip attributes or habitat use were observed in 

brown skuas from South Georgia (Carneiro et al. 2014), giving no support for sex-specific 

parental roles or foraging behaviour in the South Georgia population. The findings of strong 

sexual differences in patterns of movement, activity and habitat use in brown skuas from the 

Chatham Islands are therefore surprising: if true for the Chatham Island brown skuas, why are 

similar patterns not found in brown skuas breeding at high latitudes? 

Importantly, the extent of intersexual differences in foraging behaviour may be highly 

dependent on environmental conditions, and can vary between seasons and breeding stages 

(Jones et al. 2002, Phillips et al. 2004a, Castillo-Guerrero & Mellink 2011, Hedd et al. 2014, 

Paiva et al. 2017). Considering the strong differences in seasonality and climate between 

colonies breeding at high latitudes and those at the temperate Chatham Islands, it is likely that 

the variation in the magnitude of sexual differences between these areas are at least partly driven 

by environmental factors.  

During the breeding season, night lengths are much shorter for populations of brown 

skua breeding at high latitudes than at the temperate Chatham Islands. Therefore, in Antarctic 

and subantarctic skua colonies, there might be fewer opportunities to exploit strong temporal 

differences in parental roles and foraging behaviour. Furthermore, habitat conditions at colonies 

in the Antarctic and Subantarctic are profoundly different from those at South East Island. For 

example, Bird Island in the South Georgia archipelago is characterised by low-stature 

vegetation dominated by tussock grass (Hunter et al. 1982). In contrast, South East Island is 

covered by dense forest stands of native trees (e.g., ribbonwood Plagianthus betulinus, tree 
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daisy Olearia traversii), and shrubs (e.g., large-leaved muehlenbeckia Muehlenbeckia 

australis, mutton bird Carex trifida; Young 1999, Miskelly 2008). Large breeding colonies of 

burrow-nesting white-faced storm petrels and broad-billed prions breed in this vegetation, both 

of which have been suggested to be major prey items for brown skuas during breeding (Young 

1978). Importantly, differences in body size are thought to play a role in shaping sexual 

differences in foraging behaviour, when size leads to advantages under specific habitat 

conditions (Shaffer et al. 2001, Phillips et al. 2004a). For example, female and male 

Thalassarche albatrosses exploit marine habitats with different wind conditions (Phillips et al. 

2004a) and differences in body size are thought to contribute to sex-specific differences in the 

foraging behaviour of red-footed and brown boobies (Lewis et al. 2005, Weimerskirch et al. 

2006).  

In this study, the smaller males spent more time in native bush and high grass than the 

larger females. The larger body size of females may restrict their manoeuvrability in dense 

vegetation. In contrast, the smaller males may experience a functional advantage when hunting 

for seabirds in such habitats, which could possibly reinforce sexual differences in the foraging 

behaviour of Chatham Island brown skuas. However, given that the size differences between 

the sexes are only moderate (females are c. 5% larger, Phillips et al. 2002), body size is likely 

not the main driver of differences in foraging between female and male brown skuas. 

Ecological opportunity is thought to be a prerequisite for foraging specialisation (Araújo 

et al. 2011). Importantly, South East Island is close (c. 2.5 km) to sizable farming operations, 

and anthropogenic resources (i.e., sheep carcasses) provide significant additional foraging 

opportunities for brown skuas. Because females and males showed differences in their activity 

patterns at night, the higher nest attendance of females might reduce their opportunity to forage 

on burrow-nesting petrels at night, possibly driving them to forage for sheep during the day. 

Interestingly, stable isotope analyses suggested that sexual differences in diet also occurred in 



Chapter 3: Foraging behaviour 

59	

long-tailed skuas from the Canadian Arctic, where skuas have access to terrestrial resources 

(Julien et al. 2014). Although the exact drivers are not clear, a combination of available 

anthropogenic resources and habitat heterogeneity could contribute to the sexual differences in 

patterns of movement and activity in Chatham Island brown skuas. Furthermore, while it seems 

reasonable to conclude that differences in the foraging behaviour of female and male brown 

skuas are in part related to differences in parental care, this descriptive study does not permit 

definitive identification of what is cause and what is effect. However, given the lack of reported 

sexual differences in the foraging ecology of brown skuas breeding at high latitudes, the sex-

specific foraging behaviour of Chatham Island brown skuas is likely to be environmentally 

context-dependent, rather than being a characteristic of the species. 

 

3.5.3 Management and conservation implications 

The findings of this study have important implications for the management of Chatham Island 

brown skuas. Numbers of communal groups have declined by c. 50% over the past 30 years 

(Young 1994), and the observed number of transient non-breeders are c. three to four times 

fewer than historically reported, which is indicative of a reduction in population numbers 

(Penteriani et al. 2011). The fact that female brown skuas frequently visited farms renders them 

vulnerable to conflict with humans, which may eventuate as being shot or poisoned from being 

nuisance animals. This threat is greatest during the lambing period (September–October), 

which coincides with the onset of the brown skua breeding season. The sexual differences in 

movement and foraging patterns of Chatham Island brown skuas reported in this study 

emphasise the value of detailed movement data for informing species management and 

conservation. The findings of this study also highlight the major role of local environmental 

conditions, both natural and anthropogenic, in determining the foraging behaviour of seabirds 

and other top predators. 
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3.6 TABLES AND FIGURES 

Table 1 Comparison of activity levels of brown skua (Catharacta antarctica lonnbergi) 

breeding on the Chatham Islands. Odds ratios indicate the likelihood of being active (i.e., non-

stationary) according to sex (female, male), time of day (day, night), and breeding stage (chick-

rearing, incubation). An odds ratio greater than 1 indicates that the odds of being active are 

higher in the comparison group (i.e., female, day or incubation) than the odds of the reference 

group (male, night or chick-rearing). An odds ratio smaller than 1 indicates that the odds of 

being active are smaller in the comparison group than in the reference group. An odds ratio of 

1 indicates that the odds of being active are the same in each group. Odds ratios are indicated 

with respective 95% confidence intervals (LC = lower, UC = upper). Statistically significant 

differences are marked as bold. 

   Odds 
ratio 

95% LC 95% UC p-value  

        
 Female versus male       
 Incubation Day  0.94 0.82 1.07 0.938  
  Night  0.26 0.23 0.30 <0.001  
 Chick-rearing Day  0.87 0.76 0.99 0.031  
  Night 0.16 0.14 0.19 <0.001  
 Day versus night       
 Incubation Female 2.99 2.84 3.15 <0.001  
  Male 0.84 0.81 0.86 <0.001  
 Chick-rearing Female 4.89 4.60 5.20 <0.001  
  Male 0.92 0.88 0.95 <0.001  
 Incubation versus 

chick-rearing 
      

 Day Female 0.84 0.80 0.88 <0.001  
  Male 0.78 0.75 0.81 <0.001  
 Night Female 1.37 1.27 1.48 <0.001  
  Male 0.85 0.82 0.89 <0.001  
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Table 2 Comparison of the daily time that brown skuas spent in four distinct foraging habitats. 

Time spent in each habitat was compared according to sex (male, female) and time of the day 

(day, night). Differences between two groups are indicated as ratios (multiples). A ratio greater 

than 1 indicates that the comparison group (females or day, respectively) used a habitat more 

than the reference group (male, night). A ratio smaller than 1 indicates that the comparison 

group used a habitat less than the reference group. A ratio of 1 indicates that there is no 

difference between the two groups. Ratios are depicted with 95% confidence intervals (LC = 

lower, UC = upper). Statistically significant differences are marked as bold. 

   Difference as 
ratio 

95% 
LC 

95% 
UC 

p-value  

        
 Female versus male       
 Farmland Day  3.67 2.78 4.83 <0.001  
  Night  0.53 0.05 5.73 1.000  
 Ocean Day  1.09 0.85 1.39 1.000  
  Night 0.32 0.23 0.45 <0.001  
 Coast Day  0.85 0.66 1.10 0.700  
  Night 1.01 0.74 1.38 1.000  
 Seabird habitat Day  0.29 0.22 0.38 <0.001  
  Night 0.24 0.17 0.33 <0.001  
 Day versus night       
 Farmland Female 11.51 2.05 64.57 <0.001  
  Male 1.67 0.30 9.36 1.000  
 Ocean Female 1.77 1.36 2.31 <0.001  
  Male 0.52 0.46 0.59 <0.001  
 Coast Day  0.86 0.68 1.08 0.614  
  Night 1.02 0.88 1.17 1.000  
 Seabird habitat Female 1.45 1.08 1.94 0.003  
  Male 1.18 1.02 1.35 0.011  
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Fig. 1 Map showing New Zealand and the Chatham Islands, which lie c. 800 km east of the 

New Zealand mainland. South East Island is a nature reserve that is located c. 2 km south-east 

of Pitt Island, which is currently farmed. 
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Fig. 2 Activity patterns of female and male brown skuas (Catharacta antarctica lonnbergi) 

plotted against the time of the day. Shown are mean hourly instantaneous speeds (i.e., speeds 

between consecutive fixes; orange) and distances from nest sites (green) for breeding females 

and males. Females were stationary at night and remained close to the nest. Males were more 

active at night and travelled further away from the nest. Lines of best fit were computed using 

a Loess smoothing function; shaded areas depict upper and lower standard error bounds of the 

Loess smoother. Vertical grey areas indicate approximate hours of darkness. Values are means 

± SE. 

  



Chapter 3: Foraging behaviour 

64	

Fig. 3 Trip attributes of female and male brown skuas (Catharacta antarctica lonnbergi) during 

the breeding season. Shown are the trip duration and frequency as well as the accumulative 

distance per trip and the maximum distance from the nest during the incubation and chick-

rearing periods. Shown are means as predicted by the model and 95% confidence intervals. 

Asterisks indicate the level of statistically significant differences between females and males; 

*** for p < 0.001; ** for p < 0.01; * for p < 0.05. 
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Fig. 4 Utilisation distributions (50, 75 and 90%) of female (shades of red) and male (shades of 

blue) brown skuas (Catharacta antarctica lonnbergi) breeding on South East Island, New 

Zealand. While both sexes visited freshwater streams (grey star) along the eastern coastline of 

Pitt Island, only female skuas foraged extensively on farmland.  
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Fig. 5 Proportional habitat use by breeding female and male brown skuas (Catharacta 

antarctica lonnbergi) from South East Island, New Zealand. Shown are the proportions of the 

time that female and male brown skuas spent in each of four habitats that were assumed to be 

relevant for foraging (excluding all locations within 100 m of the nest site). Distinct time 

budgets are shown for hours of daylight (% foraging day; sun symbol) and darkness (% foraging 

night; moon symbol).  
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4 

Stable isotopes reveal the diet of an opportunistic seabird 

 

4.1 ABSTRACT 

While the role of body size in driving sex-specific differences in foraging behaviour has long 

been acknowledged, there is now growing recognition that significant variation in an 

individual's diet occurs that is unrelated to sex, size or other factors. How different sexes and 

individuals use resources has important implications for understanding the ecology of a species. 

Here, the dietary variation between females and males of a reversed sexually dimorphic seabird, 

the brown skua (Catharacta antarctica lonnbergi) was investigated using a stable isotope 

mixing model. Female and male skuas differed in their diet: while the diet of females comprised 

a large proportion of sheep (46%), males mainly foraged on small seabirds (80%). Males 

showed higher absolute consistency in stable isotope signatures among years than females, 

indicating that males were more specialised in their diet. Furthermore, differences in activity 

patterns possibly lead to different foraging opportunities for female and male skuas and 

therefore could contribute to the sex-specific diet of brown skuas. Because females (but not 

males) fed disproportionally on sheep carcasses during the incubation and early-chick-rearing 

periods, this could render them more vulnerable to shootings by local farmers.  
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4.2 INTRODUCTION 

Differences in female and male foraging behaviour are common among a wide range of species. 

These differences are often correlated with differences in morphology, social dominance, or 

reproductive roles (Phillips et al. 2004a, Phillips et al. 2017). However, there is now growing 

recognition that significant variation in foraging behaviour exists among individuals of the 

same sex (Bolnick et al. 2003, Araújo et al. 2011, Phillips et al. 2017). If individuals only use 

a small part of their population's niche, and if variation among individuals is consistent over 

time and not due to factors such as sex, age or morphological characteristics, it is termed 

‘individual specialisation’ (Bolnick et al. 2003). It has been argued that populations with 

differences in foraging behaviour are better able to accommodate environmental change 

(Bolnick et al. 2003). Hence, it is important to understand what factors determine the type, 

extent and range of individual specialisation.  

Intra-specific competition is thought to be a major driver of individual specialisation in 

foraging behaviour (Tinker et al. 2008). Individual specialisation is also influenced by the 

availability, accessibility and diversity of resources, which collectively are referred to as 

‘ecological opportunity’ (Araújo et al. 2011, Layman et al. 2015). Detecting individual 

specialisation in diet can be difficult if confounded by differences that are due to sex and age, 

which is typical in many sexually dimorphic species (Bolnick et al. 2003). While individual 

specialisation historically has been distinguished from sex-specific differences in resource use 

(Bolnick et al. 2003), there is now growing realisation that sexual differences can be related to 

individual specialisation (Elliott Smith et al. 2015, Layman et al. 2015). 

