

Chapter 1 – General Introduction


“As we neared the beach we saw a bird like a small white hen, eying us inquisitively from the black rocks, against which a considerable swell was washing. This bird was the ‘Sheath-bill’ (Chionis minor) of which afterward we saw so much” – H.N. Mosely, Marion Island, 1879
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Black-faced sheathbill (Chionis minor marionensis), 
King Penguin Bay, Marion Island


Islands
Island ecosystems have proven instrumental in our understanding of both evolutionary and ecological systems and patterns (Losos and Ricklefs, 2009) and are home to many distinct species and assemblages (Carlquist, 1974; Stuart et al., 2012). Species that manage to colonize islands encounter novel ecosystems and increased ecological opportunity (Yoder et al., 2010). With sufficient time and isolation, such conditions may lead to diversification, largely through adaptive radiation (Darwin, 1859), and high levels of endemism can occur (Grant, 1998; Schluter, 2000). As such, islands are home to a disproportionate percentage of global biodiversity (Myers et al., 2000; Kier et al., 2009). Unfortunately, many of the same forces that promote endemicity also leave insular biota remarkably vulnerable to anthropogenic disturbance (Sadler, 1996; Cronk, 1997). As a result, most of the world’s contemporary extinctions have occurred on islands (Honegger, 1981; Alcover et al., 1998; Szabo et al., 2012) and they remain the sites of most threatened species (Vié et al., 2008). 
Despite being centres for endemic species richness (Kier et al., 2009), islands are generally species poor in comparison with continental areas of similar size and climate (Wallace, 1881; Whittaker and Fernández-Palacios, 2007; Kreft et al., 2008, but see Kalmar and Currie, 2007). As first outlined by MacArthur and Wilson's (1967) equilibrium theory of island biogeography, the number of species on islands is the product of a dynamic equilibrium between isolation-dependent colonization and area-dependent extinction, and larger and/or better connected islands will contain more species than those that are smaller and more isolated (MacArthur and Wilson, 1967). The theory has since been extended to include speciation (Johnson et al., 2000; Whittaker et al., 2008; Chen and He, 2009) and additional work has found that many additional factors such as topography, geologic age, climate, habitat diversity, and community assemblage all interact to contribute to patterns of richness (Schoener and Spiller, 1996; Ricklefs and Lovette, 1999; Losos and Schluter, 2000; Kalmar and Currie, 2006; Whittaker and Fernández-Palacios, 2007; Kreft et al., 2008).  Because colonization of islands favours species with high dispersal capabilities, many islands display taxonomic disharmony, where a variety of taxa, including non-volant mammals, amphibians, and freshwater fish and insects, are routinely absent (Baur, 1891).  Disharmony plays a significant role in shaping the evolutionary path of island biota. For instance, in the absence of vertebrate grazers, many insular plants lack the structural, morphological, and chemical defences of their continental forbearers (Bowen and Van Vuren, 1997, but see Terborgh, 2009). Likewise, native fauna often display reduced predator awareness in the absence of vertebrate predators (Williamson et al., 1989). Another common characteristic of island species is lower genetic variability associated with founder effects and small population sizes (Frankham, 1995).  Low dispersal ability has also been cited as more prevalent among insular species (Darwin, 1859; Carlquist, 1974) and such patterns appear to be supported for birds (Roff, 1994), plants (Cody and McC. Overton, 1996), and at least in the Antarctic and sub-Antarctic regions, insects (Gressitt and Weber, 1959; Carlquist, 1966; Gressitt, 1970; Crafford et al., 1986; Schermann-Legionnet et al., 2007, but see e.g. Darlington, 1943; Roff, 1990; Denno et al., 2001 for reviews of other regions).
Island birds 
