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conditions and prey availability. Foraging distance also varied, with a maximum distance of 47 km 

from shore, further than many northern birds travel. Foraging area size was greater for females and 

for pelagic foragers, although benthic foragers travelled further from shore on average. Diet also 

varied, and during El Niño conditions comprised lower trophic level prey, which were more benthic, 

and found closer to shore than during La Niña years. Diet results showed some individuals maintained 

consistent foraging behaviour, although foraging plasticity was also evident. Some individuals 

changed their foraging behaviour between years, and even within a breeding season. 

Variable breeding success in the subantarctic, along with variable foraging behaviour and diet 

suggests that prey availability is likely limiting the southern population in some years. Prey 

availability is therefore expected to be a major influence on survival and breeding success in the 

future, particularly if the effects of climate change become more pronounced. 
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the surface at night (Foxton and Roe 1974, Hopkins 1987), as well as seasonal patterns arising 

from phytoplankton blooms in summer (Foster 1984), and contributing an important part of the 

diet of many subantarctic seabirds. Seabirds perform an important ecosystem role as major 

predators of zooplankton, krill, and fish, with approximately 25% of all known seabird species 

breeding in the Southern Ocean, and foraging nearby (Knox 2006). Since seabirds require land 

areas to breed, the subantarctic islands form an important part of the breeding biology of this 

unique Southern Ocean avifauna community. 

 

1.2.3 Oceanic variability and climate change 

The El Niño Southern Oscillation (ENSO) is a global weather phenomenon which influences 

rainfall, temperature, and wind patterns (Null 2019), and measures an anomalous warming and 

cooling of sea surface temperatures in the Pacific Ocean, resulting from atmospheric pressure 

differences (Mullan 1995). The ENSO is defined by the Southern Oscillation Index (SOI) 

which measures the difference in mean sea level pressure between Darwin and Tahiti 

(standardised by the long term pressure difference mean and divided by the long term standard 

deviation) (Mullan 1995, Null 2019). El Niño conditions represent negative SOI values, when 

warmer water moves up the west coast of South America, preventing the upwelling of the 

Humboldt Current which normally stimulates local productivity in marine systems (Weichler 

et al. 2004). Conversely, La Niña conditions represent positive SOI values and result in the 

opposite effect, with cooler water moving up the South American coast. La Niña conditions, in 

particular, can disrupt biological systems across the Pacific Ocean (Moore and Wakelin 1997, 

Perriman et al. 2000). In New Zealand, El Niño conditions generally result in cooler SST and 

terrestrial temperatures, with more rainfall in some regions, whereas La Niña is often warmer 

(Gordon 1986, Mullan 1995). 
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Figure 1.1 Map of New Zealand and subantarctic islands. Colours show bathymetry, from shallow water depth 

(red) to deep (purple). Source: NIWA. 

 

The islands lie between the Antarctic and Subtropical Convergence zones and the surrounding 

seas are highly productive, leading to correspondingly high biodiversity, wildlife population 

densities and endemism (Department of Conservation 1998). While all of the New Zealand 

subantarctic islands are located on the Pacific Tectonic Plate (Department of Conservation 

1998), the different geological history and age of each island group, and their geographical 
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has been significantly modified through burning for agriculture and by introduced mammals 

(Taylor et al. 1970, Higham 1991).  

Enderby Island was cleared for farming in the 19th century and previously hosted numerous 

introduced species, with pigs released in 1807 and 1867, rabbits in 1865, cattle in 1894, and 

mice accidentally introduced, probably before 1840 (Taylor 1971, Russell et al. 2020). These 

species all either died out naturally, or were eradicated by 1993, leading to the re-establishment 

of native plants (Torr 2002). Enderby Island is now free from introduced vertebrates, and has 

remained free of mammalian carnivores throughout its history. This is in contrast to the main 

Auckland Island which currently has a number of introduced mammalian pest species including 

mice (Mus musculus), cats (Felis catus), and feral pigs (Sus scrofa) (Russell et al. 2018), which 

are all known to depredate eggs, chicks, and nesting seabirds (Challies 1975, Dilley et al. 2016). 

These neighbouring islands could therefore provide an interesting comparison of the effects of 

mammalian predation on breeding success for yellow-eyed penguins and other seabirds. Since 

Auckland Island includes considerably more land area than any of the outlying islands in the 

group, any future removal of pest animals could therefore open up large areas of suitable habitat 

for breeding seabirds to use, and positively affect population growth. 

As a pest-free island, Enderby is an important breeding area for a number of land and seabird 

species and subspecies, many endemic to the Auckland Islands, including the Auckland Island 

shag (Leucocarbo colensoi), Auckland Island snipe (Coenocorypha aucklandica aucklandica), 

Auckland Island teal (Anas aucklandica), Auckland Island banded dotterel (Charadrius 

bicinctus exilis), and Auckland Island tomtit (Petroica macrocephala marrineri), and is a key 

breeding site for the yellow-eyed penguin (Megadyptes antipodes) (BirdLife International 

2019, French et al. 2020). 
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Antarctica (Subramanian et al. 2013). This coincides with the drop in Antarctic temperatures 

beginning around 12 million years ago, suggesting a likely link between climatic conditions 

and penguin evolution (Subramanian et al. 2013). The extant penguin fauna includes 18 species 

in six genera, and their distribution is limited to the southern hemisphere, from Antarctica to 

the tropics, likely constrained by warmer water around the equator (Borboroglu and Boersma 

2013, Subramanian et al. 2013). 

Penguins are flightless, foraging for live prey under the sea surface. As wings become more 

efficient for swimming they become less efficient for flying, and vice versa (Elliott et al. 2013) 

requiring a trade-off for diving seabirds using their wings for propulsion. Although swimming 

theoretically uses more energy than flying (Elliott and Gaston 2009), penguin wings are 

modified into highly-adapted flippers which are more efficient for diving and underwater 

locomotion than can be achieved by any flying seabirds, whether using their wings or feet for 

propulsion (Elliott et al. 2013). Additionally, being able to dive to greater depths allows access 

to a wider prey assemblage than is available to other seabirds. 

Penguins are considerably heavier than diving seabirds such as auks occupying similar niches 

in the northern hemisphere, since they no longer need to maintain a light bodyweight for flying 

(Gaston 2004). In addition to improving swimming efficiency, larger body size allows a lower 

surface-area to volume ratio which minimises heat loss to the surroundings in colder climates, 

requiring less energy to keep warm and allowing slower metabolism and lower energy intake 

requirements (Williams 1995). A larger body size, and energy savings from using wings 

exclusively for underwater propulsion suggests that the evolution of flightlessness allowed 

penguins to exploit colder and otherwise inhospitable polar regions. This is assisted in ice-

breeding species such as emperor penguins by the development of huddling behaviour, and a 

circulatory counter-current exchange system to minimise heat loss to the environment, and to 

warm blood returning from extremities before it enters the core (Knox 2006). 
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king, and gentoo (Borboroglu and Boersma 2013). While the sexes look alike, there is a small 

degree of sexual dimorphism with males generally larger than females in weight and 

morphometrics (Darby et al. 1990), allowing measurement of the head and foot to be used for 

sexing of individuals (Setiawan et al. 2004).  

 

 

Figure 1.3 Nesting yellow-eyed penguin on Enderby Island. Photo: C. G. Muller 

 

Yellow-eyed penguins are endemic to southern New Zealand, with a distribution restricted to 

the south-east coast of the South Island / Te Wai Pounamu, (including coastal Otago and 

Southland), and offshore islands including Stewart Island / Rakiura and nearby Codfish Island 

/ Whenua Hou (the northern population). A separate breeding population (the southern 

population) encompasses the subantarctic Auckland Islands / Motu Maha (including the main 
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Auckland Island, as well as Enderby and other offshore islands), and Campbell Island / Motu 

Ihupuku  (Darby et al. 1990, Marchant and Higgins 1990, Seddon et al. 2013) (Figure 1.1). 

Breeding is discussed in more detail in Chapter 3, including a detailed map of breeding areas 

(Figure 3.2). Yellow-eyed penguin distribution corresponds to the presence of continental shelf 

feeding areas and land areas where the mean summer temperatures are less than 16.5 OC (Smith 

and Lewis-Smith 1987). The South Island distribution also relates to the former extent of 

coastal podocarp-hardwood forests, believed to be the penguin's traditional nesting habitat 

(Darby et al. 1990). 

Breeding is restricted in geographical range and numbers, with population estimates as few as 

4000 breeding adults (2000 nesting pairs), or around 6000 to 7000 adults in total (McKinlay 

2001, Department of Conservation 2019), although accurate figures are available only for the 

mainland breeding population, and some offshore islands. Estimates for the South Island are 

around 800 nests, or 2,200 individuals (McKinlay 2001). The Auckland Islands are thought to 

represent approximately 27 to 32% of the total yellow-eyed penguin population, and previous 

population estimates suggest that Enderby Island accounts for up to 63% of the Auckland 

Islands population (Moore 1990). Despite the suspected low number of founders, low 

contemporary migration rates (<2%), and relatively low genetic variability in the South Island 

population (Boessenkool et al. 2009a, Boessenkool et al. 2009b), nevertheless around 40% of 

yellow-eyed penguins globally were believed to breed on and around the New Zealand 

mainland (McKinlay 2001). An updated southern (subantarctic) population estimate is 

investigated in Chapter 3. 

The low genetic diversity of South Island yellow-eyed penguins is likely affected by strong 

fluctuations in population size and high variance in reproductive success, and the loss of genetic 

diversity and increased levels of inbreeding due to population bottlenecks or small population 

sizes may have reduced the mean population fitness and adaptive potential (Allendorf and 
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Forest clearance on the South Island has resulted in a lack of suitable breeding sites and a major 

reduction of the northern population from their former range (Darby et al. 1990). On mainland 

New Zealand, the current distribution of yellow-eyed penguins is a result of terrestrial habitat 

destruction and modification, including for farmland, and compounded by terrestrial predation 

and disease outbreaks (Alley et al. 2004). Introduced exotic mammalian predators have played 

a dramatic role in the decline and extinction of many endemic fauna in New Zealand (Clout 

2001, Blackburn et al. 2004, Duncan and Blackburn 2004), but intense conservation efforts 

have resulted in the eradication or control of predators in some localised mainland and offshore 

areas. By the 1980s, non-native predators (primarily mustelids and cats) introduced to the 

mainland by Europeans in the late 19th century had caused major egg and chick predation of 

yellow-eyed penguins (Darby et al. 1990) and prompted the implementation of intensive 

predator trapping around breeding areas.  

The yellow-eyed penguin is one of the penguin species most sensitive to human disturbance 

(McClung et al. 2004, Ellenberg et al. 2007, Ellenberg et al. 2009). While nests are usually 

hidden from sight, adults are nevertheless prone to human disturbance when transiting to and 

from the sea. Research from the South Island suggests that yellow-eyed penguin nesting is 

incompatible with continuous disturbance such as tourism. Reduced breeding productivity, 

lower fledgling weights and increased hormonal stress responses have all been recorded for the 

species at sites exposed to tourism (Roberts and Roberts 1973, Wright 1998, McClung et al. 

2004, Ellenberg et al. 2007, Ellenberg et al. 2009). 

Mortality due to fisheries bycatch is an ongoing problem, particularly for the inshore set net 

fishery (Couch-Lewis et al. 2016, Mattern and Wilson 2018). Multiple birds have been reported 

drowned in a single net (Ellenberg and Mattern 2012), with as many as 12 reported bycatch 

incidents per year (Darby and Dawson 2000). Other indirect fisheries impacts include bottom 

trawls which can alter the benthic habitat and affect the foraging success of yellow-eyed 
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In some areas trampling by livestock (primarily cattle) has been an issue (Couch-Lewis et al. 