In seabirds, variation between the sexes and among individuals is thought to have 

important implications for breeding performance, intra-specific competition and foraging 

behaviour (Ceia & Ramos 2015, Phillips et al. 2017). Size dimorphism is common in seabirds 

and sexual differences in foraging behaviour occur in many taxa (see e.g., northern giant petrel 
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Macronectes halli; González-Solís et al. 2000a, long-tailed skuas Stercorarius longicaudus; 

Julien et al. 2014, red-footed booby Sula sula; Weimerskirch et al. 2006, and imperial shags 

Phalacrocorax atriceps albiventer; Svagelj & Quintana 2007). Furthermore, individual 

foraging specialisation is also widely observed in seabirds, and has been reported for gulls and 

skuas (Votier et al. 2004a, Anderson et al. 2009, Masello et al. 2013, Ceia & Ramos 2015). 

Variation in foraging between the sexes can lead to different rates of mortality in female and 

males seabirds (Bugoni et al. 2011). This is evident in sex-biased bycatch of albatrosses and 

petrels in long line fisheries (Murray et al. 1993, Ryan & Boix-hinzen 1999, González-Solís et 

al. 2000b, Nel et al. 2002) and in the increased collision rates of male common terns (Sterna 

hirundo) with wind turbines (Stienen et al. 2008). Therefore, identifying the factors that drive 

foraging specialisation, and how these relate to sexual differences, can improve management 

plans. However, the relationship between sex-specific and individual specialisation in foraging 

behaviour remains poorly understood and empirical reports of their association are scarce, most 

likely due to the challenges of disentangling the two phenomena. 

Reversed sexual dimorphism (females larger than males) occurs in raptors, owls and 

skuas and is thought to be associated with sexual differences in foraging behaviour (Anderson 

& Norberg 1981, Lundberg 1986). Only a small number of studies have investigated sexual 

differences in the foraging behaviour of skuas during breeding. Jakubas et al. (2018) tracked 

great skuas (Catharacta skua) from Svalbard, but did not find differences in the movements of 

females and males. In contrast, long-tailed skuas in the Canadian Arctic showed sexual 

differences in stable isotope signatures, suggesting that differences in diet between males and 

females occur (Julien et al. 2014).  

Despite the substantial difference in body size between female and male brown skuas 

(females are c. 5% larger and up to 16% heavier; Young 1999, Phillips et al. 2002), no sex-
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specific differences were found in the diet composition, foraging movements or habitat use 

(Anderson et al. 2009, Carneiro et al. 2014, 2015).  

Results from conventional diet analyses suggested that brown skuas from South East 

Island, in New Zealand’s Chatham Island archipelago feed predominantly on broad-billed 

prions (Pachyptila vittata) and white-faced storm petrels (Pelagodroma marina) (Young 1978). 

These birds breed in high numbers on South East Island (P. marina c. 840,000 pairs; P. vittata 

c. 330,000 pairs) during the skua breeding season (Young 1978, Aikman & Miskelly 2004). 

However, conventional diet analyses only provide a fragmented view of diet (Ramos et al. 

2009). In skuas, not all prey is brought back to the nest, which renders quantifying the 

contribution of different prey to their diet difficult. More recently, stable isotope mixing models 

can be used to estimate the proportional contributions of different prey items to an organism’s 

diet (Cherel et al. 2005, Anderson et al. 2009). However, mixing models do not come without 

limitations. The discriminatory power of mixing models decreases with the number of prey 

sources and diet estimates depend on the choice of appropriate trophic discrimination factors 

(TDFs) (Phillips et al. 2014). While TDFs can be determined experimentally (Bearhop et al. 

2002), they may differ depending on an individual’s age, physiology or diet (Minagawa & 

Wada 1984, Vanderklift & Ponsard 2003, Caut et al. 2009). Although findings may vary 

between conventional and modern methods (Lavoie et al. 2012), the combination of both 

approaches can provide a more integrated view of diet (Ramos et al. 2009).  

Stable isotope analyses can also be used for investigating the consistency in the diet 

(δ15N) or habitat use (δ13C) of individuals at different time scales. For example, depending on 

the sampling protocol and choice of tissue, individual consistency in diet can be investigated 

within or among seasons (Quillfeldt et al. 2008, Quillfeldt et al. 2010b). 

In this study, the diet composition and degree of individual specialisation of female and 

male brown skuas breeding on South East Island was investigated using stable-isotope analysis. 
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Brown skuas from South East Island differ in their movement patterns, with females spending 

more time on farmland, likely feeding on sheep carcasses, and males spending more time in 

native bush (Chapter 3, this thesis). If sexual differences in movement are in fact due to foraging 

behaviour, this should also be reflected in differences in the diet of females and males.  

 

4.3 MATERIALS AND METHODS 

4.3.1 Study site and tissue collection 

Fieldwork was conducted on South East Island (Māori name: ‘Rangatira’, 44°20’S, 176°10’88 

W) in the Chatham Island Archipelago, New Zealand (Fig. 1). Brown skuas were studied over 

three breeding seasons (2014–16) (Department of Conservation Wildlife Authority, Permit No. 

39406-FAU, 49987-MAR; The University of Auckland Animal Ethics Authorisation No. 

001382).  

Individual skuas (n = 68) were captured within their territories using a hand-net or clap-

trap. For each individual, a blood sample (200µl) was collected from the tarsal vein from which 

a sub-sample (100µl) was stored in 70% ethanol for analysis of stable isotopes. The remaining 

100µl of blood was preserved in Queen’s lysis buffer (Seutin et al. 1991) for molecular sexing. 

Blood samples were collected between November and December, during the late incubation 

and early chick-rearing periods. Thirty, 40 and 37 blood samples were analysed in 2014, 2015 

and 2016, respectively. Of the 68 individuals sampled, 39 were sampled only in one year, 19 in 

two years and 10 in all three years. Turnover rates in avian blood are approximately 2–4 weeks 

(Bearhop et al. 2002, Hobson & Bairlein 2003) and therefore isotopic signatures in the study 

reflect diet taken during late incubation and early chick-rearing periods.  

In addition, samples of muscle tissue were collected from dead specimens of known 

prey (i.e., species that were identified from carcasses found in skua middens or by direct 

observation in the field) and stored in 70% ethanol. Tissue samples were collected from eight 
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species of prey for stable isotope analysis: sheep (Ovis aries); broad-billed prion; white-faced 

storm petrel; common diving petrel (Pelecanoides urinatrix); sooty shearwater (Puffinus 

griseus); little penguin (Eudyptula minor); paua (abalone Haliotis sp. and New Zealand fur seal 

(Arctocephalus forsteri) (Table 1). 

 

4.3.2 Stable isotope analyses 

Stable isotopes of carbon (13C/12C, δ13C) and nitrogen (15N/14N, δ15N) were analysed from skua 

blood and prey muscle tissues. The preparation of samples for stable isotope analysis was 

performed as outlined in Ismar et al. (2014). In brief, blood and muscle tissue samples were 

freeze dried overnight and then homogenised using a rounded spatula and, mortar and pestle 

respectively. Subsequently, 0.75 to 0.85 mg of homogenized material per sample was 

transferred into tin capsules. Stable isotope analyses were then carried out on a Delta V Plus 

continuous flow isotope ratio mass spectrometer linked to a Flash 2000 elemental analyser 

using a MAS 200 R autosampler (Thermo-Fisher Scientific, Bremen, Germany) at the NIWA 

Environmental Stable Isotope Laboratory in Wellington (see supplementary material Chapter 

2 for more details).  

 

4.3.3 Statistical analyses 

To test for differences in stable carbon (δ13C) and nitrogen isotopes (δ15N) between female and 

male brown skuas as well as among different years, linear mixed-effect models (LMM) with 

the fixed factors sex and year were fitted using the R package lme4 (Bates et al. 2015). In each 

model, bird identity was included as a random effect to account for the fact that some 

individuals were sampled in multiple years. 
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4.3.4 Diet composition 

To estimate the contribution of each prey species to skua diet, a Bayesian mixing model was 

used (Moore & Semmens 2008). This approach was implemented in the R package MixSIAR 

(Stock & Semmens 2013). Out of the eight prey items collected, only six were included in the 

stable isotope mixing model (Table 1). Paua were excluded from the analysis, because shells 

were only found at a small number (c. 3 out of 46) of skua territories, and it was not clear when 

these paua had been consumed. Furthermore, New Zealand fur seal were not included in the 

model, because carcasses were rare and placentae only occurred late in the breeding season 

(from early December). Hence, fur seal isotopic signatures were unlikely to be represented in 

the blood samples of skuas, which were also collected during this time. To account for the high 

lipid content of samples from prey species, a mathematical lipid correction was applied to δ13C 

values prior to analysis following the approach of Fry (2002). Paua samples were not corrected 

for lipid content, because they were characterised by C/N ratios < 3.5, which is indicative of 

low lipid content (Ehrich et al. 2011). TDFs for δ13C and δ15N were calculated based on diet 

(DDDF; Caut et al. 2009) with the exception of sheep, for which a beef TDF was used that was 

determined empirically for great skuas (Bearhop et al. 2002). Although Caut et al. (2009) did 

not use marine birds for estimating DDDFs, isotope values from brown skua blood grouped 

well within DDDF-adjusted isotope values of prey tissue, which is a requirement for isotope 

mixing models (Phillips et al. 2014) and demonstrates the applicability of DDDFs for this study 

system (Fig. 2). Because the discriminatory power of stable isotope mixing models declines 

with the number of sources that are included in the model and/or if sources are isotopically 

similar, grouping of sources can improve model performance (Phillips et al. 2014). An a priori 

approach was used to combine sources that were isotopically similar. To this end, a Hotelling’s 

T2 test was used to test for statistical differences between the prey items. There were no 

statistical differences between isotope signatures of sooty shearwater and common diving petrel 
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(p = 0.299) and only marginal differences between isotope signatures of sooty shearwater and 

little penguin (p = 0.033), as well as between signatures of common diving petrel and little 

penguin (p = 0.049). Therefore, the three sources were combined and included as a single source 

‘other seabirds’ in the mixing model. 

To test for sex-specific differences in brown skua diet, sex was fitted as a fixed factor 

in the mixing model. In addition, to account for multiple measurements from the same 

individual, bird identity was fitted as a random effect (Semmens et al. 2009). Data on the 

concentration dependence of δ13C and δ15N measurements were included, which can improve 

model outcomes where high variations in δ15N and δ13C between different diet sources exist 

(Phillips et al. 2014). Reported values are means and 95% Bayesian credible intervals. 

 

4.3.5 Diet analyses of breeding pairs  

To test whether isotope signatures from individuals in breeding pairs were more dissimilar than 

those from different nests (as would be expected under a risk partitioning scenario), Euclidean 

distances between individuals from the same nest were compared to those of random partners 

of opposite sex (Ismar et al. 2011). Euclidean distances were computed using the R package 

‘vegan’ (Oksanen et al. 2017). Some pairs were analysed in multiple years and so to avoid 

pseudo-replication, pairs were selected randomly from all available years before performing 

the analysis, resulting in 26 unique pairs. 

 

4.3.6 Individual consistency in diet 

Stable isotopes provide an excellent method for studying individual specialisation in the diet of 

seabirds. Repeatability analysis of δ13C and δ15N was used to estimate the level of individual 

diet specialisation also termed the interclass correlation coefficient or ICC. Prior to this 
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analysis, a subset of the stable isotope data was created that consisted of the individuals that 

were sampled in multiple years (n = 29).  

To calculate the degree of individual specialisation, between- and within-individual 

variances in the response variables δ13C and δ15N were estimated and extracted using a LMM 

implemented in the R package ‘rptR’ (Stoffel et al. 2017), which relies on the ‘lme4’ package 

(Bates et al. 2015) for statistical modelling. These variances were then used to calculate the 

repeatability R following: 

R 
	

 

where σ  indicates the inter-individual variance, and σ  indicates the intra-individual variance. 

Values of R range from 0 (no repeatability) to 1 (high repeatability). The factor sex was 

included as a fixed effect to account for sex-specific differences in stable isotopic signatures. 

Confidence intervals were quantified using parametric bootstrapping, and likelihood ratio tests 

were used to compute p-values for the (sex-) adjusted repeatabilities. Because repeatability 

values increase with increasing inter-individual variance, comparing groups (e.g., females and 

males) with different levels of between-individual variation is inappropriate (Conklin et al. 

2013). Therefore, to estimate relative differences in the absolute consistency of isotope values 

from female and male skuas, mean Euclidean distances among repeat samples (i.e., sampled in 

different years) of the same individual were calculated for females (n = 13) and males (n = 16) 

using the R package ‘vegan’. 

 

4.4 RESULTS 

4.4.1 Stable isotope analyses 

Mean δ13C levels of prey species were lowest in sheep and highest in little penguin samples 

(Table 1). Values of δ15N were lowest in broad-billed prions and highest in New Zealand fur 

seals (Table 1). Female brown skua had lower δ13C levels than males (females = -21.6 ± 2.4‰, 
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males = -19.1 ± 1.2‰, LMM: -2.9‰ ± 95% CI [-3.8, -2.0], p < 0.001), with no differences in 

δ13C between the years (F (1, 37) = 1.82, p = 0.176). Mean δ15N did not differ among the sexes 

(females = 12.5 ± 0.8‰, males = 12.3 ± 0.6‰, LMM: F (1, 66) = 2.5, p = 0.118), but varied 

among sampling years (2014–15: 0.4‰, 95% CI [0.2, 0.7]; 2015–16: -0.5‰, 95% CI [-0.7, 

0.3], LMM: F (1, 37) = 20.8, p < 0.001). 