The forces that shape island endemic avifauna are often island-specific and depend on such factors as climate, isolation, island area, elevation, and competition and predation (Grant, 1965; Schluter, 1988; Ricklefs and Lovette, 1999; Kalmar and Currie, 2007). But insular selection pressures have lead to several general characteristics within island birds. For example, many islands offer permanent habitat with a local year-round food supply and the absence of predation. Under such conditions the advantages of sedentariness increase as the advantages of dispersal decrease and a reduction in flight capabilities is common (McNab, 1994). A correlation between loss of flight capability and a decrease in basal metabolic rate has also been found: a potential adaptation to the limited resource base often encountered on islands (McNab and Ellis, 2006).  Changes in body size compared to mainland counterparts are also prevalent, though whether a general trend exists (the island rule; Van Valen, 1973) is contentious both in general (Lomolino, 2005; Meiri et al., 2008) and when applied specifically to birds (Clegg and Owens, 2002; Cassey and Blackburn, 2004).
Insular avifauna may also show changes in life-history traits in comparison with mainland species. For example, island birds often have broader ecological niches (Lack and Southern, 1949; Cox and Ricklefs, 1977; Scott et al., 2003; Clegg, 2009). Niche expansion may increase population size by allowing individuals to exploit the full range of resources (Lack, 1971; Grant, 1998; Whittaker and Fernández-Palacios, 2007).  Alternatively, the expanded niche may be achieved by individual specialization within the population which minimizes conspecific competition (Van Valen, 1965; Roughgarden, 1972; Scott et al., 2003; Dayan and Simberloff, 2005; Svanbäck and Bolnick, 2007). Island birds may also show a change in reproductive strategy, often reflective of adaptation to resource limitation, such as lower fecundity and clutch size and higher adult survivorship (Blondel, 2000). Greater investment in offspring, with longer development periods is also prevalent (Covas, 2012). Such adaptations have allowed island birds to be remarkably resilient to natural disasters capable of devastating entire island populations such as drought, fire, and severe storms.  Indeed, the fossil record has yet to reveal a major loss of island birds from natural causes (Steadman, 1995, 2006). 
Threats to island birds
Since 1500, the extinction rate for island birds is 40 times higher than for those on continents (Johnson and Stattersfield, 1990), accounting for an estimated 89.3% of known species extinctions and 76.8% of  known subspecies extinctions (Szabo et al., 2012). Holocene fossil evidence suggests substantially greater losses prior to European exploration (Olson and James, 1982; Milberg and Tyrberg, 1993; Steadman, 1995; Curnutt and Pimm, 2001; Duncan et al., 2013). The extreme rate of avian extinction is causally linked to the direct and indirect effects of human colonization and visitation (Biber, 2002; Blackburn et al., 2004; Pimm et al., 2006). The same traits that island birds have evolved to be resistant to natural disturbance have left them sensitive to human-mediated disruption. Endemism in of itself is strongly associated with extinction risk (Simberloff, 1994), and common attributes such as flightlessness, ground nesting, larger body size, and naïveté to predators all increase a species’ susceptibility to anthropogenic disturbance.
Though island birds may be subject to a variety of threats, numerous studies have identified the introduction of invasive alien species as a primary agent of insular population reductions and extinctions either through direct predation (Atkinson, 1985; Savidge, 1987; Holdaway, 1999; Courchamp et al., 2003; Blackburn et al., 2004; Duncan and Blackburn, 2004, 2007; Towns et al., 2006; Wanless et al., 2007; Jones et al., 2008) or habitat alteration through herbivory (Coblentz, 1978; King, 1985; Morin and Conant, 1998; Donlan et al., 2002; Bergstrom et al., 2009; Brodier et al., 2011). Such devastating and simple ecological effects have rightfully been given much prominence. By contrast, less focus has been given to more subtle interactions. It has become increasingly apparent that invasive species can influence native biotas through more complex and indirect means (White et al., 2006; Simberloff, 2009; Russell, 2011). Prominent examples of indirect effects include mutualism disruption (Lammers and Freeman 1986; Robertson et al. 1999; Delgado García 2002), trophic cascades (Schoener and Spiller 1999; O’Dowd et al. 2003; Kurle et al. 2008), and exploitative competition (Case, 1996; Hansen et al., 2002; Harris and Macdonald, 2007; Ruffino et al., 2008).