2016). These species are all present on the mainland, and on some offshore and subantarctic 

islands. 

Potential avian predators include northern giant petrels (Macronectes halli) and brown skuas 

(Catharacta antarctica lonnbergi), although skuas are most likely a threat to eggs and chicks 

rather than adults. Northern giant petrels have been observed killing smaller penguins including 

adult northern rockhoppers at sea (Ryan et al. 2008), as well as eastern rockhopper penguins 

around Campbell Island (Morrison 2015). An ongoing, localised population decline of eastern 

rockhopper penguins on Campbell Island is being driven in part by high rates of predation on 

adults by sea lions, as well as on eggs by skuas (Morrison 2015), although there is no indication 

of a similar effect on yellow-eyed penguins. Forest nesting appears to be a successful 

adaptation to minimise nest exposure to seabird predators as both rockhopper species restrict 

themselves to marine and coastal habitats and do not venture under the forest canopy where 

yellow-eyed penguins nest (pers. obs.).  

Threats to yellow-eyed penguins have been identified, and conservation recommendations 

developed into a recovery plan (Taylor 2000, McKinlay 2001, Department of Conservation 

2020b). While habitat protection, restoration, and terrestrial pest control efforts have improved 

as a result (Webster 2018), fisheries impacts remain a problem for the northern population 

(Ellenberg and Mattern 2012, Crawford et al. 2017, Mattern and Wilson 2018), as do 

unregulated visitor access and depredation by uncontrolled domestic dogs (M. J. Young, pers. 

comm.). 

 

1.4.6 Threats in the subantarctic 

The full range of marine predators are present in the subantarctic, and although predation rates 

on yellow-eyed penguin at sea are unknown, it is reasonable to assume some occurs. Individual 
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wildlife in the subantarctic is too close to prevent disturbance to yellow-eyed penguins (French 

et al. 2019), disturbance caused by tourism does not appear to affect breeding success (French 

2018). 

Little is known about population trends or diet in the southern population, nor how these may 

be affected by climate change. More research is needed, not only into yellow-eyed penguin 

population dynamics, but also to identify prey species and how their distribution may change 

in time and space. 

Population estimates for the southern population are lacking or out of date for many locations, 

making it difficult to know the current status of the southern yellow-eyed penguin breeding 

population, or current threats. The population is believed to be larger and more stable than the 

northern population and is therefore widely considered an insurance population for the species 

(Couch-Lewis et al. 2016, Boersma et al. 2020). However, there are insufficient data to be able 

to confirm population size or trends, and many population estimates are several decades out of 

date. Furthermore, the low rate of migration between the southern and northern populations 

makes it unlikely that any re-colonisation would occur naturally. Up-to-date research is 

therefore required on yellow-eyed penguin population biology and breeding success in the 

subantarctic. 

 

1.4.7 Yellow-eyed penguin breeding behaviour 

Yellow-eyed penguins are a long-lived species, breeding up to the age of 25 years in the wild 

(Young 2014) although by 10 years a significant sex skew is apparent, with males 

outnumbering females two to one (Marchant and Higgins 1990). Age at first breeding is an 

average of 2.6 years in females, and 4.3 years in males (Richdale 1957), although breeding 

success is lower for inexperienced breeders (Richdale 1957, Williams 1995). Adults are 

sedentary, staying close to their breeding area throughout the year and do not migrate during 
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conditions (Lalas et al. 2007). Therefore, the survival of both juveniles and adults remains an 

important factor affecting long-term population stability. 

 

1.5 Population biology 

1.5.1 Measuring population dynamics 

The majority of seabirds, including penguins, are K-selected, being long-lived and slow 

growing animals with a low reproduction rate (Diamond and Devlin 2003, Borboroglu and 

Boersma 2013). Consequently, they are vulnerable to any factors which may affect adult 

survival, as well as any reduction in breeding success or the survival of chicks to recruitment 

age (Cairns 1988, Ricklefs 1990, Purvis et al. 2000). Therefore, reproductive success is likely 

limited by a combination of factors such as prey availability, marine-based stochasticity, 

extreme weather events, and the performance of individual breeders, including age-related 

competence (Forslund and Pärt 1995, Fowler 1995, Wendeln and Becker 1999, Moreno 2003). 

The interaction of these factors is also relevant, and long-term studies are required to provide 

sufficient detail, particularly for factors relating to parental condition which may be variable 

(Moreno 2003). Population estimates are needed to provide a baseline, and to gauge the impact 

of these factors on species survival. 

Population estimates require counting or estimating population abundance, with the size of a 

population indicating its success, and determining, in part, its vulnerability to extinction. 

Measuring population dynamics requires quantifying the numbers of individuals, as well as 

births, deaths, immigration, and emigration, and is ideally done using a population census of 

as many age cohorts as possible (Chapman and Reiss 1999). If not all of the individuals in a 

population are easily counted at the same time, then a smaller sub-group can be counted and 

this number used to generate an estimate for the entire population (Chapman 1951).  
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1.5.3 Yellow-eyed penguin nest location 

Accurate long-term monitoring of a breeding population is important to determine population 

trends and the effectiveness of ongoing management measures to increase the population. 

Locating nests is therefore important for monitoring breeding success. Efficiencies enabling 

earlier nest location allow monitoring and other dependent research to begin as soon as 

possible. 

Yellow-eyed penguin nests can be difficult to locate. Unlike colonial-breeding species, yellow-

eyed penguins build solitary nests up to 1 km inland hidden within coastal forest and scrub, 

making nests difficult and time-consuming to find (Darby et al. 1990, Ellenberg and Mattern 

2012). Nests are commonly located in dense vegetation, with over 90% of them built against 

vegetation stems, logs, embankments or rocks which adds to their concealment. Nest density 

varies with vegetation type, with lower densities in open forest and high densities in scrub. 

Most nests in the northern population are shielded from the sun by undergrowth to avoid heat 

stress (Seddon and Davis 1989), further adding to their cryptic nature. 

Nest searching is labour-intensive. The usual method requires manual searches of an area to 

look for nest sign including visual detection of adult birds, tracks, chick vocalisations, and 

latrine smell (Hegg et al. 2012). Manual searching is therefore time-consuming, and success is 

dependent on the experience level of searchers, requiring teams to include at least one 

experienced searcher for best efficiency (Hegg et al. 2012). Individual searches are not 

particularly effective (with a single search team expected to find a maximum of 88% of nests 

in an area), therefore two independent search teams are recommended for maximum efficacy, 

requiring many personnel (Hegg et al. 2012). Independent search teams can be a difficult and 

time-consuming technique to utilise in some areas due to vegetation, logistics and safety 

concerns. Nest searching can therefore be expected to require additional time and effort in 

many locations due to accessibility, vegetation, searcher availability and experience, and other 
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factors. Alternative nest search techniques are needed in order to find nests with a high degree 

of accuracy and precision, and some methods have been trialled.  

Trained detection dogs can potentially locate species more efficiently than researchers and have 

the ability to cover large areas quickly. Detection dogs can also have higher rates of detection 

than traditional survey methods (Harrison 2006, MacKay et al. 2008, Nussear et al. 2008, 

Goodwin et al. 2010). However, at the time of my fieldwork there were no detection dogs in 

New Zealand trained and certified to detect yellow-eyed penguins. There would also be 

logistical and permitting difficulties for a dog to be able to work in the subantarctic, including 

quarantine issues, and being able to work safely alongside sea lions and other fauna present 

there. 

A number of technologies exist that offer some advantages locating wildlife. Aerial nest 

location methods have been demonstrated using still camera imagery (RGB) from a camera-

mounted Unmanned Aerial Vehicle (UAV) to survey gentoo penguins (Ratcliffe et al. 2015), 

as well as Adélie penguins (Rümmler et al. 2016). However, these species nest in the open so 

additional technology is required for detecting yellow-eyed penguin nests obscured by 

vegetation. VHF telemetry is a widely used tool for tracking wildlife, typically involving hand-

held VHF receivers and antennas used by ground-based teams (Kenward 2001, Mech and 

Barber 2002). However, while useful, it can still be time-consuming and inefficient. Thick 

scrub in the subantarctic reduces detection range and limits how far ground teams can travel, 

reducing the number of birds which can be VHF-tracked from the ground each day. Tracking 

of VHF transmitters from the air can increase the size of the search area covered, and reduce 

difficulties created by terrain or vegetation for ground-based search teams. While the use of 

aircraft is difficult in the subantarctic, UAVs can offer a number of advantages. The 

development of additional technology could assist with the location of cryptic penguin nests in 

vegetated areas, and therefore also with population monitoring. 
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1.5.4 Yellow-eyed penguin population monitoring 

Monitoring of the northern population is usually carried out by conducting nest checks, 

particularly at mainland breeding sites. Once nests are located, all breeding adults in the 

population are usually marked for long-term study, formerly with flipper bands, now with 

subcutaneous microchips (Department of Conservation 2012). Nests are regularly checked 

throughout the breeding season to monitor breeding success, and individuals are followed 

throughout their breeding life. 

Accurate population monitoring is difficult to achieve for yellow-eyed penguins in the 

subantarctic, and accessibility is difficult due to terrain, thick vegetation, and inclement 

weather. Logistics are complicated, and team size often restricted due to the difficulty and 

expense of travelling to these isolated islands. The cryptic nests cannot easily be located or 

counted from the air as is done for many other penguin and seabird species (Ratcliffe et al. 

2015, Baker et al. 2020), and the difficult terrain reduces the ability of field teams. Large 

distances are involved, with Auckland Island over 40 km long, and thick vegetation forms 

dense thickets in many areas (Godley 1965, Taylor 1971, Peat et al. 2006), making ground 

searching prohibitively time-consuming. Isolation and difficult access make long-term studies 

logistically challenging, meaning demographic data such as survivorship of different age 

classes are difficult to obtain, and long-term studies of known individuals are not common. As 

a result, most research on the southern yellow-eyed penguin population consists of count data 

of transiting adults, with some breeding productivity studies (since these can be completed in 

a single breeding season). Key studies are summarised below. 
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significantly declined since the 1990s, and likely across the whole Auckland Islands with a 

34% decline in Enderby Island penguin numbers compared to 1989 (Ellenberg 2013).  

The main limitation of count data is that the number of birds sighted may fluctuate over the 

season, especially as nesting birds move from the incubation to guard phase, however, as yet 

there have been no conclusive data to correlate morning count numbers with the actual number 

of nesting birds, or to correct for possible daily variations in the number of birds leaving for 

foraging trips due to weather or other effects while the survey is underway.  

Validation of morning count data was attempted in 2012 on Enderby Island by Houston and 

Thomson (2013) by determining a relationship between nest numbers and the number of birds 

sighted during counts. Their study also attempted to use remote cameras (still and video) to 

carry out morning counts over a period of time, and to look for any daily variation in numbers. 

However, their very short field trip (7 days) provided limited confidence that all nests were 

located, meaning nest numbers were likely an underestimate. The authors also documented the 

limited success of the cameras used to attempt remote monitoring. Battery life and problems 

detecting penguins were an issue, especially at night, and results identified that more 

comprehensive research is required, including improved technology. 

As yet, there is still a lack of comprehensive data to document how penguin numbers using a 

landing site may vary from day to day, particularly during the incubation stage in November 

when landing patterns may be less predictable. In addition, preliminary indications are that 

individual birds may use different access points to get to the sea over the course of the breeding 

season (pers. obs.), which is likely to complicate attempts to match nests found in the forest to 

access points where morning counts were carried out. There is also a lack of data on the number 

of breeding birds, the proportion of breeding birds (with implications for interpreting morning 

count data), and the success of breeding attempts. 
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eyed penguin population on the Auckland Islands. Since Enderby Island is considered a 

breeding stronghold, this is an important first step and the techniques developed there will 

assist with the planning of this challenging task on the more rugged and isolated main Auckland 

Island, and will therefore improve the final population estimate. 