 

4.4.2 Diet composition 

The Bayesian stable isotope mixing model converged well according to the Gelman-Rubin and 

Geweke diagnostics (Gelman & Rubin 1992, Geweke 1992) (See Fig. S1 for a matrix plot of 

posterior diet proportions) 

Female and male brown skuas differed in their diets (Fig. 3). Females fed on a mixed 

diet comprising a broad range of species with a particularly high contribution of sheep (46.4%, 

95% CI [31.1, 62.3]), white-faced storm petrels (27.2%, 95% CI [9.4, 50.7] and other seabirds 

(17.9%, 95% CI [4.2, 35.6]; Fig. 3). In contrast, males fed almost entirely on white-faced storm 

petrels (79.5%, 95% CI [52.6, 94.4]) and showed only small contributions of sheep in their diet 

(5.7%, 95% CI [2.2%, 10.8%]); Fig. 3). Broad-billed prions contributed little to the diet of 

females (8.5%, 95% CI [1.0, 21.8]) and males (7.9%, 95% CI [0.3, 25.5]; Fig.3, see Fig. S2 for 

posterior density distributions of prey items to the diet of female and male skuas). 

 

4.4.3 Diet analyses of breeding pairs 

Although Euclidean distances between partners of the same breeding pair tended to be smaller 

than distances between randomly assigned partners, this difference was not statistically 

significant (t-test: -1.46, t = -1.87, df = 24, p-value = 0.074; Fig. S3). These results indicate that 

skuas from the same nest showed no greater dissimilarity in their isotope signatures than 

randomly assigned individuals of opposite sex. 
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4.4.4 Individual consistency in diet 

Individual stable isotope values were highly repeatable between years in both δ13C (R = 0.83, 

95% CI [0.69, 0.91], p-value < 0.001) and δ15N (R = 0.69, 95% CI [0.47, 0.83], p-value < 

0.001), indicating habitat and diet specialisation, respectively. Although not statistically 

significant, mean Euclidean distances among blood samples from the same individual were 

greater in females than in males (females = 1.25 ± 0.74‰, males = 0.83 ± 0.32‰, Kruskal-

Wallis χ2: 3.08, df = 1, p = 0.079; Fig. 4), indicating that males were more consistent in their 

stable isotope signatures between years than females.  

 

4.5 DISCUSSION 

Stable isotope mixing models provide a powerful tool to estimate proportional contributions of 

known prey sources to the diet of organisms. While mixing models have advantages over 

conventional methods, they also have limitations. If the diet of a consumer is complex (>7 

sources), and different sources are isotopically similar, the discriminatory power of the model 

can be reduced (Phillips et al. 2014). In this study, a simple model was established by grouping 

three isotopically similar sources and by removing seasonal and rare items from the model. 

Based on the model estimates, brown skuas from South East Island showed strong sex-specific 

differences in their diet. 

 

4.5.1 Differences in the diet of females and males  

Female and male brown skuas differed in δ13C, but not δ15N, suggesting that differences in 

foraging habitat rather than differences in the trophic level occurred (Phillips et al. 2011). This 

is consistent with the result of the stable isotope mixing model, which suggests that the diet 

composition differs between female and male brown skuas, with females focusing on a mix of 

sheep and small to medium-sized seabirds, while males feed almost exclusively on small 
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seabirds. This finding is also consistent with the movement patterns of brown skuas during 

breeding, when females regularly visit nearby Pitt Island, where sheep farming takes place (see 

Chapter 3). The findings of this study add additional detail to what is known about skua diet 

from conventional analyses. Based on midden observations, Young (1978) suggested that 

white-faced storm petrels and broad-billed prions were the major prey of brown skuas during 

breeding. However, since skuas do not take all prey back to the nest, the contribution of white-

faced storm petrels to their diet might have been underestimated (Young 1978), and 

conventional analysis did not allow testing for differences in the diet of females and males. The 

results from midden observations therefore do not conflict with the results from the mixing 

model, but merely underline the advantage of combining information from conventional and 

modern analyses, which can provide an integrated estimate of organism’s diet (Ramos et al. 

2009). 

 

4.5.2 Drivers of sexual differences and individual specialisation in diet 

The findings of a strong sex-specific difference in the diet of brown skuas from South East 

Island are in contrast to the results of studies on brown skuas breeding at high latitudes, which 

did not detect sex-based differences in their diet or foraging behaviour (Anderson et al. 2009, 

Carneiro et al. 2014, 2015). This raises the question – what drives female and male skuas to 

forage on different diets and in distinct habitats?  

Sexual dimorphism is thought to be associated with sexual differences in the foraging 

behaviour of terrestrial raptors (Anderson & Norberg 1981, Lundberg 1986) and this is also 

thought to be the case in predatory seabirds (González-Solís et al. 2000a). Indeed, a comparison 

of four gull species breeding in the Gulf of Saint Lawrence showed that sexual differences in 

diet increased with the degree of sexual dimorphism, indicating that body size could play a role 

in driving differences in diet (Lavoie et al. 2012). In sexually dimorphic giant petrels 
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(Macronectes halli), the dominance of the larger males at carcasses is thought to force females 

to forage at sea (González-Solís et al. 2000a). According to the competitive exclusion 

hypothesis, a reversed pattern would be expected in brown skuas, as females are larger than 

males (Phillips et al. 2002). However, since studies on Antarctic and subantarctic populations 

have found no sex-specific differences in diet or foraging behaviour (Anderson et al. 2009, 

Carneiro et al. 2014, 2015), the strong sexual difference in the diet of Chatham Island brown 

skuas is likely to be influenced by factors other than body size or shape.  

Sex-specific foraging behaviour can vary with environmental context (Elliott et al. 

2010). The Chatham Islands are located at temperate latitudes and environmental conditions 

(i.e., climate, vegetation) differ significantly from skua colonies at high latitudes. At the 

Chatham Islands, anthropogenic resources (i.e., sheep carcasses) provide additional foraging 

opportunities for brown skuas. Interestingly, sexual differences in diet were also found in a 

population of long-tailed skua from the Canadian Arctic, where individuals also have access to 

anthropogenic food sources (Julien et al. 2014). Furthermore, brown skuas from the Chatham 

Islands have been characterised by an unusually large proportion of communally breeding 

groups, usually comprised of a single female and two or more males (Young 1978, Hemmings 

1989), highlighting other differences in the breeding ecology between brown skuas from the 

Chatham Islands and those breeding at higher latitudes. Moreover, differences in female and 

male foraging behaviour might only be expressed in some years, but not in others (Quillfeldt et 

al. 2011). For example, sexual differences were only present during years of poor resource 

availability in Cory’s shearwaters (Calonectris borealis) and Japanese cormorants 

(Phalacrocorax capillatus) (Ishikawa & Watanuki 2002, Paiva et al. 2017). Hence, 

environmental stochasticity could explain why sex differences in diet are found at some seabird 

colonies, but not in others.  
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Sexual differences in nutrient requirements can also contribute to differences in female 

and male diet. For example, females may have to replenish essential nutrients that were used 

during egg production (Ludynia et al. 2013, Ismar et al. 2017), although such differences would 

likely decrease after egg laying. Alternatively, sexual differences in foraging behaviour have 

been suggested to be the result of risk partitioning within breeding pairs, where one pair 

member targets risk averse (i.e., predictable) and the other focuses on risk prone (i.e., less 

predictable) prey (Elliott et al. 2010). If diet-dependency is stronger in female brown skuas, this 

may also facilitate more risk averse strategies in females than in males, which could be reflected 

in the more terrestrial diet of females if the latter resource is more predictable than marine 

seabirds. However, pair-bonded individuals did not differ more in their diet than randomly 

assigned partners, which would be expected under a risk partitioning scenario. Also, 

considering the vast abundance of burrowing seabirds and their chicks on South East Island, 

such a risk partitioning scenario does not seem likely during the brown skua breeding season. 

Sex-specific nutrient requirements can also relate to differences in parental roles, which in turn 

may result in sex-specific foraging behaviour (Lewis et al. 2002, Pinet et al. 2012). For 

example, female Barau’s petrels (Pterodroma baraui) compensate for nutrient loss during egg 

formation, which is reflected in differential foraging and incubation patterns of females and 

males (Pinet et al. 2012).  

Importantly, differences in parental roles and foraging behaviour between the sexes can 

have implications for individual specialisation (Elliott Smith et al. 2015). In some seabirds, 

consistency in habitat use or foraging behaviour is higher in one sex than in the other (García-

Tarrasón et al. 2015, Camprasse et al. 2017, reviewed in Phillips et al. 2017). In this study, 

brown skuas showed high repeatability in their primary carbon source (δ13C) and trophic level 

(δ15N), suggesting that both habitat and diet specialisation occur. Males were slightly more 

consistent in their diet than females, indicating a higher degree of diet specialisation. This could 
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result from differences in parental roles: although female and male brown skuas share 

incubation and chick-rearing tasks during the day (Young 1999), there is evidence to suggest 

that the sexes differ in their activity patterns at night, as females are more likely to be present 

at the nest at night than males (Young et al. 1988; see Chapter 3). This suggests that females 

are in charge of brood care during the night and may therefore be more constrained to the nest 

site. In contrast, males tend to be away from the nest during the night to forage on burrow 

nesting seabirds and their chicks (Young et al. 1988, Young 1999; see Chapter 3), as reflected 

by the high proportion of white-faced storm petrels in the diet of male brown skuas. The 

stronger nest attendance of females during the night may reduce opportunities for foraging 

when seabird prey is most abundant, and drive females to forage on sheep carcasses during the 

day, leading to a higher individual variability in their diet.  

 

4.6 CONCLUSIONS 

The demonstration of sex-specific differences in diet and resource specialisation have different 

management implications for female and male brown skuas. Although individuals of both sexes 

were specialised, females appeared to have a higher variability in their diet composition than 

males, which mainly targeted a single prey species (i.e., white-faced storm petrels). Females 

may therefore be better equipped to respond to environmental perturbations than males. In 

contrast, the large proportion of sheep in the diet of females (and the extended time spent on 

farmland, Chapter 3) suggests that females are more vulnerable to shootings by local farmers 

than are males. 

The findings of this study suggest that differences in parental roles may play an 

important part in driving the dietary differences between the sexes. Specifically, sex-specific 

differences in parental care may lead to differential resource specialisation. In skua populations 

where both sexes equally invest in parental care, few sex-specific differences in foraging 
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behaviour would be predicted. However, sexual differences in diet may still occur due to sex-

specific differences in intra-specific competition or risk partitioning, although this does not 

seem to be the case in brown skua populations from South Georgia and the South Shetland 

Islands (Carneiro et al. 2014, 2015). Importantly, environmental conditions can differ among 

breeding seasons and sexual differences in foraging behaviour may vary accordingly (Paiva et 

al. 2017). 

  



Chapter 4: Brown skua diet 

83	

4.7 TABLES AND FIGURES 

Table 1 Stable carbon (δ13C) and nitrogen (δ15N) values from prey items (muscle tissue) of 

brown skuas breeding on the Chatham Islands. Values of δ15N (except in paua) were corrected 

for lipid contents. Trophic discrimination factors (TDFs) for δ13C and δ15N values of prey 

sources are shown. A light blue background indicates three prey species that were grouped prior 

to running the mixing model. A grey background depicts prey items that were not included in 

the stable isotope mixing model. Values are means ± SD, n indicates the sample size. 

 Species common and 
scientific name 

n δ13C (‰) δ15N (‰) TDF δ13C TDF δ15N 
 

        
 Sheep  

(Ovis aries) 
8 -28.4 ± 0.9 7.4 ± 1.6 1.14 ± 0.07 4.20 ± 0.20 

 

 Broad-billed prion 
(Pachyptila vittata) 

9 -19.8 ± 0.8 8.4 ± 0.7 -0.24 ± 0.12 2.25 ± 0.20 
 

 White-faced storm petrel 
(Pelagodroma marina) 

10 -19.4 ± 0.7 10.2 ± 0.7 -0.39 ± 0.06 2.25 ± 0.20 
 

 Common diving petrel 
(Pelecanoides urinatrix) 

10 -19.8 ± 0.8 11.2 ± 1.1 -0.27 ± 0.05 2.25 ± 0.20 
 

 Little penguin  
(Eudyptula minor) 

10 -18.7 ± 1.1 11.9 ± 0.8 -0.43 ± 0.16 2.25 ± 0.20 
 

 Sooty shearwater  
(Puffinus griseus) 

10 -19.9 ± 0.9 11.8 ± 0.9 -0.16 ± 0.18 2.25 ± 0.20 
 

 New Zealand fur seal 
(Arctocephalus forsteri) 

7 -18.9 ± 1.3 14.2 ± 1.0 - - 
 

 Paua  
(Haliotis sp.) 