Further, as the pace and effects of climate change have begun to increase (Cox et al., 2000; Rignot and Kanagaratnam, 2006; Hansen et al., 2012) so too has it become clear that the direct impacts thereof are likely to have profound consequences for many island systems (Bergstrom and Chown, 1999; Benning et al., 2002; Ingram and Dawson, 2005). Moreover, while interactions between climate change and invasive species are poorly understood, it has been suggested that climate change will exacerbate the effects of many invasive species, so further impacting both diversity and ecosystem functioning (Dukes and Mooney, 1999; Chown and Convey, 2007; Walther et al., 2009). Forecasts for such interactions are most pronounced for more temperate systems, where climate change is expected to create ameliorating conditions that may increase the establishment ability of invasive species, or allow already established species to increase in number and local range, or out-compete native species less adapted to new environmental conditions (Cannon, 1998; Hellmann et al., 2008; Tylianakis et al., 2008). Evidence in support of such forecasts is accumulating (Stachowicz et al., 2002; Chown et al., 2007; Janion et al., 2010), though the number of empirical studies remains relatively limited (Brook, 2008; Walther et al., 2009; Sorte et al., 2013). 
Island birds, rodents, and climate change in the sub-Antarctic
Among the greatest threats to birds in the sub-Antarctic is the potentially devastating impact of rodents. Invasive rodents are globally responsible for a large number of island bird extinctions and population reductions (Atkinson, 1985; Towns et al., 2006; Jones et al., 2008) and have been introduced to most Southern Ocean islands (Angel et al., 2008). While much focus has rightfully been devoted to Rattus spp., with successful eradication campaigns on several sub-Antarctic islands (Towns and Broome, 2003; Lorvelec and Pascal, 2005), it is becoming increasingly apparent that house mice (Mus musculus Linnaeus) are also capable of suppressing the populations of several seabird species (Angel and Cooper, 2006; Wanless et al., 2009, 2012). However, despite such well-documented effects, mouse impacts on the region’s few island endemic land-birds remain largely unexplored. While It has been suggested that mice may have negative effects either through competition (Huyser et al., 2000; Imber et al., 2005; Miskelly et al., 2006), or predation (Cuthbert and Hilton, 2004), such interactions remain speculative. What is clear is that mice are capable of a broad range of impacts in the Southern Ocean, with the potential to alter entire terrestrial ecosystems (Crafford, 1990; Chown and Smith, 1993; Jones et al., 2003; Angel et al., 2008; Phiri et al., 2008), and are thus a potential threat to all endemic species, including island birds.  
	Of increasing concern is how rodent effects in the Southern Ocean may be changing, as the interactions between invasive species and climate change are predicted to have significant impacts in the sub-Antarctic (Chown and Convey, 2007). Most islands in the region are showing a strong trend towards warming and drying (Jones et al., 2003; Convey, 2006; Thost and Allison, 2006; le Roux and McGeoch, 2008; Cook et al., 2010; Lebouvier et al., 2011), specifically in austral summer (Richard et al., 2013), and concomitant changes in the colonization, distribution, abundance, and impact of several invasive species have been recorded (Bergstrom and Chown, 1999; Frenot et al., 2005; Lee et al., 2007; Lebouvier et al., 2011; le Roux et al., 2013). The considerable impact of rodents on these islands are forecast to be compounded by climate change (Bergstrom and Chown, 1999; Frenot et al., 2005; Convey, 2010). However, firm evidence for changing rodent populations that are, at the very least, significantly correlated, in the expected direction, with climate change are entirely absent for the region. Thus, there is a clear need to assess both how rodent populations are responding to climate change in the sub-Antarctic, and how such changes may affect island ecosystems. 
In the sub-Antarctic, Marion Island, of the Prince Edward Island group, presents an ideal opportunity to empirically document the interactions between endemic birds, invasive rodents, and climate change. Invasive house mice on the island have been studied for several decades and have increasingly been found to have significant ecosystem effects (Rowe-Rowe et al., 1989; Crafford, 1990; Chown and Smith, 1993; Smith et al., 2002; Phiri et al., 2008).  The Marion Island population of the endemic black-faced sheathbill (Chionis minor marionensis Reichenow) has  been studied over the same period and there is concern the population may be negatively affected by invasive mice (Smith and Steenkamp, 1990; Huyser et al., 2000). The winter foraging ecology of black-faced sheathbills markedly changed between the 1970s and 1990s, possibly due to exploitative competition with mice for terrestrial invertebrate prey (Huyser et al., 2000). However, while short-term data suggests that such changes to the sheathbill environment have led to a population decline (Huyser et al., 2000), demographic analysis is lacking and the status of the population is unknown.	