 

1.6 Foraging biology 

1.6.1 Penguin foraging behaviour 

The distribution of nutrients and therefore primary production at sea depends mainly on 

oceanographic parameters such as currents, temperature and mixing (Miller and Sydeman 

2004). The result is a patchy distribution of productivity and prey biomass, with implications 

for predator search strategies and foraging methods. As well as affecting what prey items are 

encountered during a trip, the time spent foraging can affect breeding success. The distance 

travelled during foraging has been shown to negatively affect reproductive success in many 

species including Magellanic penguins (Boersma and Rebstock 2009), travelling further uses 

more energy, and increased digestion time reduces the amount of food that can be provided to 

chicks (Weimerskirch et al. 1994, Ropert-Coudert et al. 2004). Adult yellow-eyed penguins 

generally travel further during the incubation phase, and forage closer to shore and for shorter 

periods during the guard phase when chicks are under 30 days old (Moore 1999). Birds 

travelling further on average tend to have a lower probability of fledging success, although 

longer foraging trips can allow them to make use of highly productive waters, as these may be 

more difficult to reach during the guard phase when time away from the nest is limited to short 

trips (Wilson et al. 1995, Phillips 2004).  

Variation in the life history of different penguin species can be linked to their foraging strategy. 

For example, offshore foraging species migrate away from breeding colonies in the winter 

(Croxall and Davis 1999, Davis and Renner 2003), and generally make longer trips during the 



68 

breeding season than do sedentary species (Davis and Renner 2003), and when not breeding 

they travel much greater distances, making extended migratory trips to the open ocean (Croxall 

and Davis 1999, Pütz et al. 2006b). Offshore foraging strategies are more common among 

Eudyptes penguins breeding at more southern latitudes. Conversely, sedentary fixed-place 

foraging species remain near their breeding area year-round and utilise prey found closer to 

shore. These include gentoo, African, little (Eudyptula minor), Galapagos and yellow-eyed 

penguins which tend to be larger-bodied, but breed at a younger age and with a lower divorce 

rate than migratory species such as most Eudyptes penguins. Inshore foragers do not migrate 

and remain near their breeding area all year round (Croxall and Davis 1999, Saraux et al. 2011) 

which is thought to be related to reduced oceanic productivity at southern latitudes over winter, 

and a reduced continental shelf area that might support inshore foraging (Croxall and Davis 

1999). Despite their range overlapping with many Eudyptes penguins in the New Zealand 

subantarctic, yellow-eyed penguins are inshore foragers and do not migrate in the non-breeding 

season (Moore et al. 1995, Croxall and Davis 1999, Moore 1999). Inshore foragers may be 

affected by localised prey depletion (Ashmole 1963, Saraux et al. 2011), making it important 

for conservation managers to understand the areas used for foraging, and also prey distribution 

within those areas.  

 

1.6.2 Measuring penguin foraging behaviour 

As well as being an important indicator and driver of breeding and population success, penguin 

foraging behaviour is also considered a useful indicator of wider marine ecosystem health and 

productivity since breeding adults rely on the availability of prey close to their nests (Croxall 

and Davis 1999). Foraging behaviour is commonly studied using electronic positioning devices 

such as GPS loggers or satellite transmitters attached to animals as a means of tracking their 

foraging activities (Mattern et al. 2007, Chilvers et al. 2011, Chilvers et al. 2014). These data 
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drawing contour lines (isopleths) based on the summed volumes of the kernels at grid 

intersections. These isopleths define home range polygons at different probability levels, 

(Rodgers and Kie 2011), allowing for analysis of foraging area use. 

 

1.6.3 Foraging plasticity 

Foraging plasticity describes a consumer adapting their foraging strategy to continue 

provisioning both themselves and their offspring, particularly when food supply changes within 

their usual foraging range (Ballard et al. 2010). As central-place foragers, breeding seabirds 

have a limited foraging area available to them (Costa 1991), therefore, being able to vary their 

foraging strategy will make best use of limited resources, particularly in times of change 

(Ashmole 1963). This can include changing their foraging method, for example, from benthic 

to pelagic diving, or changing their foraging location to move further offshore or to a different 

habitat. This can expose a predator to different prey assemblages and increase their foraging 

flexibility (Miller et al. 2009, Saraux et al. 2011). 

In order to maximise lifetime reproductive success, seabirds must make a trade-off between 

the benefits and costs of raising chicks (Stearns 1989). While long-lived species are expected 

to prioritise their own survival at the expense of a current breeding attempt (Stearns 1989, 

Mauck and Grubb 1995), many species will forego a breeding attempt if resources are low, or 

their own body condition is poor in the lead-up to a breeding season (Cubaynes et al. 2011, 

Baron et al. 2013). 

In some species, parents may vary their foraging strategy between provisioning their offspring 

and maintaining their own body condition. Foraging for chicks is often associated with short 

coastal trips to minimise the amount of digestion before regurgitation and may include targeting 

smaller species more suitable for chicks to eat. Conversely, when foraging for themselves 

adults may make longer trips to more distant areas and may preferentially target larger prey 
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with adult reproductive success, chick survival to fledging, and post-fledging survival of 

juveniles (Olsson 1997, Moreno et al. 1999, McClung et al. 2004, Crawford et al. 2008). Adult 

survival is also linked to body condition, with birds in poorer condition less able to survive in 

challenging or changing environmental conditions, as demonstrated by a mass starvation event 

of adult Sphenisciform penguins at the Falkland Islands in 1986 (Keymer et al. 2001). 

Diet quality is an important factor in foraging success, as high quality prey can improve the 

return per unit effort expended in obtaining food. As prey, fish generally have a higher lipid 

and energy density than zooplankton or cephalopods (Clarke and Prince 1980, Cherel and 

Ridoux 1992, Meynier et al. 2008), and additionally are more rapidly digested by seabirds, 

including southern rockhopper penguins (Jackson 1992), than are crustaceans or cephalopods 

(Wilson et al. 1985, Jackson et al. 1987). Fish are therefore expected to represent higher quality 

prey, and penguins feeding on a higher proportion of fish expected to be in better body 

condition. The body condition of Magellanic penguin (Spheniscus magellanicus) chicks has 

been shown to be positively correlated with the proportion of fish in their diet (Forero et al. 

2002). 

 

1.6.6 Measuring diet 

The importance of diet in seabird ecology and conservation means a comprehensive 

understanding of diet and foraging ecology is essential for studying population dynamics, and 

identifying causes of decline. Diet studies can be conducted using a variety of methods, each 

with their own advantages and disadvantages. 

Scat (faecal) samples can be used as a simple and non-invasive method to determine diet based 

on prey remains in faecal matter. However, faecal samples can be difficult to collect as any 

samples at sea are likely to be lost, and samples can be difficult to associate with individuals 

unless defecation was observed (Barrett et al. 2007). Additionally, faecal remains can be biased 
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towards hard parts of prey such as otoliths and bones, meaning species containing 

proportionally more soft tissue (such as cephalopods) may be more digested and therefore 

under-represented (Ratcliffe and Trathan 2011). Bird faecal matter tends to be more liquid than 

in mammals, which can make it more difficult to find and collect samples of hard remains 

(pers. obs.). DNA analysis can be conducted on scat samples, however, this is still subject to 

the same biases resulting from differences in prey digestibility (Deagle et al. 2010), and it can 

provide data on the proportion of species present in a sample, but not the actual number or mass 

of prey items eaten (Ratcliffe and Trathan 2011). 

Stomach contents can be obtained from deceased or euthanised individuals (Furness et al. 

1984), or through stomach flushing (Clarke et al. 1998, Berrow and Croxall 1999). Stomach 

contents analysis has previously been the primary method for establishing diet in penguins 

(Adams and Brown 1989, Ridoux 1994, Hindell et al. 1995). The majority of seabirds are 

sampled during the breeding season when they return to shore, however, many species may 

disperse from their breeding areas in the off-season, meaning diet can be difficult to establish 

at other times of the year (Cherel et al. 2007). Since most diet studies are carried out during the 

breeding season when adults are bringing food for their chicks, stomach contents analysis can 

have difficulty distinguishing what adults are eating themselves versus what they are feeding 

to chicks (Tierney et al. 2008). Another limitation of stomach contents analysis is that the 

sample represents a single meal, so may not be representative of diet as a whole, and with 

increasing digestion time the sample can also be biased towards the more indigestible parts of 

the diet (Duffy and Jackson 1986, van Heezik and Seddon 1989). Stomach flushing is also a 

relatively invasive technique with potential handling stress and nutritional implications for the 

adult and chicks affected, and due to the handling time required, the sample size is likely to be 

limited compared to other methods of diet analysis. 
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trips, deeper dives, and some mesopelagic foraging dives at the Auckland Islands, as well as 

individual preference in dive type (Chilvers and Wilkinson 2009, Chilvers et al. 2011). Similar 

to penguins, northern animals conducted predominantly benthic dives much closer to the coast 

(Augé et al. 2012, Augé et al. 2015), and the difference in foraging behaviour between the 

mainland and the subantarctic is believed to be due to differences in prey assemblages and 

benthic topography in different areas. 

A purely benthic foraging strategy may result in reduced behavioural flexibility for penguins, 

thereby increasing vulnerability to changes in the marine environment (Mattern et al. 2007). If 

prey sources become less available in time or space, or if seafloor ecosystems are disrupted by 

commercial fisheries this could result in poor foraging success, and therefore reduced 

population success (Browne et al. 2011, Mattern et al. 2013). 

Prior to this study there have been no dive data published for any southern yellow-eyed penguin 

populations. However, there is anecdotal evidence to suggest that some pelagic foraging may 

be occurring at the Auckland Islands, in addition to benthic foraging (B. L. Chilvers, pers. 

comm.), and two depth loggers deployed on Campbell Island indicated a likely benthic foraging 

strategy there (P. J. Moore, pers. comm.). Understanding yellow-eyed penguin dive behaviours 

in the southern population will help to elucidate foraging behaviours, and therefore assist with 

conservation and management of this endangered species. 

 

1.6.9 Yellow-eyed penguin diet  

Diet is an important factor affecting foraging success, and therefore also breeding success, and 

can be influenced by prey availability. In the lower South Island, seven species of fish are 

thought to make up 95% of yellow-eyed penguin diet: sprat (Sprattus antipodum), red cod 

(Pseudophycis bachus), silverside (Argentina elongata), blue cod (Parapercis colias), ahuru 

(Auchenoceros punctatus), opalfish (Hemerocoetes monopterygius) and squid (Nototodarus 
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spp.) (van Heezik 1990c, van Heezik 1990b, Moore and Wakelin 1997, Browne et al. 2011). 

At northwestern Stewart Island, blue cod and tarakihi (Nemadactylus macropterus) were found 

to be the only two species in the diet (Browne et al. 2011). Yellow-eyed penguins prey on the 

juveniles of these species and are not thought to be in direct resource conflict with commercial 

fisheries (Moore and Wakelin 1997). However, it is known that a proportion of adult and 

juvenile yellow-eyed penguin mortality results from fisheries bycatch in these areas (Darby 

and Dawson 2000). Knowledge of prey species can therefore highlight any overlap with, and 

competitive pressure from, commercial fisheries. 

Yellow-eyed penguin diet has not been studied in the southern population, and prey species are 

unknown. Fish species assemblages differ from those around the mainland, and the subantarctic 

has a low diversity of reef fishes compared to other New Zealand ecosystems (Francis 1996), 

which would reduce the number of benthic species available to penguins. Knowledge of 

yellow-eyed penguin prey species, and their distribution in time and space is therefore an 

important predictor of foraging, and breeding success, and is needed for the management of 

this endangered species. 