9 -20.7 ± 2.7 2.7 ± 0.4 - - 
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Fig. 1 Overview map of New Zealand and the Chatham Islands, which lie c. 800 kilometres 

east of New Zealand’s South Island. The Chatham Islands consist of the two larger islands 

Chatham Island and Pitt Island, both of which are farmed. South East Island (Māori name: 

‘Rangatira’) is an uninhabited nature reserve located south-east of Pitt Island. 
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Fig. 2 Isospace plot of stable carbon (δ13C) and nitrogen (δ15N) of blood from female (red 

circles) and male (blue circles) brown skuas (Catharacta antarctica lonnbergi) breeding on 

South East Island, Chatham Islands as well as δ13C and δ15N values from tissues of skua prey 

species. Skua isotope values (δ13C, δ15N) are single measurements from individual blood 

samples. Prey species are presented as means (black circles) ± SD (black lines; sum of SD 

discrimination factor and SD prey source measurements. 



Chapter 4: Brown skua diet 

86	

 

Fig. 3 The contribution of different prey items to the diet of brown skuas (Catharacta antarctica 

lonnbergi) from the Chatham Islands, as predicted by a Bayesian isotope mixing model. Box-

plots show median values (horizontal lines) for diet proportions of females (red fill) and males 

(blue fill). While females prey on a mixed diet comprising terrestrial and marine resources, 

males almost exclusively feed on marine prey (i.e., other seabird species). Prey species that 

were included in the mixing model are sheep (Ovis aries), broad-billed prion (Pachyptila 

vittata), white-faced storm petrel (Pelagodroma marina), and the group ‘other seabirds’ 

comprising common diving petrel (Pelecanoides urinatrix), little penguin (Eudyptula minor), 

and sooty shearwater (Puffinus griseus).  
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Fig. 4 Individual consistency in stable isotope signatures of brown skuas (Catharacta 

antarctica lonnbergi) breeding on South East Island, Chatham Islands. Depicted are a) an 

isospace plot of stable carbon (δ13C) and nitrogen (δ15N) of blood from 13 females (red circles) 

and 16 males (blue squares) that were sampled in either two or three years. Lines indicate 

samples that were collected from the same individual. Furthermore, b) a box plot indicates the 

mean distance between samples from the same individual for females (red fill) and males (blue 

fill).  
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5 

Has the diet of brown skuas changed over a 145 year period? 

 

5.1 ABSTRACT 

Top predators are important indicators of ecosystem health. Brown skuas (Catharacta 

antarctica lonnbergi) are large predatory seabirds that are declining at a major breeding site on 

the Chatham Islands, New Zealand. While the number of breeding territories has remained 

relatively stable, the number of communal groups and non-breeders have declined significantly 

since the 1980s. Possible reasons for this decline include shootings by local farmers and/or 

changes in the availability of prey. Identifying changes in the diet of brown skuas is key to 

managing this population and recognising changes in the Chatham Island ecosystem, which is 

home to a range of other rare and endemic seabirds. Stable isotopes (13C, 15N) from modern 

and museum feathers spanning a 145 year period (1871–2016), as well as modern and historical 

blood samples were analysed to investigate the foraging behaviour of brown skuas during the 

non-breeding and breeding periods. Stable isotopic signatures of feathers grown during the non-

breeding season did not differ between modern (2014–16) and museum samples (1871–1996), 

suggesting that no major shifts in the non-breeding distribution or diet of skuas has occurred. 

However, modern blood samples (2014–16) collected during the breeding season were depleted 

in 13C when compared to historical samples (1987–93), and this effect was strongest in females. 

Furthermore, 13C values from historical blood of both sexes showed a significant positive 

relationship with the Southern Oscillation Index (SOI) – a proxy for changes in ocean 
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temperature. In contrast, only 13C values of males were correlated to the SOI in modern blood 

samples. Taken together these findings indicate a possible shift in the diet of females from a 

mostly marine towards a higher terrestrial component. In addition, during the breeding season, 

the current trophic niche of females was wider than in the past, indicating a possible reduction 

in the availability of marine prey and/or changes in local farming practices. 
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5.2 INTRODUCTION 

Seabirds are top predators in the marine ecosystem and are amongst the most susceptible taxa 

to environmental change (Croxall et al. 2012). Their foraging behaviours are largely driven by 

the availability of resources (see e.g., Weimerskirch et al. 1994) and are therefore sensitive to 

temperature driven changes in prey distribution. This is particularly likely during the breeding 

season, when seabirds are central place foragers, and hence foraging ranges are limited and 

energetic demands are high (Phillips et al. 2017).  

Natural weather phenomena can influence the trophic ecology of seabirds (Guinet et al. 

1998, Ancona et al. 2012). The El Niño–Southern Oscillation (ENSO) affects global air and 

ocean temperatures, with significant impacts on local weather patterns. Furthermore, 

anthropogenic greenhouse gas emissions have led to increasing global ocean and atmospheric 

temperatures during the current and past century, with far-ranging effects for terrestrial and 

marine organisms (Walther et al. 2002). The effects of anthropogenic climate change can affect 

nutrient cycling at low trophic levels, which is then reflected in the tissues of organisms that 

feed at higher trophic levels (Schell 2000, Jaeger & Cherel 2011). Consequently, the effects of 

ENSO events and anthropogenic climate change (i.e., El Niño and El Niña), are thought to 

influence the foraging behaviour and reproductive success of seabirds (Thompson & Furness 

1991, Bond & Lavers 2014).  

In addition to anthropogenic climate change, commercial fisheries are directly affecting 

marine ecosystems, and are argued to contribute to the restructuring of marine food-webs 

(Pauly et al. 1998, McCauley et al. 2015), with possible impacts on the foraging behaviour of 

seabirds and other marine top predators (Votier et al. 2004b).  

Farming practices as well as availability of human refuse can also alter the composition 

and quality of seabird diet during the breeding season, particularly in opportunistic species such 

as gulls (Schwemmer et al. 2008, Hobson et al. 2015). Furthermore, in seabirds, females and 
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males often differ at least seasonally in their foraging behaviour (Phillips et al. 2004a). It is 

thought that sexual differences in foraging behaviour may be related to differences in body size 

of females and males (González-Solís et al. 2000a). Furthermore, other studies have linked sex-

specific foraging to differences in risk partitioning behaviour (Elliott et al. 2010) or 

reproductive roles (Paredes et al. 2008). The latter can be reflected e.g., in differences in brood 

guarding or food provisioning rates, and may at times be driven by differences in nutrient 

requirements between the sexes (Clarke et al. 1998, Thaxter et al. 2009, Phillips et al. 2017).  

Irrespective of the underlying mechanisms, sexual differences in foraging behaviour 

have important implications for effective management and conservation efforts e.g., if the sexes 

differ in the use of resources and/or foraging habitats and if these habitats are associated with 

different fitness consequences (Phillips et al. 2017). Moreover, differences between females 

and males are thought to determine their susceptibility and ability to respond to environmental 

changes or threats (Granadeiro et al. 2014, Phillips et al. 2017). However, long-term data 

regarding foraging behaviour of seabirds are scarce and therefore our knowledge of how 

different sexes respond to environmental and anthropogenic change are limited.  

Stable isotope analysis of stored tissues or museum specimens allows the ecological 

history of a species to be investigated (Thompson et al. 1995, Hilton et al. 2006, Jaeger & 

Cherel 2011, Bond & Lavers 2014, Blight et al. 2015). Generally, 13C values reflect foraging 

habitat and 15N is a proxy for trophic level (Kelly 2000). Changes in a predator’s 13C and 

15N values may be caused by shifts in diet composition, or restructuring of lower trophic levels, 

while the actual diet of a predator remains unchanged – a baseline shift (Bond & Lavers 2014). 

The analysis of stable carbon and nitrogen can therefore reveal changes in the diet of predators 

and/or changes in lower tropic levels (Thompson et al. 1995, Cherel et al. 2014). However, 

these two phenomena are difficult to disentangle, especially since historical isotope data for 

respective prey species are often not available (Bond & Jones 2009). Irrespective of the 
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proximate cause, long-term changes in 13C and 15N in the tissues of predators can reflect 

significant changes in marine ecosystems (Bond & Lavers 2014).  

Brown skuas (Catharacta antarctica lonnbergi) are large predatory seabirds with a 

circumpolar breeding distribution that ranges from the Antarctic Peninsula to the temperate 

Chatham and Amsterdam Islands. While no sexual differences in foraging behaviour and diet 

were found at Antarctic or subantarctic colonies (Anderson et al. 2009, Carneiro et al. 2014, 

2015), differences in habitat use and diet occur in brown skuas breeding at South East Island in 

the temperate Chatham Islands (see Chapters 3 and 4), where skua numbers are in decline. 

While the numbers of breeding territories (c.40–45) on South East Island have remained 

relatively stable since the first reported observations (Fleming 1939, Young 1994), the number 

of communally breeding groups (three or more birds guarding one nest) has declined by c. 50% 

in recent years (Young 1994, Fig. 1). Moreover, the number of transient non-breeders on South 

East Island is less than in past reports.  

To investigate changes in the non-breeding diet of brown skuas, stable isotopes (13C 

and 15N) of modern and museum feather samples were compared. Moreover, a potential shift 

in the breeding season diet of female and male brown skuas from South East Island was 

investigated by comparing stable isotope signatures (13C and 15N) from modern and historical 

blood samples.  

 

5.3 MATERIALS AND METHODS 

5.3.1 Fieldwork and sample collection 

Fieldwork was conducted on South East Island (Māori name: ‘Rangatira’, 44°20’S, 176°10’88 

W) in the Chatham Island Archipelago, New Zealand (Fig. S1) (Department of Conservation 

Wildlife Authority, Permit No. 39406-FAU; The University of Auckland Animal Ethics 

Authorisation No. 001382).  
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The timing of feather moult in skuas is not well described, but is commonly thought to 

take place during the non-breeding period (Furness 1987, but see van Bemmelen et al. (2018) 

for long-tailed skua Stercorarius longicaudus). The outermost right rectrix (tail feather) was 

used in order to compare modern (2014–16; n = 72) and past (1871–1996; n = 10) isotopic 

signatures (13C, 15N) of feathers (Table S1). Museum samples were obtained from the 

Museum of New Zealand Te Papa Tongarewa, Canterbury and Auckland War Memorial 

Museum. All historical feathers were originally collected from adult brown skuas sampled on 

the Chatham Islands. In two museum specimens, no tail feathers were available. Instead, the 

under-wing covert of the P8 primary was selected for analysis, which was assumed to moult in 

sequence with the respective tail feather. 

Modern blood samples were collected from breeding adult brown skuas across three 

breeding seasons (October to December) from 2014–16. All birds were caught in their 

territories using a hand-net or clap-trap. In these seasons, a blood sample (200µl) was taken 

from the metatarsal vein. Approximately 100µl were stored in Queens Lysis buffer for 

molecular sexing, and 100µl were stored in 70% ethanol for stable isotope analysis. Modern 

blood samples included 107 samples from 68 individuals. 

Historical blood samples were collected between 1987–93. Blood was sampled from the 

metatarsal vein, immediately frozen using liquid nitrogen, transported to the laboratory frozen 

and stored at -80°C. In total, 186 blood samples were analysed from 122 individuals, of which 

80 were sampled in one year, 25 in two years, 12 over three and five over four years (Table 

S2). Historical blood comprised 79 samples from 56 individuals. Two individuals were sampled 

in both the modern and historical years. 
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5.3.2 Stable isotope analyses 

Blood and feather samples were analysed for stable carbon (13C/12C, expressed as 13C) and 

nitrogen (15N/14N expressed as 15N) isotopes. Since different tissues integrate isotopic 

signatures across specific time scales, analysing multiple tissues from the same species can 

reveal the trophic ecology of an organism at different times. Stable isotopes of avian blood 

reflect diet taken during the past two to four weeks (Hobson & Bairlein 2003) and, when 

sampled at the breeding colony, represent diet eaten during the breeding season. In contrast, 

feather tissue is metabolically inert and reflects the diet during the time of feather growth 

(Cherel et al. 2000), which usually occurs during the non-breeding period. The Southern Ocean 

(south of the Subtropical Front) shows a steep gradient of 13C that decreases pole-wards, which 

can be detected in the tissues of seabirds (Jaeger & Cherel 2011). Analyses of feather stable 

isotopes therefore allows identification of shifts in non-breeding areas (13C) and trophic level 

(15N) of seabirds (Quillfeldt et al. 2010a, Cherel et al. 2014, Grecian et al. 2016). 

Stable isotope sample preparation was performed as described in Ismar et al. (2014). 

Feathers were first rinsed once with 70% ethanol, then three times with distilled water, and then 

dried. Dried feathers were homogenised using sterile stainless-steel scissors. Blood samples 

were freeze dried overnight and then homogenised in an Eppendorf tube using a rounded 

spatula. Subsequently, 0.75–0.85 mg of homogenized material was transferred into tin capsules 

for analysis of stable carbon (13C/12C, expressed as 13C, a measure of the primary carbon 

source) and nitrogen (15N/14N expressed as 15N, a measure of trophic level). Stable isotope 

analysis was performed at the National Institute for Water and Atmospheric Research (NIWA) 

in Wellington. Analysis was performed on a Flash 2000 elemental analyser (Thermo-Fischer 

Scientific, Bremen, Germany) that was connected to a Delta V Plus (Thermo-Fischer Scientific, 

Bremen, Germany) fully automated continuous flow isotope ratio mass spectrometer. 