Study species: The black-faced sheathbill
Though often referred to in the past as the lesser sheathbill, this thesis will refer to Chionis minor as the black-faced sheathbill as recommended by the International Ornithological Congress (Gill and Wright, 2006). The black-faced sheathbill (Fig. 1) is one of two members of the family Chionididae, the other being the snowy sheathbill (C. alba), also known as the pale-faced, greater, or wattled sheathbill. The black-faced sheathbill comprises four allopatric subspecies, each confined to an archipelago in the Southern Ocean (Marchant and Higgins, 1993): C. m. marionensis (Prince Edward Islands, which somewhat confusingly include Marion Island and Prince Edward Island), C. m. crozettensis (Iles Crozet), C. m. minor (Iles Kerguelen), and C. m. nasicornis (Heard Island). The species is a weak flyer and movement between populations is not known to occur. As the Prince Edward Islands population is the focus of this thesis, all information hereafter will refer specifically to this subspecies.
Black-faced sheathbills (hereafter, sheathbills) are sexually dimorphic (the male is 10% to 15% larger) and form long-term monogamous pair-bonds. Both the Prince Edward Island and Marion Island populations are generally free of predation pressure. Whilst brown skuas (Catharacta antarctica lonnbergi Mathews) occasionally pursue sheathbills, kills are infrequent (Burger, 1982) and increasingly so on Marion Island where skuas are rapidly declining (Ryan et al., 2009). Sheathbill survival, lifespan, and the effects of senescence are generally unknown, but the majority of birds begin breeding at four years of age (Burger, 1979) and individuals ringed in the 1970s were still breeding as late as 1995 (Department of Environmental Affairs, unpublished data). Sheathbills breed from November to April. All sheathbill breeding occurs in coastal areas in association with penguins on which they are dependent for breeding (Burger, 1979).  The species kleptoparasitizes penguins as they attempt to feed their chicks, and may also prey upon eggs and small chicks (Burger, 1981a).  It has been speculated sheathbills would be unable to breed successfully without these high protein sources (Burger, 1981b), though other subspecies are capable of doing so when provided with sufficiently large intertidal zones (Jouventin et al., 1996). The majority of nests are located in structured territories within penguin colonies. Despite a large king penguin (Aptenodytes patagonicus Miller) population on Marion Island, colonies of these birds have relatively few suitable sheathbill nesting sites and the majority of sheathbills breed in rockhopper penguin (Eudyptes chrysocome filholi Hutton) colonies (Burger, 1979). Two large macaroni penguin (Eudyptes chrysolophus Brandt) colonies are also present but contain the least number of suitable nest sites for sheathbills and exceptional penguin densities limit sheathbill movement within them, rendering these areas of little value to sheathbill breeding (Burger, 1979).  Nests are sheltered and up to four eggs are laid, though clutches of two or three are most common. Incubation and fledge periods average 30 and 60 days respectively (Burger, 1979).  Nest failure is high, however small sample sizes and the sheltered nature of nests make determining causes difficult. Nevertheless, conspecific predation at the egg stage and starvation and predation at the chick stage have been suggested as the likeliest contributors (Burger, 1979). As a result, sheathbills appear to have a low breeding rate between 1.07 (Burger 1979) and 0.92 (Huyser et al. 2000) fledglings per pair per year.  
After the breeding season when the majority of penguins leave the Prince Edward Islands (May to October), sheathbill foraging becomes dependent on the remaining king penguins, the littoral community, and terrestrial macro-invertebrates (Burger, 1978). On Prince Edward Island, sheathbills may forage for invertebrates several km inland (G.T.W. McClelland, personal observation). However, while the Marion Island population formerly foraged far inland as well (Rand, 1954), they now appear limited to coastal areas and are rarely found more than 200 m from the coast (Burger, 1982).