 

1.7 Summary 

1.7.1 Summary of previous yellow-eyed penguin research in the Auckland Islands 

Little prior research has been carried out on yellow-eyed penguins on the southern yellow-eyed 

penguin population. The only previous population estimate for the Auckland Islands dates back 

to 1989 (Moore 1990), and up-to-date data are needed. Moore also carried out beach counts 

and population estimates on Campbell Island in 1988 and 1992 (Moore 1992b, Amey and 

Moore 1995, Moore et al. 2001), which are also out of date.  

As part of the Auckland Islands population estimate, Moore identified 115 sites used by yellow-

eyed penguins as access points to the sea which are therefore indicative of breeding area 
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1.7.3 Research chapters 

This thesis is structured with the research chapters (Chapters 2 to 6) written as stand-alone 

scientific journal articles, all of which have been published. Consequently, the chapters contain 

a degree of repetition, particularly in their Introduction and Methods sections. Cross 

referencing between chapters is used occasionally to minimise repetition. Since the research 

chapters are all published in different journals, they may contain some minor differences in 

formatting and layout. 

Each research chapter represents the state of knowledge at the time the research was carried 

out, and each discussion is up-to-date at the time they were published. Any recent 

developments post-publication are discussed in the General Discussion section. 

 

The five research chapters had the following aims: 

2. To improve nest-location efficiency and document the effectiveness of aerial VHF tracking 

for monitoring wildlife, in this case developing a multi-channel receiver as a primary 

method for locating cryptic yellow-eyed penguin nests. 

3. To estimate the total yellow-eyed penguin population for the Auckland Islands, and 

estimate the number of breeders on Enderby Island and the Auckland Islands. 

4. To document yellow-eyed penguin diving behaviour in the subantarctic, and investigate the 

effects of individual preference and sex on diving behaviour, as well as changes between 

years. 

5. To determine the size and location of foraging areas used by yellow-eyed penguins 

breeding at Enderby Island, as well as any differences in the foraging area size and distance 

from shore between birds of different sex, diving behaviour, or between different years. 

6. To investigate yellow-eyed penguin diet and foraging in the subantarctic, by identifying 

any variability in diet between sexes, birds utilising different foraging behaviours, or 

between different years. 

 

This thesis also includes a General Introduction (Chapter 1), and a General Discussion (Chapter 

7). 
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to February 2016), 2016 (November 2016 to February 2017), and 2017 (November 2017 to 

January 2018). Nest location was primarily during incubation (November) each year. 

 

 

Figure 2.1 Map of yellow-eyed penguin breeding areas (red) showing New Zealand mainland, subantarctic 

Auckland Islands with Enderby Island to the north-east, and study colonies inset, showing Rocky Ramp (RR), 

Penguin Alley (PA), and Sandy Bay (SB). 
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Data for the study were gathered in the context of wider field research into population 

dynamics; therefore, different search methods were tested as the opportunity arose. It was not 

practicable, given the overall study aims, to independently locate the same nest using multiple 

search methods, so adjacent sub-areas of contiguous habitat, namely Rocky Ramp, Penguin 

Alley, and Sandy Bay (Figure 2.1) were searched using different methods, as follows: 

1) Manual ground searches were conducted at Rocky Ramp in 2015. A repeat manual search 

was conducted in 2016, utilising nest location data from the previous breeding season, but 

was not independent because knowing past nest locations can assist manual searching. 

Manual nest searches were conducted by a team of two people searching for nest sign as 

described in Hegg et al. (2012).  

2) Unassisted ground VHF tracking was conducted at Rocky Ramp during the second part of 

the 2015 season, and early season at Penguin Alley in 2016 and 2017 using an Ultra VHF 

receiver and directional Yagi antenna (Sirtrack, Havelock North, New Zealand).  

3) UAV-based positioning was conducted at Penguin Alley and Sandy Bay in 2016 and 2017. 

Initial flights (position-only location) were followed by ground location of the nest (UAV-

assisted searches). Visiting nests allowed quick recovery of transmitters and immediate 

verification whether birds were on an active nest or not. This would be more time-

consuming to determine from the air as thick vegetation cover prevents visual identification 

of a nest, meaning that monitoring over several days would be required to determine whether 

the penguin was returning to the same place after every foraging trip. 

VHF-tracked adult penguins were captured by hand as they returned to the shore in the evening 

following a foraging trip at sea, and transmitters were attached using TESA® tape (Beiersdorf 

AG, GmbH, Hamburg, Germany). Birds were selected on the basis of the presence of a large 

brood patch, indicating they were likely incubating eggs at the time. Transmitters were taped 
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aerial VHF searching were calculated from the average time required to fit transmitters to 

penguins, setup time for the Drone Ranger system, and flight time. For UAV-assisted ground 

VHF searches, the time required for a ground team to navigate to the location indicated by the 

Drone Ranger system (using a handheld VHF receiver if needed) was also included. 

Cumulative success data (number of nests found per day for each method) were also collected. 

 

2.4 Results 

2.4.1 Search time and efficiency 

The UAV system was highly effective at locating nests and reducing manual search times. 

Position-only flights took just 3% of the search effort (person hours per nest) required for 

manual ground searching in a new area, and 18.1% of the effort for unassisted ground VHF 

searching (Table 2.1). UAV-assisted nest location (including nest visits) took 14.4% of manual 

ground search effort, and 87.0% of the effort for unassisted ground VHF searching (Table 2.1).  

 

Table 2.1 Effort data (search time) for nest location using a very high frequency (VHF)-equipped unmanned aerial 

vehicle (UAV) including: average handling time (penguin capture and VHF transmitter attachment; n = 60); UAV 

setup time (including pre-takeoff assembly and re-packing for transport; n = 15); UAV flight time (n = 15); Nest 

visit time (time to locate nests in person using aerial search data and handheld GPS and VHF receivers; n = 34) 

(shown in grey highlights). Effort for manual nest searches (new area and repeat search) are included for 

comparison (n = 12 and 63, respectively), and unassisted VHF ground search (n = 24). Times are given as h:min:s. 
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Search method 
Manual 

search, new  

Manual 

search, repeat  

VHF ground 

search 

UAV search,   

(VHF aerial) 

position-only 

UAV search  

(VHF aerial)  

+ nest visits 

Number of nests found 12 63 24 54 35 

Number of searchers 2 2 1 1 1 

Average handling time / penguin n/a n/a 00:05:30 00:05:30 00:05:30 

Average UAV setup time / nest n/a n/a n/a 00:15:00 00:15:00 

Average UAV flight time / nest n/a n/a n/a 00:07:42 00:07:42 

Average time to visit / nest 3:06:44 2:31:45 1:01:59 n/a 00:53:55 

Total nest visit time 37:20:48 159:19:48 24:47:24 n/a 23:45:00 

Total flight time n/a n/a n/a 1:55:03 1:14:34 

Total setup time n/a n/a 2:12:00 8:12:00 6:27:30 

Total search time 37:20:48 159:19:48 26:59:24 10:07:03 31:27:04 

Total search hours (h) 37.38 159.33 24.79 10.12 31.45 

Total search effort (person h) 74.76 318.67 24.79 10.12 31.45 

Search effort per nest (person h) 6.23 5.06 1.03 0.19 0.90 

Search effort per nest (person min) 373.80 303.49 61.98 11.24 53.92 
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Both types of UAV searching were significantly quicker than was manual ground searching 

(ANOVA, F2,81 = 41.75, P < 0.001), and the time taken for a ground VHF team to locate tagged 

birds on the nest was significantly quicker following a UAV flight (giving the general location 

of the nest) compared to normal VHF ground tracking (with no prior knowledge of the 

transmitter location; t = -2.47, P < 0.05). For UAV tracking, position-only aerial location took 

20.8% of the effort than when nest visits were also conducted, which was significantly quicker 

(t = -5.99, P < 0.001).  

During position-only UAV calibration flights, the search effort per transmitter in a high-density 

situation (12 or more transmitters in the search area) was significantly reduced compared to 

searching in a low-density situation (up to 5 transmitters; taking 20.3% of the search effort; t = 

-4.55, P < 0.001). The search times were similar to cover the same area, but more transmitters 

were located, providing a greater return per effort. 

The average search time per nest for manual ground searches took longer in 2015 when the 

area was searched for the first time. A repeat search in 2016 when searchers were assisted by 

nest position data from the previous season was quicker (taking 81.2% of the time, although 

the difference was not significant; t = -1.29, P > 0.1; Table 2.1). 

Aerial VHF tracking significantly increased the rate of finding nests (Figure 2.3), and, in-the-

field evaluation of different methods allowed the project to be refined to utilise the most 

efficient methods, with manual searching replaced by ground VHF, then aerial VHF tracking.  
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Figure 2.3 Cumulative success (number of nests found per day) by search method, as follows: manual ground 

search in a new area (circles), unassisted very high frequency (VHF) ground search in a new area (triangles), and 

UAV-assisted VHF searching (squares), with simple linear regression lines. 

 

No reaction to the drone was observed in the target species, in other birds, or in the only 

mammal present, the New Zealand sea lion (C. G. Muller, unpubl. data).  

 

2.4.2 Accuracy 

Basic positioning provided by the Drone Ranger system depended on the placement of flight 

lines, and the separation between them. A 30 m separation gave a mean accuracy of 13.6 ± 8.0 

m between the UAV position and the actual nest location in the search area. After GPS 

interpolation this reduced to 10.9 ± 7.0 m, although this improvement was not significant (t = 

1.18, P > 0.1).  
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Figure 2.4 Images from GIS showing actual nest locations (blue triangles), unmanned aerial vehicle (UAV) flight 

paths (black lines), and increasing VHF signal strength indicated by yellow, orange, and red circles of increasing 

size. Separation between flight lines is initially 30 m, decreasing to 15 m for later passes, as an example of closer 

spacing used to increase coverage in selected areas. 

 

2.4.3 Attrition rate 

Effects of terrain and vegetation on VHF ground tracking were evident with the different 

transmitter types. During ground searching, only 38 of 43 lower-power single-stage VHF 

transmitters were successfully recovered (five VHF transmitters were never detected, and 

another four were eventually recovered with missing antennas that had substantially reduced 

their detection range). During aerial searching all transmitters were located and recovered. 
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with multiple batteries, several neighbouring areas could be searched at a time. The use of 

different drone platforms would convey different advantages. For example, a small multi-

copter was selected for this project because it is cost-effective, compact and light enough to be 

carried in a backpack, can be operated by one person, and its quick assembly and vertical take-

off and landing proved useful operating from forests and other areas where access is difficult. 

Using a larger drone platform (multi-rotor or fixed-wing) would provide greater range and 

flight time, and would also offer increased payload capacity for additional sensors (such as a 

camera) with less effect on flight performance. For example, large fixed-wing UAVs are 

capable of conducting missions over 900 km and nearly 9 h flight time (Goetzendorf-

Grabowski and Rodzewicz 2016). 