Normalization of isotope values was performed against a range of National Institute and 
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Technology standards (NIST; see supplementary material of Chapter 2 for details).  

Release of anthropogenic CO2 has resulted in a decrease in 14C and 13C in the 

atmosphere, a phenomenon termed the ‘Suess effect’ (Suess 1955). To account for the Suess 

effect, all blood and feather samples were adjusted relative to the youngest sample in the dataset 

following Grecian et al. (2016): 

If sampled before 1970: 

13Csuess= 13C - 0.018 × (2016 - Yeari) 

or, if sampled after 1970: 

13Csuess= 13C - 0.018 × (2016 - Yeari) + 0.007 × (1970 - Yeari) 

Values of 13C were not corrected for changes in aquatic CO2 as the effects are within the 

margins of the analytical error associated with the stable isotope method (Bond & Lavers 2014). 

 

5.3.3 Isotopic niche width 

Stable carbon (13C) and nitrogen (15N) isotopes were used to describe the trophic niche of 

female and male brown skuas in both modern and historical blood datasets. Stable isotope 

Bayesian ellipses were computed via the R package ‘SIBER’ (Jackson et al. 2011) to determine 

the Standard Ellipse Area (c. 40% of all data points within each group) corrected for small 

sample sizes (SEAc) for modern and historical blood samples. Then the Bayesian Standard 

Ellipse Area (SEAB), a Markov chain Monte Carlo based method that allows for estimating the 

uncertainty associated with the computed SEA as well as for statistical comparison of trophic 

niche among groups (i.e., female-male, modern-historical), was calculated. The model was run 

using 3 times 105 iterations and 3 chains, resulting in 9000 posterior estimates of SEAB. 
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5.3.4 Statistical analyses 

For the analysis of modern and museum feather samples, a non-parametric Kruskal Wallis test 

was used to test for differences between sampling years. Since sex information was only 

available for six museum samples, it was not tested for differences between the sexes. 

Linear mixed-effect models (LMM) were used to test for effects of the fixed factors 

sampling year and the Southern Oscillation Index (SOI), and their interactions on 13C and 15N 

values from skua blood. To control for the very different levels of variation in δ13C of females 

and males, separate models were fitted for each sex. In both models, ‘individual’ was included 

as a random factor to account for within-individual variation, as some skuas were sampled in 

multiple years. Since the SOI decreased with sampling year in the dataset (LMM: -0.03 p.a. ± 

0.00 SE, t = -7.35, p < 0.001), following Bond & Lavers (2014), the residual of the linear 

regression was fitted ‘SOI~year’, hereafter referred to as ‘SOI’, instead of the raw SOI values. 

To be consistent, a similar approach was used for analysing δ15N values.  

 

5.4 RESULTS 

5.4.1 Feather stable carbon (δ13C) and stable nitrogen (15N) 

Isotopic signatures of modern feather samples were very similar to those of museum feathers 

(modern: δ13C = -17.3 ± 0.2‰ SE, 15N = 12.7 ± 0.3‰ SE; museum: δ13C = -17.1 ± 0.2‰ SE, 

15N = 12.9 ± 0.6‰ SE) and were not statistically different (Kruskal-Wallis χ2: 3.98, df = 7, p 

= 0.780; Fig. 2). In contrast, values of 15N differed between 2014 and the two other modern 

years (Kruskal-Wallis χ2: 23.73, df = 7, p < 0.001; 2014–15: z = 4.30, p < 0.001; 2014–16: z = 

3.87, p = 0.002), but not between any other years. 
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5.4.2 Blood stable carbon (δ13C) 

Between 1987 and 2016, the modelled 13C of female blood decreased from -20.9 ± 0.6‰ SE 

to -22.0 ± 0.5‰ SE. The modelled decline in 13C was -0.04 p.a. ± 0.03‰ SE (Fig. 3a). This 

trend was however not statistically significant (LMM: t = -1.46, p = 0.157), likely owing to the 

large variance in 13C of females. In females, the SOI was not related with 13C (LMM: 0.38 ± 

0.23‰ SE, p = 0.119). To test whether female diet was historically more affected by SOI, the 

model was re-run using only data from historical years (1987–93): SOI was now positively 

related with 13C values of females (0.7 ± 0.2‰ SE, p = 0.014), indicating that females may 

historically have relied more on a marine diet than today.  

The δ13C values of males decreased slightly from -18.7 ± 0.2‰ SE to -19.1 ± 0.2‰ SE 

between 1987 and 2016. The modelled annual decline in male 13C was -0.01 p.a. ± 0.01‰ SE, 

which is four times less than in females, but this trend was not statistically significant (t = 4.62, 

p = 0.193). The SOI was positively related with 13C in males (LMM: 0.43 ± 0.09‰ SE, p < 

0.001). 

 

5.4.3 Blood stable nitrogen (15N) 

15N from blood of females and males did not change according to sampling year (LMM: 

female = 0.00 p.a. ± 0.01‰ SE, p = 0.840; male = 0.00 p.a. ± 0.00‰ SE, p = 0.954). 

Interestingly, the SOI did have a significant effect on δ15N in the males, but not in females 

(LMM: female = 0.17 ± 0.11‰ SE, p = 0.133; male = 0.29 ± 0.07‰ SE, p < 0.001; Fig. 3b).  

 

5.4.4 The isotopic niche of brown skuas 

Based on multivariate standard ellipses corrected for small sample sizes (SEAC; Jackson et al. 

2011), the isotopic niche of females was approximately three times the size than that of males 

in modern samples (SEAC female = 6.22‰2; male = 2.19‰2), and more than twice the size in 
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historical samples (SEAC female = 5.09‰2; males = 2.43‰2; Fig. 4). To allow for a statistical 

comparison of females and males within and among modern and historical years, the Bayesian 

Standard Ellipse Area (SEAB; Jackson et al. 2011) was also calculated (Fig. S2). The calculated 

SEAC means were almost identical to the SEAB means. SEAB was used to test for differences 

in the posterior distributions of ellipse sizes between the four groups (female and male skuas in 

both modern and historical years). This was achieved by comparing the probability of one 

group’s SEAB being greater or smaller than the SEAB of another group (Jackson et al. 2011). 

The probabilities of the female niche being larger than that of males were 100% and 99.9% for 

modern and historical samples, respectively. The differences in niche sizes were less 

pronounced when comparing modern and historical samples of the same sex. In females, the 

probability of the modern trophic niche being larger than the historical niche was 81.6%. In 

contrast, the modern niche was smaller than the historical niche (probability of 69.6%) in males.  

 

5.5 DISCUSSION 

5.5.1 Long-term trends in stable isotopes of feathers 

The Southern Ocean shows a strong latitudinal gradient in baseline values of 13C, which is 

reflected in the tissues of organisms that feed at higher trophic levels (Jaeger et al. 2010, 

Quillfeldt et al. 2010a). Therefore, 13C values from feathers that were grown during the non-

breeding period can be used to infer the latitude of feather moult. Isotopic signatures (13C, 

15N) of brown skua feather samples did not differ between modern (2014–16) and 

historical/museum (1871–1996) years. This suggests that neither the latitude of the non-

breeding areas (13C) nor the trophic level of the diet (15N) of brown skuas have changed 

substantially over a 145 year period.  

Consistent with the findings of this study, another recent study on broad-billed prions 

breeding on South East Island did not find evidence for changes in feather 13C over an 87 year 
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period. However, broad-billed prions showed a decline (slope = -0.02 ± 0.02‰) in 15N over 

the same period (Grecian et al. 2016). Broad-billed prions winter east of the Chatham Rise with 

core wintering areas above the Louisville Seamount Chain, and therefore overlap in parts with 

the spatial distribution of brown skua (see Chapter 2). The fact that neither prions nor skuas 

from the Chatham Islands showed changes in 13C suggests that the distribution and abundance 

of their major prey species have remained unchanged, allowing them to winter at similar 

latitudes as in the past.  

However, a decline in 15N in feathers of broad-billed prions suggests an overall reduced 

productivity or an alteration in trophic structure in the wintering areas (Grecian et al. 2016). 

Interestingly, Grecian et al. (2016) found that feather 13C of Antarctic prions (Pachyptila 

desolata) from the Auckland Islands, south of New Zealand, had declined over a 60 year period 

(1942–2005). The authors suggested that this decline in 13C was indicative of a shift in the 

prion’s non-breeding areas towards higher latitudes, which are characterised by lower 13C 

baseline values. Similarly, comparisons of stable carbon values in feathers of thin-billed prions 

(Pachyptila belcheri) from the Falkland and Kerguelen Islands suggest a recent poleward shift 

in the non-breeding distribution of prions, likely as a consequence of temperature mediated 

changes in the distribution of their prey (Quillfeldt et al. 2010a, Cherel et al. 2014). While the 

findings of the present study did not show signs of climate driven changes in the non-breeding 

distribution of skuas, these findings were based on a single tail feather, which only provides an 

isotopic snap shot (i.e., time and location of feather growth) of their non-breeding distribution. 

 

5.5.2 Trends in stable isotopes of blood 

The findings of this study suggest that female brown skuas from the Chatham Islands have 

changed their breeding diet over the last ~ 30 years. Furthermore, it seems that the difference 

in 13C values between females and males has increased. Although trends in 13C were not 
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statistically significant, the annual decrease in 13C was four times greater in females than in 

males.  

There are at least two non-exclusive explanations for low 13C values in seabird tissues, 

namely a shift towards a diet with lower 13C values (a diet shift) or a shift in the environment 

towards lower 13C baseline values (Bond & Lavers 2014). Baseline 13C values depend on 

phytoplankton growth rates (Laws et al. 1995). Therefore, a decrease in primary productivity 

could lead to a decline in baseline 13C, which is then reflected in the tissues of higher trophic 

level organisms such as seabirds (Jaeger & Cherel 2011). The lack of historical prey samples 

of skuas precludes disentangling these two possibilities. 

However, changes in 13C baseline values would be expected to affect both females and 

males to a similar degree. Therefore, it is more likely that the difference in 13C between 

females and males is primarily reflecting a female shift towards an increasingly terrestrial diet 

rather than a baseline shift. This could reflect a higher availability of sheep carcasses on Pitt 

Island in recent years (i.e., either due to an increased number of stock and/or changes in farming 

practices). Moreover, the increase in the niche of females could indicate a decline in the 

availability of marine prey over the past 30 years (Bond & Lavers 2014), which could have 

resulted in a corresponding increase in the importance of terrestrial resources for females. A 

similar shift in diet has occurred in Glaucous-winged gulls (Larus glaucescens; Blight et al. 

2015). Values of 13C and 15N from feathers (here representative of their breeding season diet) 

were lower in modern than in historical samples (~150 years), indicating a shift in the gulls’ 

diet towards benthic-terrestrial resources (Blight et al. 2015, Hobson et al. 2015). The authors 

concluded that a decline in the abundance and/or quality of marine diet were driving gulls to 

change their foraging behaviour. Since isotopic signatures in the prey of gulls did not differ 

historically, the authors concluded that a shift in diet rather than a change in environmental 

baseline values had occurred.  
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5.5.3 Correlation with the Southern Oscillation Index (SOI) 

Since 13C values of female skuas were lower than those of males in both modern and historical 

blood samples, females have likely always fed on terrestrial prey. However, the fact that 

females’ historical (but not modern) diet was correlated with the SOI suggests that females have 

gradually moved towards a more terrestrial diet. While it is possible that some prey species in 

the marine diet of females are less available today than they were in the past, differences in 

farming practices could also have affected the foraging behaviour of females e.g., if more sheep 

remains are available today than in the past.  

Interestingly, 15N has not changed across sampling years. If female skuas have 

switched to a more terrestrial diet, one could expect to also see a decline in 15N over time (see 

e.g., Blight et al. 2015), unless the average trophic level in the diet of females has remained 

unchanged despite a different diet composition. However, since 15N values of sheep were more 

similar to those of seabirds than their respective 13C values (see Chapter 4, Table 1), changes 

in 15N might be too subtle to be detected over the 30 year time scale of this study. Alternatively, 

assuming that sheep were historically part of the diet of skuas, an increasing benthic diet 

component (e.g., marine invertebrates from the intertidal zone) could explain the declining 13C 

(whilst stable 15N) levels. 

 

5.5.4 Implications for population trends of brown skua 

The findings in this study of a shift towards a more terrestrial diet of female brown skuas 

suggest that, during breeding, females are less affected by changes in the marine ecosystem 

than males. However, females may face other potential threats in terrestrial systems. Even 

though protected in New Zealand, culling of brown skuas is legal on the Chatham Islands where 

an unknown number of birds are shot every year. If changes in the marine ecosystem are driving 

female skuas to eat less marine, a future diet shift also of males to higher proportions of non-
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marine diets seems possible in this opportunistic predator, and this could potentially increase 

human-induced mortality rates. While it is not clear whether the simultaneous decrease in 13C 

over a 30 year period as well as the declining number of communal groups and transient non-

breeders are related, both observations indicate a change in the breeding ecology of skuas and 

possibly of the wider Chatham Island ecosystem. Hence, this study is another example of how 

human activities and/or environmental change can affect the foraging behaviour of marine top 

predators. Since it is unclear how many skuas are shot every season, a suggestion would be to 

oblige local farmers to register for shooting licenses and to report the numbers of skuas shot 

per year as a condition of the license. 