Knowledge of sheathbill demography and breeding biology on the Prince Edward Islands is limited. Though previously studied on Marion Island from 1974-77 (Burger, 1979) and 1994-95 (Huyser et al., 2000), the original 1970s work had sample sizes of six nests or less in two breeding seasons and the 1990s work was limited to a single season.  Both studies were limited to a small portion of the eastern side of the island and focused primarily on foraging ecology. 
Study Area: The Prince Edward Island group
The sub-Antarctic Prince Edward Island group comprises smaller Prince Edward Island (46°37'S, 37°55'E) and larger Marion Island (46°54'S, 37°45'E) and is located in the Southern Ocean approximately 2300 km southeast of Cape Town, South Africa (Fig. 2). Prince Edward Island receives infrequent human visitation under strict controls while Marion Island is uninhabited aside from a small but continuous presence associated with the meteorological station on the north-east coast. The islands have an oceanic climate (mean annual temperature c. 6.4° C, total precipitation c. 2000 mm p.a., 1990s; le Roux and McGeoch, 2008) but are currently experiencing rapid climate change. Mean annual temperature has increased by more than 1° C and precipitation declined by more than 800 mm over the past 50 years (le Roux and McGeoch, 2008).  The number of frost days has also significantly decreased (Huyser et al., 2000). However, warming is most pronounced in the austral summer months with winter months such as June showing the least change, while wind speeds have increased. As a result, the number of very cold wind-chill events (based on the co-occurrence of extremes of wind speed and cold) has not changed over the last five decades (le Roux and McGeoch, 2008). 
The Prince Edward Islands are characterised by two biomes; polar desert above 650 m a.s.l., and sub-Antarctic tundra below (Fig. 3; Gremmen and Smith, 2008). Five habitat complexes comprise the sub-Antarctic tundra biome; fellfield (including cushions of Azorella selago), biotic (areas manured by seals and seabirds dominated by Poa cookii tussock grassland, Cotulla plumosa herbfield, and non-native Poa annua lawn), saltspray (coastal herbfield of C. plumosa  and Crassula moschata), mire (wet peaty areas consisting of Agrostis magellanica grass and bryophytes such as Sanionia uncinata, Blepharidophyllum densifolium, and Jamesoniella colorata), and slope (lowland areas with well-drained slopes dominated by Blechnum penna-marina and Acaena magellanica).
The islands share most of their indigenous species and are relatively depauparate in plant and invertebrate species richness (Chown and Froneman, 2008). However, they are internationally-important breeding sites for a number of seabirds and seals. Twenty-nine seabird species breed or are suspected to breed between the two islands including four species of penguin, five species of albatross, and 15 species of petrel (Cooper and Brown, 1990; McClelland et al., 2013). Marion Island is especially important for penguins and supports 13 % of the global king penguin population, 80 % of which is divided between two colonies at King Penguin and Kildalkey bays (Crawford and Cooper, 2003).  The population of the eastern race of southern rockhopper penguin is 17 % of the world population (Ryan and Bester, 2008). Southern elephant seal (Mirounga leonine Linnaeus), Antarctic fur seal (Arctocephalus gazella Peters), and 33 % of the global sub-Antarctic fur seal (Arctocephalus tropicalis Gray) population are also present on the islands (Hofmeyr et al., 2006). Sheathbills are the lone indigenous terrestrial vertebrate. 
Marion Island has far more invasive species than Prince Edward Island (Chown and Froneman, 2008). The now exterminated domestic cat (Felis catus Linnaeus) was present on Marion Island from 1949-1991, over which time it was responsible for a significant decline in the Marion Island petrel fauna. Introduced to the island sometime after 1818 (Watkins and Cooper, 1986), house mice continue to persist and forage primarily on terrestrial invertebrates (Smith et al., 2002). Densities are highest in coastal regions (Gleeson, 1981), but mice have slowly increased their elevational range to have island-wide impacts (Phiri et al., 2008). In consequence of these two vertebrate predators, Prince Edward Island has significantly higher petrel and terrestrial invertebrate densities than Marion Island (Crafford and Scholtz, 1987; Chown et al., 2002). A comprehensive overview of the biology, geology, and climate of the Prince Edward Islands is provided by Chown and Froneman (2008). 
Thesis outline