One possible drawback of UAVs is the potential to disturb wildlife. Disturbance effects have 

been shown to vary depending on the species and technology involved, as well as the type of 

approach (Hodgson and Koh 2016, Mulero-Pázmány et al. 2017). The use of UAVs to survey 

wildlife may actually reduce disturbance for some species (Borrelle and Fletcher 2017), 

although this should be investigated for each experimental situation. Higher altitude flights 

could increase the coverage area on the ground but will also increase exposure to greater wind 

strength, whereas lower altitudes could increase the risk of disturbing wildlife. Studies have 

shown increasing levels of disturbance on breeding Adélie penguins (nesting in the open) from 

a large octocoptor UAV flying at altitudes below 30 m (Rümmler et al. 2016). Our smaller 

drone screened by canopy and flying at altitudes above 30 m generated minimal disturbance to 

nesting yellow-eyed penguins (C. G. Muller, unpubl. data), providing a useful option if regular 

monitoring was needed, particularly because yellow-eyed penguins are sensitive to human 

approach (French et al. 2019). Increasing the flight spacing would increase the average 

horizontal distance between the UAV and target animal, which would further reduce 

disturbance. Depending on the species and its reaction to human disturbance, a UAV flight 
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over the study area may generate much less investigator disturbance than either an aircraft, or 

a close approach by a ground team. For cryptic species, which can be difficult to see, visual 

location by a ground team may result in significant disturbance to the animal (Chabot and Bird 

2015), and long-term exposure to such stressors can increase stress responses and reduce 

individual condition and reproductive output. The Drone Ranger allowed nests to be pinpointed 

quickly and with minimal disturbance to habitat or other nesting birds, although study animals 

first needed to be caught to have a transmitter attached. Because penguins were caught at access 

points to the sea, tracking data also allowed a nest to be immediately linked with an access 

point, data that were unavailable if a nest was found by manual searching (where further 

investigation was required to determine which access point was used by birds from that nest). 

 

2.5.1 Applications 

One common difficulty with VHF tracking is animals that may travel further than the detection 

range of their transmitter. The usual solution is to drive or fly large search patterns using a 

helicopter or fixed-wing aircraft, to attempt to detect the signal (Mech and Barber 2002). 

However, the cost of using aircraft can be prohibitively expensive, and may not be practical 

given the habitat. Cost has been cited as the main reason why aerial tracking is not as frequently 

used as ground tracking (Seddon and Maloney 2004). The Drone Ranger system offers a lower-

cost alternative for aerial tracking. It also offers a useful alternative to GPS or satellite tracking 

(see Appendix 2). 

Over 60% of the yellow-eyed penguin population are found in the subantarctic where 

conditions make research difficult (Couch-Lewis et al. 2016), and because of these difficulties, 

no comprehensive population survey has been conducted in the Auckland Islands since the late 

1980s (Moore 1990). Aerial tracking, therefore, offers a useful tool for population counts in 

difficult terrain. The Drone Ranger would be useful for tracking a wide range of species, 
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particularly where ground VHF tracking is already employed. It is especially advantageous 

when used over distances or terrain where a ground search would be difficult, as well as for 

tracking and monitoring cryptic species where visual or thermal imagery is not suitable, in 

particular, animals that may only be accessible in a part of their range, life cycle, or due to daily 

or seasonal movements. Uses for the technology can include locating nest or den sites, 

conducting presence/absence surveys in an area, tracking movement or dispersal, and 

monitoring study animals remotely. 

This technology is not limited to wildlife applications and could be used to locate radio signals 

in a variety of scenarios, particularly where visual or thermal imagery is blocked by terrain. 

For example, in New Zealand, some dementia sufferers prone to wandering already carry VHF 

transmitters and these signals could be tracked from the air. The system could also track cell 

phone signals to locate trapped persons in a disaster zone.
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Note that the values presented in this chapter for the proportion of breeders (Table 3.6, last 

column) and estimated number of breeders (Table 3.4, last column) are slightly modified from 

the published paper, with the inclusion of an individual camera correction factor for the trail 

camera data. The graphs are unchanged. 
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Figure 3.2 A). Location of yellow-eyed penguin breeding areas, including mainland New Zealand (primarily 

Otago and Catlins coast), Stewart Island (and outlying islands), and the subantarctic Campbell and Auckland 

Islands. B). Enlargement of the Auckland Islands archipelago, with observation sites listed from north to south: 

EI Enderby Island, RI Rose Island, MB Matheson Bay, NH North Harbour, OI Ocean Is, EW Ewing Island, PR 

Port Ross, WB Webling Bay, CI Chambres Inlet, MI Musgrave Inlet*, SH Smith Harbour*, WI Waterfall Inlet, 

TB Tagua Bay, CC Camp Cove, AI Adams Island. Sites marked with an asterisk (*) have been reported as possible 

sites of penguin activity (Beer 2010) but were not included in this survey. C). Enlargement of Enderby Island, 

with observation sites listed clockwise from the south-west: RR Rocky Ramp, DC Derry Castle, BB Bones Bay, 

EB East Bay, NEC North-east Cape, SEP South-east Point, TL Teal Lake, SB Sandy Bay 

 

Extant yellow-eyed penguins recolonised mainland New Zealand from the subantarctic after 

the mainland species (M. waitaha) became extinct (Boessenkool et al. 2009a, Collins et al. 

2014), and there is currently less than 2% migration between the northern and southern 

populations, meaning that these areas are identified as separate populations (Boessenkool et al. 

2009b). The subantarctic breeding areas are an important stronghold, previously representing 

over 60% of the total population (Ellenberg and Mattern 2012). Despite this importance, the 

last population estimate for the Auckland Islands was in 1989 (Moore 1990). There is therefore 

a vital need to collect accurate and up-to-date population information for this area (Ellenberg 

and Mattern 2012). Concurrently, the Otago (Figure 3.2A) portion of the mainland New 

Zealand yellow-eyed penguin population is undergoing a serious decline due to successive poor 

breeding seasons and ongoing high adult mortality (Couch-Lewis et al. 2016), making the need 

for a survey of the southern population even more important. 

Yellow-eyed penguins breed in the austral spring and summer, laying one or two eggs in late-

Sep. Chicks hatch in the subantarctic in late-November and fledge in March (Moore 1992a). 

Yellow-eyed penguins do not form colonies but nest in loose aggregations within coastal forest 

and scrub, with each breeding area associated with one or more access points to the sea. They 
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0900 h, when the majority of birds were heading to sea (Figure 3.4; and Moore (1990)), and to 

minimise the likelihood of double-counting birds if they returned later the same day.  
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Figure 3.4 Daily activity patterns of nesting yellow-eyed penguins (2016-17 season) transiting to and from the sea during each breeding phase: Incubation (red circles), Guard 

(blue squares), and Post-guard (green triangles). Data were collected as microchipped birds passed by an automated reader, and represent the mean number of transits counted 

during each 10-min time block throughout the day, averaged per phase; Incubation (n = 11 days), Guard (n = 34 days), and Post-guard (n = 49 days).
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For the same time period, the total number of birds (marked and unmarked) was counted using 

photographs from the trail camera located adjacent to the autologger. Occasionally the species 

could not be identified from a photograph (particularly at night), and in some cases penguins 

did not always trigger the camera, although cameras with multiple sensors gave better results. 

Comparison with counts made by a human observer for a trial period at the beginning of each 

season demonstrated that detection rates for camera counts were 71% (with 150i single-sensor 

camera) in 2015, and 95% and 96% (both with 180i triple-sensor camera), respectively, in 2016 

and 2017. A correction factor for the trail camera counts was determined from these data.  

A Lincoln-Peterson index using the Chapman equation was used to estimate the total number 

of birds (�0
á) in the Rocky Ramp reference population by using the equation:  

�0
á
L��
�:�J�5 
E�s�;�:�J�6 
E�s�;

�:�I �6 
E�s�;

F�s 

 

Where n1 = number of microchipped birds when the mark-recapture was undertaken, m2 = 

number of microchipped birds recorded on the autologger, and n2 = total number of birds 

counted on the trail camera. The Chapman equation was used since it is less biased at lower 

samples sizes than other methods (such as the Lincoln-Peterson; Chapman (1951)). The 

variance and confidence interval were also calculated using methods described by Chapman 

(1951).  

The population estimate for the reference population was then extrapolated to generate a 

population estimate for the Auckland Islands. This was determined by using the ratio of birds 

seen during morning counts (on the same day as the mark-recapture estimate) compared with 

the total population estimate for the reference population, and applying the same ratio to the 

total number of birds seen during morning counts around the Auckland Islands. Minimum and 

maximum estimates were derived using the corresponding values for the reference population 

from the mark-recapture study.  
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3.4.3 Population and breeding estimates 

Population estimates for the reference area (Table 3.3) and the Auckland Islands (Table 3.4) 

showed a similar trend to the number of nests found in the reference area (Table 3.5).  

 

Table 3.3 Population estimates of yellow-eyed penguins for the reference area on Enderby Island determined 

using mark-recapture studies. n1 = number of microchipped birds when the mark-recapture was undertaken (after 

the first week), m2 = total number of microchipped birds recorded on the autologger, n2 = total number of birds 

counted on the trail camera. The confidence intervals (CIs) are also shown. 

 

Date Total number 
chipped (n1) 

Number 
chipped in 
count (m2) 

Total 
counted 

(n2) 

Reference 
population 

estimate 
CI 

19 Nov 2015 21 4 20 91.4 56.7 
22 Nov 2016 101 27 59 217.6 49.5 
19 Nov 2017 120 33 39 141.4 15.5 
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The proportion of breeders was estimated for the incubation phase (when morning counts were 

conducted), based on data collected during the post-guard phase (after microchipping was 

completed; Table 3.6). The proportion of non-breeders ranged from 0.34 to 0.46 at Enderby 

Island across the 3 years, averaging 0.42 (sd = 0.06). A lower proportion of breeders was 

evident in 2015 compared with subsequent years, although numbers of breeders also appeared 

to fluctuate about a mean (Figure 3.7).  
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that disturbance (McClung et al. 2004) and lower-quality diet (van Heezik and Davis 1990) can 

contribute to poorer survival for juveniles, but there is no corresponding research for the subantarctic. 

In addition, loss of a partner may result in the surviving partner not breeding in subsequent years 

(Richdale 1957, Setiawan et al. 2005), which could also affect breeding proportions.  

Changes in climate and ocean environment have been shown to affect the proportion of breeders and 

breeding success in emperor penguins (Aptenodytes forsteri), and are thought to be contributing to 

declines in chinstrap penguins (Pygoscelis antarctica) and Adélie penguins (P. adeliae) (Jenouvrier 

et al. 2009a, Trivelpiece et al. 2011). Decreases in adult survival can have a large impact on 

population growth rate, which has led to a population crash in emperor penguins and other Antarctic 

seabirds (Barbraud and Weimerskirch 2001, Jenouvrier et al. 2005). Changes in breeding success 

may also contribute to population fluctuations, especially if breeding success is more variable than 

adult survival (Jenouvrier et al. 2005). 

As in other penguin species, yellow-eyed penguins are central-place foragers, and on the mainland 

their breeding success is dependent on foraging within 20 km of the breeding site (Moore 1999, 

Mattern et al. 2007). The density and distribution of prey species can be affected by warming water, 

which can reduce the available food or move it further away, making it energetically inefficient for 

provisioning chicks. El Niño conditions have been associated with declines in breeding success in 

Galapagos penguins (Spheniscus mendiculus) (Boersma 1998, Vargas et al. 2006) and Humboldt 

penguins (S. humboldti) (Hays 1986). Warmer water coincided with declines in rockhopper penguins 

on subantarctic Campbell Island (Cunningham and Moors 1994), and in yellow-eyed penguins on the 

mainland (Peacock et al. 2000). The 2015 breeding season was one of the strongest El Niño years 

reported, associated with warmer conditions in the Pacific (Jacox et al. 2016, Null 2019). In contrast, 

the 2016 and 2017 seasons were mild La Niña years with cooler conditions. The 2015 El Niño 

corresponded with a lower breeding population of yellow-eyed penguins on Enderby Island, although 

similar breeding results in 2017 corresponded with La Niña conditions, indicating a more complex 

relationship with climate. A link between population decline and El Niño oscillations has not been 
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an interim monitoring method between population surveys (Moore 1992a), but ideally should not be 

used as a sole means of comparison.  