Anthropogenic climate change and natural weather phenomena may affect ocean 

temperatures, which in turn can alter marine primary productivity, with possible bottom-up 

effects on higher trophic levels (Schell 2000). It is thought that the El Niño–Southern 

Oscillation (ENSO) could affect the breeding and foraging ecology of seabirds via changes in 

the distribution and availability of their prey (Guinet et al. 1998, Mills et al. 2008, Ancona et 

al. 2012). For example, ENSO effects have been suggested to reduce food availability and 

reproductive success of red-billed gulls (Larus novaehollandiae) (Mills et al. 2008). If 

anthropogenic climate change has the potential to strengthen the magnitude of natural weather 

phenomena such as ENSO, negative impacts on seabirds and other marine predators may 

further increase in the future. 
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5.6 TABLES AND FIGURES 

 

Fig. 1 Population trends of communally breeding groups and the number of total breeding 

territories of brown skua (Catharacta antarctica lonnbergi) on South East Island, Chatham 

Islands. Indicated are a) the total number of breeding birds (grey circles), the total number of 
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breeding territories (both pairs and communal groups; orange circles) and the number of 

communally breeding groups (purple circles) over time. The linear trends are shown with 

respective 95% confidence intervals (shades of grey, orange and purple). Sampling periods of 

modern and historical blood samples are indicated. Furthermore, b) a communally breeding trio 

during a ‘long call’ territorial display is shown (photo credit: E. C. Young). Historical census 

data (1981-1997) were derived from Young (1994, 1999). Census data for the years 2012–13 

were collected by Graeme Loh, The New Zealand Department of Conservation.  

  



Chapter 5: Ecological history of brown skua 

106	

Fig. 2 Stable isotope signatures (δ13C and δ15N) of modern and museum feather samples from 

brown skua (Catharacta antarctica lonnbergi) breeding on the Chatham Islands. Depicted are 

modern (2014–16; hollow circles) and museum samples (1871–1996); grey squares). Values 

are shown as means ± SD (corrected for the Suess effect) for modern and museum samples. 
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Fig. 3 Trends in δ13C and δ15N from blood of brown skua (Catharacta antarctica lonnbergi) 

breeding on the Chatham Islands. Shown are raw isotopic measurements (corrected for the 

Suess effect) of a) δ13C and b) δ15N from female (red circles) and male (blue circles) individuals. 

The predicted means (solid line) and corresponding 95% confidence intervals (dashed lines) 

are imposed on the raw data. 
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Fig. 4 Standard Ellipse Area (SEAc) depicting 40% contours for modern (solid line) and 

historical (dashed line) blood samples of female (red circles) and male (blue circles) brown 

skuas (Catharacta antarctica lonnbergi) breeding on the Chatham Islands. Ellipses are 

superimposed on isotopic measurements (corrected for the Suess effect) of female (circle) and 

male (square) δ13C and δ15N values.  
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6 

General conclusions 

6.1 Summary 

In this thesis, fundamental information regarding the year-round distribution, activity patterns 

and diet of brown skuas (Catharacta antarctica lonnbergi) breeding at the temperate Chatham 

Islands, New Zealand was collected. The first quantitative evidence of migratory behaviour was 

provided, complementing existing knowledge about the life cycle of this population, which was 

previously limited to the pre-breeding and breeding periods (Fig. 1). Furthermore, detailed 

analyses of the movement, activity and diet of brown skuas during the breeding season showed 

significant differences between females and males. This finding was surprising given that no 

such patterns were found in studies of brown skuas from high latitudes. The findings of this 

thesis suggest that over the past 30 years females have shifted towards a more terrestrial diet. 

The results have important implications for understanding the drivers of sexual differences in 

foraging behaviour, how the latter may change over time, and how such changes are relevant 

for the management of brown skuas and other seabirds. 

 

6.2 The role of the environment in shaping skua behaviour 

A key question that arises from this thesis is why brown skuas from the Chatham Islands show 

behaviours that differ from skuas breeding at higher latitudes. The greatest differences between 

temperate and polar breeding habitats of brown skuas are the much milder climatic conditions 

and reduced seasonality. Islands of maritime Antarctica are characterised by annual air 

temperatures ranging from -7 to 0ºC, and have little vegetation (Young 1999). In contrast, on 
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the Chatham Islands, climatic conditions are milder with annual air temperatures between 11 

and 12°C (Pearce 2016). Furthermore, habitat heterogeneity at this temperate site is likely to be 

higher than that in Antarctica, which may increase ecological opportunity (i.e., the diversity of 

resources) for brown skuas. The environmental conditions at the temperate Chatham Islands 

may in part explain the patterns of movement and activity during non-breeding and breeding 

periods, both of which are discussed in more detail below. 

 

6.3 What is migration? Non-breeding behaviour of brown skuas 

In chapter 2 of this thesis, the non-breeding distribution and diet of skuas was investigated. 

Apart from a few exceptions, skuas remained relatively close to the colony, which may raise 

the question whether the observed movements are in fact describing migration behaviour or 

whether they are merely wandering movements. Whether movements can be considered 

migratory depends on the definition of migration. According to some authors, migration 

represents the movements of individuals that are motivated by the spatio-temporal 

heterogeneity in the distribution of resources (Dingle & Drake 2007, Shaw & Couzin 2013). 

Migration can therefore be considered a seasonal movement to habitats that are located far 

outside an individual’s home range (Dingle & Drake 2007, Shaw 2016). In many shorebirds, 

such movements between breeding and wintering grounds are extreme (i.e., several thousand 

kilometres) and often non-stop (Battley et al. 2012, Hooijmeijer et al. 2014). Other bird species 

migrate at a much smaller scale (see e.g., Pierce 1999 for migration patterns of banded dotterels 

Charadrius bicinctus bicinctus within New Zealand. During the non-breeding period, brown 

skuas from the Chatham Islands ranged on average 1500 km away from the colony, which is 

significant when compared to their maximum range during breeding (c. 60 km; see Chapter 3), 

and hence can be considered migratory.  
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In the Northern Hemisphere, migration distances of skuas differed between species and 

individuals and has been suggested to be related to body size (van Bemmelen et al. 2018). Small 

species (i.e., long-tailed skua Stercorarius longicaudus) migrated long distances to the Southern 

Hemisphere (Sittler et al. 2011, Gilg et al. 2013, Van Bemmelen et al. 2017), whereas large 

species (i.e., great skua Catharacta skua) travelled relatively short distances within the 

Northern Hemisphere (Magnusdottir et al. 2012, reviewed in van Bemmelen et al. 2018). In the 

Southern Hemisphere, skuas seem to follow a similar pattern with smaller species (i.e., south 

polar skua) showing long trans-equatorial migrations (Kopp et al. 2011, Weimerskirch, et al. 

2015b) and the larger brown skuas migrating relatively short distances (Phillips et al. 2007, 

Carneiro et al. 2016, Krietsch et al. 2017, Delord et al. 2018, Schultz et al. 2018).  

Although brown skuas from the Chatham Islands migrated to similar latitudes as those 

from South Georgia (Phillips et al. 2007, Carneiro et al. 2016) and the South Shetland Islands 

(Krietsch et al. 2017), Chatham Island skuas departed later and stayed away from their 

territories for shorter periods of time (see Chapter 2). The larger extent of migration in brown 

skuas breeding at high latitudes is not surprising, as the available time at the territory is likely 

to be limited by decreasing temperatures, day lengths and diet availability during the winter 

months. The temperate climate and less extreme seasonality at the Chatham Islands may relax 

the temporal constraints for breeding compared with populations from high latitudes. In this 

study, feather samples from five females showed low δ13C values. If these feathers had grown 

while away from the colony, it would be expected that their stable isotope signatures differed 

from those of blood that was collected at the breeding colony. However, the low δ13C values 

from feathers were similar to the mean isotopic value of female blood during the breeding 

season. Hence, in the light of the mild climate and abundant resources on the Chatham Islands 

and considering historical reports (Hemmings 1990), one possible explanation for the low δ13C 

values would be that the five females remained at the breeding colony year-round. 
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Partial migration describes a population where some individuals migrate and others are 

resident year-round (Dingle 1996). It is thought that the causes of partial migration are largely 

dependent on body-condition (Chapman et al. 2011). Generally, larger individuals are more 

likely to remain resident at their breeding grounds than are smaller individuals, a fact attributed 

to the increased thermal tolerance of larger birds (Ketterson & Nolan 1976, Chapman et al. 

2011). Moreover, competition for breeding territories between individuals of the same sex can 

drive early arrival at the breeding site, and ultimately lead to the development of year-round 

residency in one sex (Ketterson & Nolan 1976, Fudickar et al. 2013). Interestingly, female 

skuas which are c. 5% larger (and up to 16% heavier) than males (Phillips et al. 2002), were 

the only individuals that showed low δ13C values in feather tissues. Although in skuas males 

are commonly thought to arrive back at the territory before their female partners (Furness 1987), 

female brown skuas from the Chatham Islands returned to the breeding colony slightly earlier 

than males (see Chapter 2). Hence, in the context of this study, facultative partial migration of 

the larger females would be consistent with both the ‘early arrival’ and the ‘thermal tolerance’ 

hypotheses. Moreover, carcasses from livestock and other human waste are available on the 

Chatham Islands year-round. Together with naturally available marine resources, scavenging 

from anthropogenic sources may sustain some resident skua over the non-breeding period. The 

temperate environmental conditions at the Chatham Islands could possibly explain why the 

duration of migration in brown skua seems to decrease from polar to temperate regions (see 

Chapter 2).  

 

6.4 Foraging behaviour of skuas during breeding 

While differences in the non-breeding distribution of females and males only occurred 

temporarily (i.e., May–June; see Chapter 2), sexual differences in patterns of movement, 

activity and diet were strongest during the breeding season and persisted across years (see 
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Chapters 3–4). In seabirds, sexual differences in habitat use are more common during breeding 

than during the non-breeding period, likely due to the increased constraints of central-place 

foraging and parental care during the breeding season (Phillips et al. 2011). This finding is 

surprising, as GPS tracking and stable isotope studies of brown skuas from high latitudes did 

not indicate any sexual differences in foraging behaviour (Anderson et al. 2009, Carneiro et al. 

2014, 2015). The differences in behaviour during the breeding period could be related to 

contrasting environmental conditions at polar and temperate latitudes. These distinct breeding 

habitats might provide different degrees of ecological opportunity, which are thought to be a 

prerequisite for individual specialisation to occur (Araújo et al. 2011). Indeed, it was suggested 

that ecological opportunity increases with decreasing latitude in some marine systems, and this 

was associated with a higher degree of individual specialisation of ringed seals at low latitudes 

(Pusa hispida) (Yurkowski et al. 2016). Similarly, results from tracking and stable isotope 

studies indicate that increased ecological opportunity is associated with individual 

specialisation in seabirds (Ceia et al. 2014, Horswill et al. 2016). Ecological opportunity also 

seems to promote individual specialisation in terrestrial and aquatic systems. For example, 

higher ecological opportunity is reflected in increased individual specialisation of grey wolves 

(Canis lupus; Darimont et al. 2009) and fragmentation of habitat (and hence reduced 

opportunity) is associated with lowered specialisation in grey snappers (Lutjanus griseus; 

Layman et al. 2007, Darimont et al. 2009). 

Differences in the foraging behaviour of females and males may constitute discrete ends 

of a continuum of individual variation (Bolnick et al. 2003, Camphuysen et al. 2015). Therefore, 

ecological opportunity may also be required for sex-specific foraging specialisation to occur. 

Sexual differences in foraging behaviour seem to be common in predatory seabirds such as 

gulls and giant petrels (Pierotti 1981, González-Solís et al. 2000a, b, Camphuysen et al. 2015, 

García-Tarrasón et al. 2015), but reports in skuas are scarce (but see Julien et al. 2014). Not 
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many studies have directly tested for differences in foraging behaviour in brown skuas, but 

those that did could not detect any differences between females and males (Anderson et al. 

2009, Carneiro et al. 2014, 2015). A possible explanation for the lack of sexual differences in 

brown skuas breeding at high latitudes could be that foraging opportunities for skuas are more 

restricted due to the much harsher climatic conditions and a relatively low heterogeneity in 

habitat. In contrast, South East Island provides a variety of foraging opportunities for an 

opportunistic predator such as skua. This high heterogeneity in foraging habitats and natural 

resources (i.e., burrow-nesting seabirds, seal colonies and possibly benthic invertebrates) is 

complemented by farmland, which provides additional foraging opportunities in the form of 

sheep carcasses and placentae. Importantly, ecological opportunity and therefore the potential 

to specialise is increased where both marine and terrestrial foraging habitats are available 

(Darimont et al. 2009). Hence, additional foraging opportunities via anthropogenic resources 

might facilitate sex-specific foraging behaviour in Chatham Island brown skuas. Sexual 

differences in foraging behaviour could then be driven by intraspecific competition for 

resources (González-Solís et al. 2000a), sex-specific differences in risk partitioning (Elliott et 

al. 2010), parental roles or nutrient requirements (Lewis et al. 2002, Pinet et al. 2012). The 

findings of this thesis raise the question as to whether sexual differences in the foraging 

behaviour of female and male skuas mostly occur in populations that have access to 

anthropogenic resources (e.g., agricultural waste products or carcasses). It would therefore be 

interesting to investigate whether patterns similar to those at the Chatham Islands occur in 

brown skuas breeding at other temperate latitudes, ideally comparing populations with and 

without access to anthropogenic resources. 
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6.5 Long-term trends in the distribution and diet of skuas 

If the abundance of marine and/or anthropogenic resources was different in the past, this could 

potentially be reflected in changes in the non-breeding distribution and hence stable isotope 

signatures of skuas over time, as has been observed in other seabird species (Cherel et al. 2014, 

Grecian et al. 2016). Moreover, if differences in the foraging behaviour between female and 

male skuas during the breeding period are indeed in part facilitated by the availability of 

anthropogenic resources, variations in the abundance of the latter could be reflected in dietary 

changes during the breeding season.  