This thesis explores the ecology of an island endemic bird in a changing environment, the black-faced sheathbill on sub-Antarctic Marion Island. The work integrates several disciplines including spatially-explicit capture-mark-recapture modelling, population matrix modelling, and energetics to investigate key questions relating to sheathbills and the Marion Island environment. Each chapter is written and formatted as a stand-alone study with its own aims, methods, results and discussion (Chapters 2-4), whilst Chapter 5 provides a synthesis of the previous chapters and an assessment of the broader topics dealt with in this thesis.
· Chapter 2 tests empirically whether mouse populations across a range of biologically important habitats on Marion Island have changed through time and whether these changes can be associated significantly with changing abiotic conditions. Changes in invertebrate populations, which have previously been attributed to mouse predation, but with little explicit demographic analysis (see Crafford and Scholtz, 1987; Chown and Smith, 1993; Chown et al., 2002), are also examined to determine whether they can be associated with changing mouse populations, which are shown to remain major predators of invertebrates.
· Insular biotas are remarkably vulnerable to rapid ecosystem change. While many island species declines have been linked to the direct effects of predation or herbivory from invasive species (King, 1985; Donlan et al., 2002; Blackburn et al., 2004), indirect effects are also possible (Lammers and Freeman, 1986; van Riper, 1991; Case, 1996; O’Dowd et al., 2003). Increasingly the threat of global climate change must also be considered. Climate change has the potential to affect island endemics through several pathways including alteration of food webs and in synergy with invasive species (Walther et al., 2002; Zarnetske et al., 2012; Cahill et al., 2013). However, few studies have examined this issue and empirical examples of species responses are lacking. Chapter 3 addresses such ideas by testing Huyser et al.'s (2000) hypothesis that sheathbills on Marion Island are in decline due to the combined effects of invasive mice and climate change.  The study adopts an integrated approach, examining sheathbill demography, behaviour, and foraging ecology as well as the role of invasive mice, climate change, and penguin declines.
· For basal metabolic rate (BMR), species or groups that are phylogenetically or ecologically distinct often have rates beyond the norm (McNab, 1995, 1996; Bozinovic et al., 2004). Sheathbills are both atypical Charadriiformes (Livezey, 2010) and one of only a few high latitude island endemic birds. Chapter 4 therefore tests if the phylogenetic position and ecology of sheathbills equate to a unique BMR when allometrically compared to other bird species. Further, as BMR underlies all processes contributing to a species’ ecology including behaviour, distribution, and life history (Brown et al., 2004; White et al., 2007; Biro and Stamps, 2010) knowledge of sheathbill metabolism contributes to our understanding how specie persist on islands and how they may be affected by ecosystem change.
· Finally, Chapter 5 draws together the outcomes of this work and considers the consequences of the observed interactions between climate change, invasive house mice and black-faced sheathbills. Management implications and future work are also addressed.
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Figure Legends
Figure 1: A) Adult black-faced sheathbill (Chionis minor marionensis; Marion Island), B) sheathbill with a hand-held GPS and field book (Marion Island), C) adult sheathbill kleptoparasitizing a king penguin (Aptenodytes patagonicus; Marion Island) as it attempts to feed its chick, D) a flock of sheathbills foraging for terrestrial invertebrates (Prince Edward Island), E) two sheathbills scavenge a king penguin carcass (Marion Island), F) sheathbill breeding pair with a rockhopper penguin (Eudyptes chrysocome filholi; Marion Island), G) sheathbill with nestling at nest site (Marion Island), H) researcher monitoring a sheathbill nest in a rockhopper penguin colony (Marion Island).
Figure 2: Location of the Prince Edward Islands and other islands in which black-faced sheathbills occur.
Figure 3: The six habitat complexes on the Prince Edward Islands as identified by Gremmen and Smith (2008), namely A) polar desert, B) fellfield, C) biotic, D) saltspray, E) mire, F) slope.


[image: ]
Figure 1


[image: ]
Figure 2


[image: ]
Figure 3


24

image3.jpeg
OO

Prince Edward Islands

lles Crozet

lles Kerguelen
[ ]

[ J
Heard Island

60°E

90°E




image4.jpeg




image1.jpeg




image2.jpeg