In addition, morning count data collected over multiple days on Enderby Island showed daily 

variation in counts and a progressive change over time, indicating that using a single daily count at 

other locations could introduce a margin of error (Figure 3.3). The Auckland Islands are around 50 

km long, with the potential for weather systems to affect different areas at different times. Enderby 

Island is in the north-east and has a more benign climate, with greater sunshine hours and less rainfall 

than other areas in the archipelago (Higham 1991), and so trends there may not be representative of 

other locations. Nevertheless, since only a single count was taken at each site around the Auckland 

Islands, it was considered to be more appropriate to adjust counts using Enderby Island count data 

from the same day, when conditions were relatively similar, rather than use weekly averages of 

Enderby Island data, which might introduce more variability. A more accurate population estimate 

could be achieved with multiple counts at each site, as well as conducting a mark-recapture study at 

each site (or at selected sites across the region), although this would be logistically difficult. 

Using a mark-recapture estimate provided a more reliable population estimate than a simple ratio 

between beach counts and nest numbers, which does not take into account the proportion of breeders 

counted. Mark-recapture theory utilises the ratio of marked to unmarked individuals so that the whole 

population does not need to be counted. However, mark-recapture models assume that all members 

of the population have an equal chance of being resighted, which is not necessarily true for transiting 

penguins. Only one bird from each nest will commence a foraging trip on a given morning during 

incubation, and if partners do not swap every day then an even smaller proportion of breeders will be 

transiting. This effectively reduces the proportion of marked birds available to be resighted in the 

sample. If birds are marked when returning to their nests following a foraging trip, then the re-sighting 

survey should be conducted after a suitable time period to prevent bias towards their potentially 

unmarked partners. Our results showed that the confidence interval surrounding population estimates 

reduced markedly between years as progressively more of the population was marked. 
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of the breeding season, which does not give any indication of breeding success. It would therefore be 

valuable to conduct breeding success studies to determine hatch rates, fledging rates, and nest-

predation rates. The large main Auckland Island provides potential habitat for breeding to increase, 

and therefore eradication of mammalian pests would be expected to benefit yellow-eyed penguin 

population numbers. Detailed population surveys before and after any planned eradication would be 

useful to measure changes.  

We recommend that long-term monitoring of the southern yellow-eyed penguin population continues, 

including measures of breeding success as well as juvenile survival and recruitment, particularly 

considering population declines recently observed on the mainland. We have demonstrated that the 

subantarctic still has a large proportion of the population, and the larger population centres, such as 

Enderby Island, are likely to become more important for the survival of the species if populations on 

the mainland continue to decline. Continued monitoring and regulation of threats to subantarctic 

yellow-eyed penguins is therefore important, including protection of habitat, eliminating introduced 

predators, and minimising negative interactions with fisheries and tourism. Ongoing monitoring is 

also needed to determine longer-term effects of changes in climate on food availability, as well as 

potentially catastrophic natural and unnatural events, including disease epidemics, tsunamis, and oil 

spills from fishing or tourist vessels. 
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ENSO than are pelagic prey (Costa et al. 2004), so may be a more reliable food source when prey are 

less abundant. Benthic foraging may assist penguins with underwater navigation, and in some cases 

this may also be linked to anthropogenic modification of the environment where navigable landmarks 

are created on the seafloor (Mattern et al. 2007, Preston et al. 2008, Mattern et al. 2013).  

The yellow-eyed penguin (hoiho) Megadyptes antipodes is endangered and endemic to New Zealand, 

with a distribution restricted to the south-east of the South Island, Stewart and Codfish Islands (the 

northern population), and subantarctic islands (the southern population, Figure 4.1) (Seddon et al. 

2013).  
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Figure 4.1 A) Yellow-eyed penguin breeding range around New Zealand (green), with the northern population above the 

dashed line and southern population below. B) Enlarged view of the subantarctic Auckland Islands with Enderby Island 

to the NE. C) Close-up of Enderby Island showing the area where breeding birds were sampled (green ellipse) 
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Most populations around mainland New Zealand have been undergoing a serious decline due to 

successive poor breeding seasons and ongoing high adult mortality (Couch-Lewis et al. 2016, Mattern 

et al. 2017, Mattern and Wilson 2018). The southern population comprises at least 60% of the total 

yellow-eyed penguin population (Couch-Lewis et al. 2016, Muller et al. 2020b; see Chapter 3) and is 

considered an important stronghold for the species. Ancient DNA analysis has shown yellow-eyed 

penguins originated in the New Zealand subantarctic and populated mainland New Zealand following 

the extinction of the endemic mainland species M. waitaha after Polynesian settlement (Boessenkool 

et al. 2009a, Collins et al. 2014). However, there is now almost no migration (<2%) between the 

southern and northern populations, meaning these areas represent separate management units 

(Boessenkool et al. 2009b). 

Yellow-eyed penguins are non-colonial breeders, nesting in vegetation up to 1 km inland from the 

sea (Seddon and Davis 1989, Darby et al. 1990). Nesting begins in August/September and normally 

two eggs are laid, with hatching occurring in November/December. Both partners alternate incubating 

the eggs and caring for the young chicks during the incubation and guard phases (September/October 

to January). During this time they undertake frequent foraging trips while their partner is at the nest 

(Seddon 1989). Both parents leave the nest to make foraging trips during the post-guard phase 

(January to March), returning to the nest intermittently to feed the chicks (Darby et al. 1990). 

Breeding dates in the subantarctic are approximately 2 weeks later than the mainland, with chicks 

hatching in late November and fledging in March (Moore 1992a).  

Most penguin species rely on pelagic foraging methods, with prey caught within the water column 

(Ratcliffe and Trathan 2011), although some species such as southern rockhopper penguins Eudyptes 

chrysocome filholi have a mixed strategy incorporating both pelagic and benthic foraging (Tremblay 

and Cherel 2000). Yellow-eyed penguins are thought to be an exception based on dive studies to date 

(Mattern et al. 2007, Mattern et al. 2013, Chilvers et al. 2014). The northern population are central-

place foragers relying on prey close to their breeding area. During the breeding season they forage in 
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shallow coastal waters, travelling up to 25 km from shore, and foraging over mid-shelf areas (Moore 

1999, Mattern et al. 2007, Mattern et al. 2013). Foraging is predominantly benthic around mainland 

New Zealand and Stewart Island, with flat-bottomed feeding dives to the same depth and a large 

proportion of each dive spent at the benthos (Seddon and van Heezik 1990, Moore et al. 1995, Mattern 

2006, Mattern et al. 2007, Mattern et al. 2013, Chilvers et al. 2014, Mattern et al. 2018a). Outside the 

breeding season, they forage further offshore, but remain over the continental shelf in waters less than 

160 m deep (Mattern and Wilson 2018). However, while current evidence suggests predominantly 

benthic foraging in the northern population, earlier diet studies have shown occasional indications of 

pelagic foraging (van Heezik 1990c, Moore et al. 1995). This suggests that a switch to predominantly 

benthic diving may have occurred relatively recently, likely due to changes in prey availability 

(Mattern and Ellenberg 2018). Mean maximum dive depths ranged from 26 to 77 m during different 

studies at mainland sites, and 48 to 94 m at Stewart Island (Table 4.1).  
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Table 4.1 Yellow-eyed penguin diving summary review from mainland New Zealand showing mean maximum dive depths published in the literature, and other details where known. 

Maximum dive depth values are summarised per trip. Where dive data were reported for different experimental categories, the deeper measurements were used. *Calculated from data 

obtained from the indicated authors; all other data were obtained from the cited references. Studies are listed by geographic location (north to south), and year. TDR: Time Depth 

Recorder. 

 

 Maximum depth per trip (m)       

Location Min Max Mean Method No. 
birds 

No. 
dives 

No. 
trips Authors Year 

Oamaru   26 ± 0.2 Electronic TDR loggers 3   Mattern 2006 
Oamaru   41 ± 3 Electronic TDR loggers 3   Mattern et al. 2007 
Otago 19 56 34 ± 8 Capillary depth recorders 24  43 Seddon & van Heezik 1990 
Otago 6.8 94.8 54 ± 12* Electronic TDR loggers 8  109 Moore et al. 1995 
Otago   77 ± 0.2 Electronic TDR loggers 23   Mattern et al. 2013 
Otago 4.8 62.1 54 ± 0 Electronic TDR loggers 1 286  Mattern et al. 2018 
Catlins 13.5 127.9 99 ± 24* Electronic TDR loggers 3  24 Moore et al. 1995 
Codfish Is    63 ± 3 Electronic TDR loggers 10   Mattern 2006 
Stewart Is   48 ± 7 Electronic TDR loggers 9   Mattern 2006 
Stewart Is 53 116 94 ± 20* Electronic TDR loggers 8 2079 8 Chilvers et al. 2014 
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categorise dives accurately by using manually identified dive types to generate likelihood 

functions and a log-likelihood ratio criterion for each model (dotted lines in Figure S4.1). These 

indicated the cut-off values separating the tested dive types, and were used for categorising dive 

types. Variables including dive depth, bottom time, and percentage time at the bottom of the 

dive were also tested, but when compared against the manually identified dives, these factors 

proved less suitable for accurately categorising dive types (Table S4.2). Surface interval time 

was not used as there was no consistent time gap between dive bouts. A combined model using 

inter-dive depth change (change in maximum dive depth between subsequent dives) had the 

highest accuracy of all models tested (it agreed with the manual categorisation for 96% of the 

sample dives). This model was used to categorise all dives as follows:  

(1) Benthic dives were identified with an inter-dive depth change of less than 2.9% (Figure 

S4.1) from the previous AND following dive. Percentage depth change was determined by 

dividing the absolute depth change by the smaller depth value to avoid negatives, and so deeper 

and shallower dives were weighted equally  

(2) Transition dives were a new class of dive type we identified with a depth change greater 

than 45 m from a previous OR following dive (Figure S4.1)  

(3) The remainder of dives excluded by these criteria were classified as pelagic. The model 

assumed no fixed relationship between dive type and the dive depth, or bottom time, which was 

useful in situations where dives could not be differentiated using these parameters (Table S4.2). 

Bayesian modelling was also used to qualify each foraging trip based on the percentage of 

benthic diving (Figure S4.2). A subset of 67 foraging trips was categorised manually by 

identifying whether trips contained bouts of benthic diving or solely pelagic diving behaviour. 

Using the model, the log-likelihood ratio criterion identified benthic foraging trips as those 

where 3.63% or more of the dives were benthic (Figure S4.2), and this characteristic was used 

to categorise all foraging trips. This method ensured that those foraging trips categorised as 
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Table 4.3 Dive statistics for breeding yellow-eyed penguins on Enderby Island during 2015 to 2017, showing 

summary values for benthic and pelagic dives (as categorised in Section 2). Not shown are transition dives (n = 

3,056 dives), which were associated with bouts of benthic diving. Max. depth: greatest depth reached per dive; 

Max. dive time: total dive time; Max. bottom time: time spent in the bottom portion of the dive (at max. depth). 

All values are calculated per trip. Min., max., mean and SE values are shown per column, by dive type. 

 

Dive Type Parameter 
Max 

Depth 
(m) 

Max  
Dive  

Time (s) 

Max 
Bottom 
Time (s) 

Benthic Min 35.8 120.0 65.0 

n=6,853 dives Max 134.3 235.0 130.0 

58 trips, 43 birds Mean (±SE) 92.7 (2.8) 179.4 (3.0) 93.1 (1.9) 

Pelagic Min 29.0 110.0 55.0 

n=62,957 dives Max 114.8 215.0 115.0 

76 trips, 43 birds Mean (±SE) 67.0 (2.4) 146.9 (2.5) 82.9 (1.5) 

 

 

ANOVA analysis of all dives showed there was no significant difference in maximum dive 

depth between sexes (Table S4.3). Dives by females did have significantly shorter dive time 

and bottom time, although these differences were in the order of a few seconds so were unlikely 

to be biologically significant (Table S4.3). Similarly, maximum dive depth and bottom time 

were significantly affected by deployment type, although the differences in the estimate values 

were also unlikely to be biologically significant (Table S4.3).  