Based on stable isotope analysis of museum feather samples, the distribution and diet 

of brown skuas during the non-breeding period appear to not have changed over the last 145 

years. However, changes in stable isotope signatures of skua blood across a 30 year period 

indicate that females have shifted towards a more terrestrial diet during the breeding season, 

possibly due to increased availability of carrion on nearby farmland. The availability of 

anthropogenic resources (e.g., fishery discards, landfill, farming) is thought to affect the 

foraging behaviour of seabirds (Thompson et al. 1995, Blight et al. 2015, García-Tarrasón et 

al. 2015, Hobson et al. 2015). For example, glaucous-winged gulls (Larus glaucescens) have 

shifted from a marine to a more terrestrial diet over the past 150 years, likely in response to 

changes in the availability of marine and anthropogenic resources (Blight et al. 2015, Hobson 

et al. 2015). Furthermore, northern fulmars (Fulmarus glacialis) showed a change in their diet 

over a ~150 year period, attributed to a shift from a high trophic diet to a low trophic prey 

(Thompson et al. 1995). The authors concluded that the change in the diet of fulmars may have 

resulted from the decreasing availability of offal from the whaling industry (Thompson et al. 

1995). Interestingly, a study of Audouin’s gulls (Larus auduoinii) showed that males foraged 

on fisheries discards during week days and shifted to foraging in rice fields during the weekend, 

when fisheries were not operating (García-Tarrasón et al. 2015). This indicates that, in 
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opportunistic seabirds such as gulls and skuas, dietary changes can occur over very short time 

scales. 

Since no earlier samples for analysing the breeding season diet of brown skuas were 

available, it can only be speculated whether females have always relied on more terrestrial 

resources than males or whether this pattern is primarily driven by changes in the abundance of 

marine and/or anthropogenic resources. Farming and local fisheries have a long history on the 

Chatham Islands. The first people of the Chatham Islands arrived there over 500 years ago, and 

farming and fishing around South East Island and the other offshore islands occurred at least 

sporadically during that time (Miskelly 2008). The greatest changes likely occurred with the 

arrival of European sealers and whalers in the early 19th century. During this time, the New 

Zealand fur seal (Arctocephalus fosteri), likely a major resource for skua, was hunted almost to 

extinction (Miskelly 2008). Moreover, the deforestation of the Chatham Islands and 

introduction of mammalian predators, likely affected the number of burrowing seabirds, and 

hence the available prey for skuas. At the same time, farming may have provided resources to 

substitute for the reduced availability of seal carrion and seabird prey. Therefore, sexual 

differences in foraging behaviour could have occurred prior to human arrival at the Chatham 

Islands. Fur seal carcasses and placentae likely were more abundant than today and carcasses 

and placentae may have contributed to skua diet. As seals became less available in the early 

19th century, female skuas may have supplemented this diet with sheep offal and placentae from 

farmland. Interestingly, the individuals with the highest stable nitrogen values in their blood 

were females (see Chapter 4, Fig. 2) that nested close to a seal colony on South East Island, 

which could indicate a female preference for this resource. 
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6.6 Using skuas as indicators of the marine environment? 

It has been suggested that seabirds can serve as indicators for the status and health of the marine 

environment (Furness & Camphuysen 1997, Piatt et al. 2007). There are two major applications 

for seabirds as indicators: they can serve as biomonitors for change (e.g., pollutants) and as 

quantitative indicators of ecosystem components such as the availability of specific prey species 

(Piatt et al. 2007). Seabirds that directly interact with fisheries can also be used to monitor 

changes in the availability of discards from fisheries, which can be useful for assessing the 

effectiveness of management actions (Käkelä et al. 2005).  

Scavenging seabirds such as gulls and giant petrels have been investigated regarding 

their usefulness as biomonitors for exposure to pollutants (Weseloh et al. 2002, Colabuono et 

al. 2016). Due to their ecological role as top predators and facultative scavengers in marine 

ecosystems, skuas have potential for serving as indicators for prey abundance (Furness & 

Camphuysen 1997, Carneiro et al. 2014) and as biomonitors for exposure to pollutants in 

marine systems (Furness & Hutton 1979, Bustnes et al. 2006, Taniguchi et al. 2009, Hammer 

et al. 2016). For example, it was found that the exposure of great skuas to bioaccumulative 

persistent organic pollutants (POPs) varied between distinct non-breeding areas of individual 

skuas (Leat et al. 2013). Furthermore, due to their role as top predators in marine ecosystems, 

great skuas have been used to investigate changes in fisheries practices and seabird 

communities (Votier et al. 2004b). 

Whereas some populations of brown skua may serve as good indicators of ecosystem 

health, the large terrestrial component in the diet of Chatham Island skuas (and females in 

particular) suggests that they may only be of limited use as indicators of prey availability in the 

Chatham Island marine ecosystem. However, brown skuas from the Chatham Islands could still 

serve as biomonitors of contaminants, if these are specific to the marine environment. While 

the usefulness of seabirds as indicators is still being explored, it is now commonly accepted 
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that multi-species approaches are best suited to effectively detect changes in the marine 

environment (Durant et al. 2009). Due to their global distribution, and the high variability in 

breeding and non-breeding behaviours, the skua family generally provides good opportunities 

for investigating changes in marine and terrestrial systems.  

 

6.7 Future research 

6.7.1 Advances in technology and analyses 

Integrating tracking technology and stable isotope analysis allows for investigating different 

aspects of seabird foraging behaviour, including their patterns of movement, activity and diet 

(see e.g., Phillips et al. 2007). Technological advances and reduced costs of animal tracking 

and stable isotope analysis provide an accessible and reliable means of studying animal 

behaviour at high spatio-temporal resolution. A lot can be gained from tracking data, which 

enables researchers to follow animals continuously and for multiple years. Tracking technology 

will certainly continue to improve in the future, with increasing resolution, better battery life 

and further reduction in costs. Importantly, advances in computational power and readily 

accessible analytical software packages (particularly in the R environment) will enable 

researchers to more efficiently combine tracking data with remotely sensed environmental 

information, which is also steadily increasing in resolution. Similarly, stable isotope analysis is 

advancing from bulk to compound-specific analysis of amino acids, which overcomes the 

problem of uncertainty in trophic fractionation and renders it possible to study diet in more 

detail (McMahon et al. 2015). Furthermore, the most commonly used stable isotopes in seabird 

research (δ13C and δ15N) are limited in their suitability for distinguishing between low-trophic 

marine and terrestrial diets. The analysis of additional stable isotopes e.g., stable hydrogen 

(2H) and stable sulphur (34S), can provide complementary information that can help to better 

distinguish between marine and terrestrial resources (Hobson et al. 2015). 
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During the non-breeding period, the interpretation of the latitudinal distribution of 

moulting areas based on stable carbon isotopes relies on isotopic baseline data (Jaeger et al. 

2010). Because estimates of isoscapes differ between the South Atlantic (Phillips et al. 2009) 

and Southern Indian Ocean (Jaeger et al. 2010), a suggestion for future work is to also develop 

isoscapes for the South Pacific, which would be of relevance for studies of seabirds and other 

marine species in the New Zealand region. Despite significant technological and analytical 

advances in tracking and stable isotope analysis other challenges remain. For example, the 

characterisation of the moulting sequence of feathers in a range of seabirds is unknown. This 

knowledge is important because, if combined with tracking data, it enables researchers to link 

isotopic signatures from individual feathers to specific foraging or wintering locations (Cherel 

et al. 2016). 

Furthermore, despite the development of modern tracking technology, the success of 

this study depended on the availability of long-term data. Pioneers like Charles Fleming 

originally collected some of the museum study skins from which feathers were analysed in 

Chapter 5. Moreover, Euan Young has monitored the Chatham Island brown skua population 

since the 1970s and started to collect and archive blood samples more than three decades ago. 

These long-term records and samples have provided invaluable baseline data for this study and 

allowed an investigation of the ecological history of brown skua over a 145 year period. Such 

data also allows for an investigation of the effects of changes in climate and human activities 

on seabird foraging behaviour and renders it possible to compare past and current states of a 

system. In future studies, a genetic analysis of ancient DNA could provide insights into the 

ecological and evolutionary causes of the observed behavioural patterns. 

This study also benefited from existing tracking and isotope data that was collected from 

brown skuas breeding at Antarctic and subantarctic colonies. A meta-analysis of several 



Chapter 6: Synthesis 

120	

populations of brown skua would allow a thorough investigation of behavioural patterns across 

broad geographical scales. 

 

6.7.2 Knowledge gaps 

While this thesis provides novel and important information about the ecology of brown skuas 

during the breeding and non-breeding period, much remains to be learned about the role of the 

transient non-breeders (i.e., birds of different age classes that do not defend a territory) in this 

population. Non-breeders are thought to play an important role in buffering populations against 

the loss of breeders (Penteriani et al. 2011, Robles & Ciudad 2017). In great skuas from the 

Shetland Islands, a steep decline of non-breeder numbers was observed between the 1970s and 

1990s, and was attributed to the rapid recruitment of breeding territories by non-breeders, likely 

due to reduced survival of breeders (Klomp & Furness 1992).  

Given the apparent decline of non-breeding skuas on South East Island, it would be 

important to study the ecology of non-breeders in more detail. It would be useful to also collect 

blood and feather tissues from non-breeders for stable isotope analyses to study their year-round 

distribution and diet. A comparison of stable isotope signatures from non-breeders with those 

from breeding birds would allow for an investigation of their diet. The non-breeding club in the 

south-west of South East Island is usually littered in sheep wool (pers. observation), which 

suggests that non-breeders also target sheep carcasses. It would be interesting to test whether 

differences in diet are also observed between non-breeding females and males or whether this 

pattern only shows in breeding birds. If the latter was the case, this would suggest that 

differences in foraging may be related to the energy and time constraints during breeding. 

Furthermore, determining the sex of non-breeders would allow for estimating a sex-ratio for 

the non-breeding population, which would help to answer questions regarding the decline of 

communal groups on South East Island. Because communal groups form within the non-
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breeding club (Young 1999), studying the ecology of non-breeders likely is key to 

understanding the decline of communal breeders in the Chatham Island population. Because 

non-breeders do not defend foraging territories, capturing them constitutes a challenging task. 

However, capturing non-breeders at night with the help of a spotlight has proven to be an 

effective method (Young 1999).  

A question that remains unanswered in this thesis is whether some skuas remain resident 

at the Chatham Islands during winter. Isotope analysis of feathers suggests that this might be 

the case in some females, but there were alternative explanations for the observed isotope values 

(see Chapter 2). To rule out alternative explanations, tracking data or direct observations of 

these individuals are needed. A recommendation for future research would be to deploy more 

geolocators, particularly targeting those birds that showed low δ13C values. Moreover, it would 

be interesting to specifically target birds that were successfully tracked in previous years to 

investigate whether brown skuas are consistent in their non-breeding patterns (Carneiro et al. 

2016, Krietsch et al. 2017). 

 

6.7.3 Recommendations and implications for management 

The findings of this thesis underline the importance of environmental context when studying 

animal behaviour and contribute to a growing body of literature that shows how humans can 

directly or indirectly affect the foraging ecology of seabirds. In the case of the Chatham Island 

brown skua population, the overlap of female skuas with farming activities has important 

management implications. Similar to sex-biased mortality of albatrosses in long-line fisheries 

(Ryan & Boix-hinzen 1999, Bugoni et al. 2011), female skuas could be at higher risk from 

shootings than are males. Although there is a need to quantify mortality rates of male and female 

skuas, the results from tracking and stable isotope analyses suggest that this is highly likely. 

Management recommendations would therefore be to develop viability models for this 
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population, which would have to be informed by previous and future studies on the breeding 

success and mortality rates of breeders and non-breeders. Based on the outcome of these 

models, one could set restrictions for the number of birds allowed to be shot per season and if 

necessary fully protect brown skuas on the Chatham Islands. To better estimate the number of 

skuas that are shot per season, it would be useful if farmers were required to register for licenses 

and to report the number of birds shot as a condition of the license. 

The sexual differences in foraging behaviour of brown skuas also have implications for 

management of other seabirds that are subject to ‘control’. The large-scale culling of gulls could 

unknowingly lead to a sex-bias in surviving birds, which could reduce the viability of gull 

populations. A general recommendation would therefore be to collect data on the distribution 

and diet of target species and populations prior to starting control. 