Analysis of dive profiles identified distinct diving behaviours. Benthic dives were characterised 

by a smaller and more uniform depth change between subsequent dives, and pelagic dives were 

defined by a greater depth variation between subsequent dives (Figure 4.2). ANOVA results 

showed that benthic dives were deeper, longer overall, and with longer bottom time than pelagic 

dives (Table S4.3). The maximum dive depth range was 36 to 134 m for benthic dives, and 29 

to 115 m for pelagic dives (Figure 4.3, Table 4.3), indicating a large overlap in the depth ranges 

between dive types. Maximum dive time and bottom time (time at depth) ranges also 
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overlapped between benthic and pelagic dives (Figure 4.3, Table 4.3) making these factors 

unsuitable for identifying dive type. When considering all dives, 86.4% were classified as 

pelagic, and 9.4% were benthic (Table 4.3). This indicated that even within benthic foraging 

trips, there was a high proportion of pelagic dives (likely also including travelling dives to and 

from the foraging area). Transition dives made up only 4.2% of all dives.  

 

 

Figure 4.2 Maximum depth vs. dive number (numbered sequentially from the first dive in a foraging trip) 

demonstrating example dive profiles: A) benthic foraging and B) pelagic foraging. Dive type was classified for 

individual dives using a Bayesian model. Benthic dives (red) had an inter-dive depth change of <2.9% from the 

previous AND following dives. Transition dives (yellow) had an inter-dive depth change of >45 m from a previous 
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automatically (Figure S4.1, Table S4.2), which was invaluable for analysing and accurately 

categorising large numbers of dives. Parameters relating to individual dive depths or times were 

not used to categorise dive type to ensure the determination of dive type was independent of 

water depth. This allowed the identification of different dive types, including both benthic and 

pelagic diving in water of varying depths. This method was useful as our bathymetry 

information was accurate to 50 m depth increments only, and there was a large overlap in the 

depth ranges for different dive types (Table 4.3), meaning dive depth alone was not sufficient 

for categorising dive type. This may have been due to the presence of transition dives, which 

did not fit the usual criteria defining either benthic or pelagic dives. The depth change between 

subsequent dives proved a better measure for categorising benthic and pelagic dive types than 

using dive depth, bottom depth, bottom time, or percentage of time at the bottom, indicating 

that dive profiles were independent of the water depth in some situations. Both benthic and 

pelagic diving occurred in shallower coastal waters close to land where the maximum depth is 

around 35 m, as well as further offshore over the continental shelf where water depths can reach 

150 m (Mitchell et al. 2016, Muller et al. 2021; see Chapter 5). Additionally, dive bouts 

containing dives of similar types could not be defined using surface time intervals as there was 

no consistent time gap between dive bouts, unlike in other dive research (Chilvers and 

Wilkinson 2009), including studies on diving yellow-eyed penguins around mainland New 

Zealand (Mattern et al. 2007, Chilvers et al. 2014). 

 

4.5.2 Diving plasticity 

Sex did not have a significant effect on yellow-eyed penguin dive behaviour in the southern 

population, and males and females conducted similar proportions of benthic and pelagic dives. 

This is consistent with research from the northern population which found no difference in dive 

behaviour between sexes (Seddon and van Heezik 1990, Moore 1999, Mattern et al. 2007). 
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However, bird ID significantly improved the benthic dive model fit when the sex variable was 

excluded, suggesting that some individual birds of each sex may consistently utilise benthic 

foraging. Bird ID did not improve the model fit for pelagic and transitional dives (whether sex 

was included or not) implying there was no link between sex and these dive types, and sex did 

not significantly affect the proportion of pelagic and transitional diving. Most birds also 

displayed some pelagic or epipelagic diving bouts, regardless of their foraging preference. 

During predominantly benthic foraging trips, these pelagic bouts were commonly at the 

beginning and end of a foraging trip, so some may represent exploratory or travelling dives 

rather than foraging dives (Figure 4.2, upper left). Additionally, while there may be some 

evidence for an individual preference or learned behaviour in some individuals, the mean 

incidence of benthic foraging declined over the three years of monitoring. Some individual 

birds were observed displaying different behaviour between breeding seasons (Table S4.1), and 

over a quarter changed their foraging method during the same season (although multiple trips 

were measured only in 2017). This suggests that foraging behaviour may be flexible and is 

likely influenced by current prey availability and location as the season progresses. Flexible 

diving and foraging strategies have been recorded between different colonies of Magellanic 

penguins Spheniscus magellanicus (Sala et al. 2014), implying local-scale differences may be 

a factor. Like many other penguin species, rockhopper penguins Eudyptes chrysocome spp. 

employ a primarily pelagic foraging strategy, but may switch to benthic feeding if this offers 

improved foraging success (Tremblay and Cherel 2000). Therefore, it is likely that similar 

factors may be present for yellow-eyed penguins in the southern population, with some 

plasticity in the adoption of a benthic or pelagic foraging strategy. Individuals may utilise either, 

or both strategies, likely influenced by local bathymetry as well as prey availability, which is 

in turn likely influenced by factors such as water temperature.  
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considerable overlap in dive depth between pelagic and benthic diving in the southern 

population (Figure 4.3), it may be expected that pelagic diving could also occur at similar depths 

in other locations. The small sample of TDRs deployed on Campbell Island indicated a bottom 

feeding strategy there (P. J. Moore, pers. comm.); however, this does not preclude the 

possibility of pelagic diving also occurring. The much lower incidence of pelagic foraging 

reported around the mainland may indicate that other factors such as prey availability could be 

influencing diving behaviour and foraging strategy in the northern population, as it seems 

unlikely that this genetically similar population would be unable to display similar diving 

plasticity where similar circumstances occur. Our data included only dives during the guard 

phase, so there may be more or less plasticity in dive behaviour or foraging location in the 

southern population during other breeding phases. Birds from the northern population tend to 

make shorter trips and feed closer to shore during the guard stage when chicks need to be fed 

often, whereas during incubation and post-guard stages, birds range more widely from the 

breeding area (Moore 1999). Other studies into penguin diving have shown differences in 

behaviour, including foraging area utilisation, in little penguins between different breeding 

phases (Sánchez et al. 2018). Little penguins from different habitats around mainland New 

Zealand also display a large variation in foraging strategy and breeding success (Chilvers 

2017a, Chilvers 2019).  

Yellow-eyed penguins use vision to navigate underwater and locate prey (Mattern et al. 2007), 

which is consistent with the majority of dives taking place during daylight. However, a small 

number of feeding dives occurred at night. Studies with other visual predators have shown that 

feeding at night is possible, particularly with pelagic foraging strategies, when using 

illumination from moonlight or phosphorescence in the water (Muller 1998). Visibility will also 

affect the ability of a visual predator to locate prey, and factors affecting water turbidity may 

therefore also influence dive behaviour. As visual predators, any reduction in water clarity 





176 

in the New Zealand subantarctic (Figure 4.1), with depths up to 158 m recorded during benthic 

dive bouts of birds in the post-guard breeding phase (determined from two TDRs; P. J. Moore, 

pers. comm.). This is consistent with benthic foraging on the continental shelf, which is around 

130 to 200 m deep at that location (Mitchell et al. 2016). The Enderby birds were diving over 

a similar shelf depth of around 100 to 150 m, suggesting that Campbell birds may also have the 

opportunity to utilise a mixed foraging strategy incorporating pelagic diving. As dive loggers 

have been deployed on only two birds at Campbell Island, further dive research there would be 

valuable for management of the species.  

Deeper diving around the subantarctic Auckland Islands, and likely also Campbell Island, 

reflects the deeper water depth over the continental shelf in these locations (Mitchell et al. 

2016). Both benthic and pelagic dives occurred in the same general location at the Auckland 

Islands, suggesting that factors other than bathymetry were influencing foraging behaviour 

there. Deeper water may restrict benthic diving due to the physiological demands associated 

with diving to the benthos (Costa et al. 2004). However, the deeper water may also introduce 

new opportunities for pelagic foraging which may not be as common around mainland New 

Zealand. Yellow-eyed penguins from Otago have been recorded undertaking shallow travelling 

epipelagic dives centred in the upper 10 m of the water column (with a range of 0.5 to 32 m 

depth) (Mattern et al. 2018a). Using animal-borne cameras, these dives were confirmed to be 

principally travelling dives to and from the core foraging area (Mattern et al. 2018a). 

Dive time will have a physiological limit, meaning the bottom time will be reduced during 

deeper dives. This will reduce the time available to find and capture prey, and may mean it is 

not profitable to dive benthically if the substrate at the bottom is not a reliable predictor of prey 

availability and ease of capture. Benthic diving by yellow-eyed penguins foraging around 

mainland New Zealand occurs over a range of substrates including sand flats, shingle, cobbles, 

and inshore reefs (Andrews 1973, Mattern et al. 2007). The bottom phase of the dive includes 
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a mix of searching for camouflaged prey, followed by high-speed prey pursuit (Mattern et al. 

2018a). Many unsuccessful predation attempts result from the prey species finding refuge on 

the sea floor (Mattern et al. 2018a), which would be much less likely during mid-water foraging. 

Some larger benthic species, such as blue cod Parapercis colias, require a greater energy 

expenditure to locate and capture (Mattern et al. 2018a), a skill which may therefore be 

improved with age and experience, as has been shown for a range of survival skills (Forslund 

and Pärt 1995). Such difficulties may limit juveniles to foraging on more accessible mid-water 

prey, which is consistent with recorded foraging tracks in areas with a maximum water depth 

of 150 to 3000 m (C. G. Muller, unpubl. data; see Chapter 5).  

We identified a small number of transition dives which were characterised by a large variation 

in maximum dive depth between two subsequent dives. These had similar profiles to pelagic 

dives, but with a much greater variation in depth. However, the majority were associated with 

benthic diving (before and after, as well as interspersed in the middle of benthic diving bouts). 

These dives may therefore represent a transition between benthic and pelagic diving behaviour, 

exploratory dives while searching for prey, or dives where prey was encountered in mid-water 

on the way down, or for some other reason where a dive to the benthos was aborted. Recent 

studies where cameras were deployed on foraging yellow-eyed penguins illustrated instances 

where birds took some time to swallow larger prey items. On some occasions, birds released 

the prey during the ascent and returned to the surface to breathe, then reacquired the prey in 

mid-water to continue the encounter (T. Mattern, pers. comm.). This correlates with the large 

depth variability observed between transition dives and could explain why many instances were 

associated with bouts of benthic diving. These transition dives may also represent periods of 

rest where penguins were making shallower dives following a series of deeper dives, or possibly 

the physiological limits when an individual was unable to continue making deeper dives straight 

away. Swimming underwater has been shown to use less energy than swimming at the surface 
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for penguins; however, deeper diving uses more energy and requires a longer recovery time 

(Baudinette and Gill 1985). Benthic foraging is more energetically demanding, and benthic-

diving mammals have a greater probability of exceeding their physiological aerobic dive limit 

than for pelagic diving (Costa et al. 2004, Chilvers and Wilkinson 2009). 