A further suggestion for future research and management would be to implement a long-

term monitoring program for brown skuas on the Chatham Islands. Euan Young collected 

valuable data about breeding success and behaviour of pairs and communal groups of skua on 

Mangere and South East Island for over three decades. Additional data for this population could 

be used to investigate whether the decline in communal groups and non-breeders is associated 

with changes in breeding success (i.e., chicks fledged) in this population. This data could than 

serve as a measure to assess the impact and effectiveness of management actions. To ensure 

that such management actions are effective, involvement of the local community would be 

essential. 

 

6.7.4 Engaging the community 

The earliest records of brown skuas from South East Island were from Fleming (1939), when 

South East Island was still farmed. Fleming described the skuas as ‘held to be a dread pest by 

the islanders, who claim that their numbers are greatly increased since sheep have been present’. 
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Fleming’s record underlines the bad reputation that brown skuas had with local farmers, and 

today skuas are still perceived as a threat to lambs and birds are shot every year. 

Importantly, predators can function as ecosystem service providers, especially those that 

are obligate or facultative scavengers (Sekercioglu 2006, O’Bryan et al. 2018). For example, 

vultures can play an important role in removing carcasses, which can benefit farmers by 

lowering disposal costs and by reducing the spread of disease vectors (Sekercioglu 2006, 

Dupont et al. 2012). This could particularly benefit farmers on remote islands, where options 

for the disposal of carcasses may be limited or costly. Approaching human-skua conflict should 

therefore start with communicating beneficial effects of skuas and by addressing different 

aspects of their foraging ecology. The latter could potentially avoid misinterpretation of 

foraging behaviours as a harmful interaction with livestock, which may reduce human-induced 

mortality in predator populations. 

During visits to the local primary schools on Chatham and Pitt Island, I was honoured 

to meet the future generation of Chatham Islanders. I was impressed by their enthusiasm and 

broad knowledge about the seabirds that breed on their islands. In my opinion, talking to the 

young generation will help to build a better understanding of the important ecological role that 

skuas and other top predators play in marine and terrestrial ecosystems. During this study, I 

have also learned about the importance to allow extra time to communicate and interact with 

local community leaders (i.e., Hokotehi Moriori and Iwi). I believe that engaging the local 

community and starting a dialogue can build a basis for trust and ultimately will benefit both 

the local community and the research project.  
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6.8 TABLES AND FIGURES 

Fig. 1 The annual cycle of brown skuas (Catharacta antarctica lonnbergi) breeding on the 

Chatham Islands, New Zealand. Brown skuas arrive at their territories in July (dotted line), lay 

the first eggs between September and October (orange fill), and start chick-rearing from 

October until January (red fill), when the chicks start to fledge. Adult brown skuas leave their 

territories for their non-breeding migration between early February and March (dotted line; blue 

fill). The first birds arrive back at the colony in early July to re-establish their territories (light 

yellow fill), with some individuals returning as late as the end of August.  
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Appendix 1: Supporting information for Chapter 2 

Published in Mar Ecol Prog Ser 603:215-226. https://doi.org/10.3354/meps12720 

MATERIALS AND METHODS  

Text S1 Characterisation of migration schedules 

The R package ‘BASTag’ (Wotherspoon et al. 2016) was used to plot immersion data and then 

visually identify departure- and arrival dates at the colony. Departure dates were defined as the 

first night that the bird spent on water (i.e., the logger was continuously recording ‘wet’), and 

arrival dates were defined as the first night a bird spent on land after a continuous ‘wet’ period 

(i.e., when the immersion counts switched from periods of continuous ‘wet’ to periods of 

continuous ‘dry’). The duration of the non-breeding periods was defined as the number of days 

that passed between individual dates of departure from and arrival at the colony. 

 

Text S2 Selection of feathers for stable isotope analyses 

Brown skuas (Catharacta antarctica lonnbergi) undergo moult during the non-breeding period, 

while away from the colony (Furness 1987). However, little detail is known about moult 

sequences of specific feather types i.e., body feathers, primaries and rectrices (tail feathers), 

and moulting patterns may vary among individuals and populations (see comments by Votier 

et al. 2015 at http://www.surfbirds.com/mb/Features/skua-identification.html). Stable isotope 

analysis of body feathers has previously been used to infer the non-breeding diet of brown skuas 

(Phillips et al. 2007, Delord et al. 2018). However, a recent study advised caution after 

observing a small number of individuals in active body feather moult at a breeding colony on 

King George Island (Graña Grilli & Cherel 2017). Hence, although active moult during 

breeding seems to be uncommon, isotopic analyses of feathers, specifically those for which 

moult sequences are unknown, may potentially reflect dietary signatures during the pre- or post-

breeding period rather than the non-breeding season.   
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Text S3 Stable isotope analyses 

Stable isotope analyses were carried out on a Delta V Plus continuous flow isotope ratio mass 

spectrometer linked to a Flash 2000 elemental analyser using a MAS 200 R autosampler 

(Thermo-Fisher Scientific, Bremen, Germany). Reference gas standards (CO2 and N2) were 

introduced to the mass spectrometer with every sample analysis. ISODAT (Thermo-Fisher 

Scientific) software was used to calculate δ15N values against atmospheric air, and δ13C values 

against the CO2 reference gas relative to the National Bureau of Standards 19 – calcite (NBS19-

calcite) standard (calibrated against Vienna Pee Dee Belemnite: VPDB), correcting for 17O. 

Following standard protocols, carbon (13C, 12C) and nitrogen (15N, 14N) isotope ratios were 

computed as delta notations in units of parts per thousand (‰). Sample δ15N values were two-

point normalised (following Paul et al. 2007) using isotopic data from the daily analysis of 

National Institute of Standards and Technology NIST 8573 USGS40 L-glutamic acid and NIST 

8548 IAEA-N2 ammonium sulphate. Sample δ13C values were two-point normalised using 

isotopic data from the daily analysis of NIST 8573 USG40 and NIST 8542 IAEA-CH-6 

Sucrose. Percent C and % N values were calculated relative to a solid laboratory reference 

standard of DL-Leucine (DL-2-Amino-4-methylpentanoic acid, C6H13NO2, Lot 127H1084, 

Sigma, Australia) at the beginning of each run. Repeat analysis of NIST standards produced 

data accurate to within 0.3‰ for δ15N and δ13C and a precision of better than 0.2‰ for N and 

0.1‰ C. 
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Table S1 Retrieval of geolocators (GLS) and results of stable carbon (δ13C) and nitrogen (δ15N) 

isotope analysis from feathers of adult male and female brown skuas (Catharacta antarctica 

lonnbergi). The breeding status (successful vs. unsuccessful) of birds from which geolocators 

were retrieved is shown. Feathers were collected during three consecutive breeding seasons 

(2014–16). Values of δ13C and δ15N are shown as means ± SD. 

 Year Sex GLS  
Breeding status 
(success | fail) 

Feathers  δ13C δ15N  

 2014 F - - 9 -18.22 ± 2.23 14.48 ± 1.41  

  M - - 12 -17.03 ± 0.54 15.16 ± 0.73  

 2015 F 3  2 | 1 13 -18.25 ± 2.27 11.42 ± 2.74  

  M 10  9 | 1 10 -16.77 ± 0.61 11.70 ± 2.42  
 2016 F 7  5 | 2 17 -16.80 ± 0.89 12.34 ± 2.56  

  M 7  5 | 2 11 -16.98 ± 1.08 11.49 ± 2.67  

 Total  27  72    
 



Appendix: Chapter 2 

128	

 

Fig. S1 Individual core utilisation distributions (25% UDs) of 27 brown skuas (Catharacta 

antarctica lonnbergi) from the Chatham Islands (black star). Skuas were tracked using 

geolocators during the 2015 and 2016 non-breeding periods. Distinct colours depict UDs of 

different individuals. 
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Fig. S2 Core utilisation distributions (50% UDs) for early (February-March, light blue), mid 

(April-May, purple), and late (June-July, yellow) stages of the non-breeding period of brown 

skuas (Catharacta antarctica lonnbergi) from the Chatham Islands (black star). Grey lines 

indicate 500m, 1000m, and 2000m bathymetry contours. 
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Fig. S3 Non-breeding utilisation distributions (UDs) of 27 brown skuas (Catharacta antarctica 

lonnbergi) from the Chatham Islands (black star). UDs were computed based on individual 

affiliations with one of two isotopic clusters. Illustrated are 25% (coloured fill) and 50% (solid 

line) utilisation distribution contours overlaid on bathymetric features (500m, 1000m, and 

2000m contours; depicted by grey lines). Cluster 1 (turquoise) had moderate δ13C (-17.6 ± 

0.4‰, range: -18.3 to -16.6‰) and low δ15N (9.8 ± 0.7‰, range: 8.9 to 11.2‰) values 

characteristic of moult over mixed subtropical-subantarctic waters. Cluster 2 (orange) 

comprised individuals with elevated δ13C (-16.5 ± 0.7‰, range: -17.9 to -15.3‰) and δ15N 

(14.8 ± 1.1‰, range: 12.1 to 16.5‰) levels characteristic of shelf waters.
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Appendix 2: Supporting information for Chapter 4 

TABLES AND FIGURES 

Fig. S1 Matrix plot of posterior diet proportions of brown skuas (Catharacta antarctica 

lonnbergi) from the Chatham Islands. Depicted are contour plots (joint posterior probability 

distribution for pairs of resources) above the diagonal, histograms of posterior probability 

distributions for each prey source within the diagonal, and correlations between contributions 

of paired resources below the diagonal.  
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Fig. S2 Posterior density distributions of dietary sources for female and male brown skuas 

(Catharacta antarctica lonnbergi). Different colours indicate four different prey species that 

were included in the isotope mixing model, namely sheep (Ovis aries), broad-billed prion 

(Pachyptila vittata), white-faced storm petrel (Pelagodroma marina) and the group ‘other 

seabirds’ representative of common diving petrel (Pelecanoides urinatrix), little penguin 

(Eudyptula minor), and sooty shearwater (Puffinus griseus).  
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Fig. S3 Pairwise Euclidean distances in isospace (δ13C, δ15N) from blood samples of brown 

skua (Catharacta antarctica lonnbergi) between females and males within breeding pairs (red-

blue gradient) and randomly assigned partners of opposite sex breeding on the Chatham Islands.  
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Appendix 3: Supporting information for Chapter 5 

TABLES AND FIGURES 

Table S1 Sampling scheme for modern (2014–16) and museum (1871–1996) feather samples 

of brown skuas (Catharacta antarctica lonnbergi) from on the Chatham Islands. Feather 

samples were analysed for stable carbon (δ13C) and nitrogen (δ15N) isotopes. Indicated are the 

year of sampling, sex, sample size (n) and sampling location. All samples were collected within 

the Chatham Island archipelago. 

 Year Sex n Location  

      
 Modern     
 2014 Female 9 South East Island  
  Male 12   
 2015 Female 13 South East Island  
  Male 10   
 2016 Female 17 South East Island  
  Male 11   
      
 Museum     
 1871 Male 1 Pitt Island  
  Unknown 1   
 1924 Female 1 Mangere Island  
  Male 2   
  Unknown 1   
 1937 Male 1 South East Island  
  Unknown 1   
 1954 Unknown 1 Forty Fours  
 1996 Female 1 Pitt Island  
  Total 82   
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Table S2 Sampling scheme for modern (2014–16) and historical (1987–1993) blood samples 

of brown skuas (Catharacta antarctica lonnbergi) breeding on the Chatham Islands. Blood 

samples were analysed for stable carbon (δ13C) and nitrogen (δ15N) isotopes. Indicated are the 

year of sampling, sex, sample size (n) and sampling location. All samples were collected within 

the Chatham Island archipelago. 

 Year Sex n Location  

      
 Modern     
 2014 Female 9 South East Island  
  Male 21   
 2015 Female 20 South East Island  
  Male 20   
 2016 Female 17 South East Island  
  Male 20   
      
 Historical     
 1987 Female 4 South East Island  
  Male 7   
 1988 Female 6 South East Island  
  Male 14   
 1990 Female 1 South East Island  
  Male -   
 1991 Female 10 South East Island  
  Male 11   
 1992 Female 2 South East Island  
  Male 3   
 1993 Female 10 South East Island  
  Male 11   
  Total 186   
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Fig. S1 Map showing New Zealand and the Chatham Islands, which lie c. 800 kilometres east 

of New Zealand’s South Island. The Chatham Islands consist of the two large (Chatham Is., Pitt 

Is.) and several small offshore islands. Modern feather samples (2014–16) were collected on 

South East Island, an uninhabited nature reserve located south-east of Pitt Island. Museum 

feather samples were originally collected on Pitt Is., Mangere Is., South East Is. and the Forty 

Fours. Modern and historical blood samples were collected on South East Island. 
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Fig. S2 Bayesian Standard Ellipse Area (SEAB) for stable isotopes (δ13C and δ15N) of historical 

and modern blood samples from female (red) and male (blue) brown skuas (Catharacta 

antarctica lonnbergi). Mean SEAB modern blood: female = 6.23‰2, male = 2.19‰2; mean 

SEAB historical blood: female = 5.09‰2, male = 2.43‰2. Indicated are 50, 75, and 95% 

Bayesian credible intervals (coloured boxes) and mode (black dots) for each group.  
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