 

4.5.4 Implications for breeding success 

Both 2015 and 2017 had poorer breeding outcomes for yellow-eyed penguins on Enderby Island 

compared to 2016. There were similar numbers of nesting attempts on Enderby Island during 

these years, but both were significantly lower than during 2016 (Muller et al. 2020b; see 

Chapter 3). However, overall fledging success on Enderby Island was significantly lower in 

2017 (Muller et al. 2020b), due to a large egg mortality that year (C. G. Muller, unpubl. data; 

see Chapter 7). The number of breeders and breeding attempts in a population is likely to be 

dependent on longer-term factors affecting adult foraging and body condition prior to the 

breeding season (Forslund and Pärt 1995), whereas nest failures during a breeding season are 

more likely due to more immediate factors. These could include prey availability and the ability 

of parents to provision chicks (Forslund and Pärt 1995), as well as sudden weather events 

(Grémillet and Boulinier 2009).  

The distribution and availability of prey species, particularly mid-water prey utilised by pelagic 

foragers can be affected by Sea Surface Temperature (SST) (Grémillet and Boulinier 2009, 

Agnew et al. 2015). Therefore, processes such as the ENSO and climate change which can 

affect SST (Grémillet and Boulinier 2009) are likely also to affect the foraging success of 

yellow-eyed penguins. Warmer water has been shown to negatively influence mainland yellow-

eyed penguin foraging (Young 2014, Mattern and Ellenberg 2018). As a result, the degree of 

foraging plasticity demonstrated by a population can affect its ability to respond to 

environmental variability.  
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Yellow-eyed penguin population declines have previously been associated with El Niño 

conditions (Peacock et al. 2000, Darby 2003). However, the situation is now believed to be 

more complex, with breeding outcomes more variable in El Niño conditions and affected also 

by large changes in ENSO conditions (Young 2014). La Niña conditions in the New Zealand 

region are associated with warm water events on the Pacific coast, and more stochastic weather 

and wind patterns, which have been shown to negatively affect yellow-eyed penguin breeding 

success more strongly than El Niño conditions (Young 2014). Little is known about the effects 

of ENSO on southern yellow-eyed penguins, and whether this may vary from the northern 

population. The 2015 season was the strongest ENSO recorded since monitoring began in 1950 

(Null 2019), and corresponded with 100% benthic foraging for the monitored yellow-eyed 

penguins on Enderby Island (Figure 4.5). Conversely, 2016 and 2017 were both weak La Niña 

years (Null 2019), which corresponded with greater amounts of pelagic foraging (Figure 4.5). 

The 2015 season also coincided with poor breeding in the northern population, where there was 

a 20% decline in the number of breeding pairs around mainland New Zealand compared with 

the previous year (Department of Conservation 2019). 

Foraging trips in 2017 were significantly shorter than in 2015 or 2016 which is consistent with 

the greater proportion of pelagic foraging in 2017 (Figure 4.4, Figure 4.5). There was no 

evidence this effect was due to individual preference (bird ID, random effect), implying an 

overall shift in diving behaviour by a proportion of the population. Foraging variation between 

years did result in an increase in the proportion of pelagic dives (Figure 4.4) and pelagic 

foraging trips (Figure 4.5) during La Niña conditions. During 2016, around 33% of foraging 

trips included pelagic foraging, rising to 79% in 2017 (Figure 4.5).  

Benthic prey species often represent a predictable, evenly distributed prey source, although 

typically occurring at low densities (Costa et al. 2004). Benthic prey are also less influenced by 

oceanographic perturbations such as ENSO than are pelagic prey (Costa et al. 2004), and 
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pelagic, implying that subantarctic foraging conditions may differ from the predominantly 

benthic foraging around mainland New Zealand. Variable foraging conditions may therefore 

have implications for future breeding success in the southern population. 

 

5.2 Introduction 

Many marine predators are central-place foragers, including seabirds and pinnipeds that breed 

on land but forage at sea, returning ashore to provide for their young (Boyd et al. 1994, Boersma 

and Rebstock 2009, Jones et al. 2020). Finding food is essential for breeding success and 

population viability for long-lived marine predators (Villegas-Amtmann et al. 2008, Chilvers 

and Wilkinson 2009), including seabirds (Sandvik et al. 2005, Catry et al. 2013). Seabird 

foraging success can vary between years, as oceanic conditions, reflected in indices such as the 

El Niño Southern Oscillation (ENSO), can change and may affect prey abundance and 

distribution (Boyd et al. 1994, Miller and Sydeman 2004, Grémillet and Boulinier 2009, Ropert-

Coudert et al. 2009, Catry et al. 2013, Agnew et al. 2015, Ropert-Coudert et al. 2015, Poupart 

et al. 2017).  

 

Foraging plasticity describes the adaptability of an organism to changes in its environment with 

respect to foraging behaviour. While this can include changes in the type of foraging method 

used (e.g., benthic vs. mid-water or pelagic diving), plasticity can also include other changes 

related to foraging location. Foraging over a greater area may increase the time and effort 

required, while foraging closer to or further from shore may also correspond to changes in water 

depth, and all foraging changes can expose a predator to different prey assemblages. Benthic 

prey are less influenced by oceanographic perturbations such as ENSO and they may be a more 

reliable food source than pelagic prey over time (Costa et al. 2004). However, changes to the 

benthos can affect benthic penguin foraging (Browne et al. 2011). One approach to classify 
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benthic and pelagic dives is by determining dive shape and depth. Benthic dives to the seafloor 

are characterised by a U- or square-shaped dive profile with a uniform maximum depth limited 

by bathymetry (Wilson 1995, Tremblay and Cherel 2000, Pütz and Cherel 2005, Bost et al. 

2007). Conversely, pelagic dives occur in mid-water and display a V- or W-shaped dive profile 

with a more variable maximum depth between dives, with the former sometimes considered 

exploratory behaviour, and the latter linked with prey-pursuit activity (Wilson 1995, Ropert-

Coudert et al. 2000, Pütz and Cherel 2005). Pelagic dives tend to have a shorter bottom time 

and maximum depth, given that prey could be encountered anywhere in the water column 

(Wilson 1995, Tremblay and Cherel 2000, Pütz and Cherel 2005, Bost et al. 2007). When 

foraging, most penguin species rely on pelagic feeding dives, catching prey within the water 

column (Ratcliffe and Trathan 2011), although some species such as southern rockhopper 

penguins Eudyptes chrysocome filholi have a mixed strategy incorporating both pelagic and 

benthic diving (Tremblay and Cherel 2000). 

 

Yellow-eyed penguins (hoiho, Megadyptes antipodes) are Endangered (Couch-Lewis et al. 

2016, BirdLife International 2020, Department of Conservation 2020a), and endemic to New 

Zealand. Their distribution is restricted to the south-east of the South Island, Stewart and 

Codfish Islands (the northern population), and subantarctic Auckland and Campbell Islands 

(the southern population; Figure 5.1) (Seddon et al. 2013).  









190 

success in the northern population (Young 2014). Increasing SST, which can result from La 

Niña conditions, may cause declines in the northern population in some years (Darby 2003, 

Mattern et al. 2017). SST and rainfall have the greatest effect on breeding parameters, including 

some lag effects in subsequent years (Peacock et al. 2000), although more research is needed 

to determine how variation in prey productivity is related to climate. There is no information 

about the effects of ENSO and climate variability on foraging and breeding success in the 

southern yellow-eyed penguin population, and whether this may vary from the northern 

population. 

The southern population displays widely variable breeding success, which is likely linked to 

foraging success (Moore 1992b, Muller et al. 2020b; see Chapter 3). Foraging parameters are a 

product of the physical environment, changing environmental parameters, or individual 

preference to target specific prey in particular habitats. The southern populations forage in 

deeper water and over greater distances than many northern birds do (Muller et al. 2020a; see 

Chapter 4) and may be expected to expend more energy foraging. Therefore, the aims of this 

study were to determine the size and location of foraging areas used by yellow-eyed penguins 

breeding at Enderby Island in the New Zealand subantarctic (Figure 5.1), as well as any 

differences in foraging area size and distance from shore between birds of different sex, diving 

behaviour, or between different years. We compared foraging habits to published data for the 

northern population. Given the importance of the southern population to the species, greater 

knowledge of foraging behaviour by southern yellow-eyed penguins is vital to inform research 

on diving behaviour and breeding success in the area. This information will also assist with 

future conservation management of the species and marine-based threats in these isolated 

subantarctic areas. 
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5.4 Results 

5.4.1 Foraging area 

A total of 91 GPS foraging tracks were collected (55 in 2016, and 36 in 2017), from 69 

individual birds (Table 5.1; Table S5.1). These data included 51 trips made by 38 females and 

39 trips by 30 males, plus one trip by one bird of unknown sex. Seven birds had GPS tracks 

logged for two or more foraging trips in 2017 and two birds in 2016, and 12 birds were tracked 

in both years, with three individuals tracked for multiple trips both between years, and during 

a year.  
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Figure 5.3 Kernel density estimates of yellow-eyed penguin foraging trips to compare different parameters showing 

comparison by A) year, B) dive type, and C) sex. In all cases, 95% contours (outer polygons) indicate combined home range 

use, and 50% contours (inner polygons) indicate combined core foraging area use. The spatial intersection of kernel density 

estimates (lower panels) show the overlap areas common to both parameters (upper and middle panels). The overlap outer 

95% contours (violet) indicate shared home range use and inner 50% contours (purple) indicate shared core foraging use. 

Also shown on all maps are depth contours (light grey), for which selected depth values are labelled in Figure 5.1, and the 

extent of the marine reserve 12 nautical miles from shore (black line). 

 

Of the 87 GPS tracks where dive type was determined from accompanying TDR data, 35 (40%) 

corresponded to benthic and 52 (60%) to pelagic foraging trips, with 42% pelagic foraging in 2016 and 

81% in 2017 (Error! Reference source not found.). Dive type could not be determined for four trips 

for which there were no corresponding dive records. A small subset of 11 birds (seven in 2016 and four 

in 2017) travelled to the northwest to forage off the northern coast of Auckland Island (Figure 5.3), with 

nine of these (82%) conducting pelagic foraging trips. 
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Table 5.2 Combined foraging area size of breeding yellow-eyed penguins from Enderby Island, comparing different 

parameters (year, dive type, and sex). Areas were calculated from GPS data with the 95% confidence interval of kernel density 

estimates representing the combined foraging area used by all birds, and the 50% confidence interval representing the 

combined core foraging area. For each comparison, the intersect parameter shows the size of the spatial overlap indicating the 

shared area common to both parameters, and overlap shows the percentage overlap of the shared intersect area for each 

parameter. Spatial representations of the areas for all parameters are shown on separate maps (Figure 5.3). 

 
  Foraging area (95% CI) Core foraging area (50% CI) 

Comparison Parameter Area (km2) Overlap Area (km2) Overlap 

Year 2016 801 37% 196 29% 

Year 2017 462 65% 91 63% 

Year Intersect 299 100% 57 100% 
      

Dive Type Benthic 571 91% 134 64% 

Dive Type Pelagic 985 52% 203 42% 

Dive Type Intersect 517 100% 86 100% 
      

Sex Females 963 52% 191 48% 

Sex Males 585 85% 132 69% 

Sex Intersect 497 100% 91 100% 

 
 

Birds travelled over a more extensive foraging area in 2016 compared to 2017 (Figure 5.3A), with an 

estimated total foraging area size of 801 vs. 462 km2, respectively (Table 5.2). Analysis of the intersection 

(overlap) between years (Figure 5.3A) showed that only 37% of birds foraged in the overlap area in 2016, 

compared to 65% of birds in 2017 (Table 5.2). Benthic foraging trips covered a smaller area than pelagic 

trips (Figure 5.3B), with estimated total foraging areas of 571 vs. 985 km2, respectively (Table 5.2). 

Across all years, the benthic foraging area was smaller than the pelagic foraging area. The shared foraging 

area for dive type had a 91% overlap with the foraging area used by individuals undertaking benthic 

foraging (Figure 5.3B), compared to only 52% overlap with the area used by pelagic foragers (Table 5.2). 

Females foraged over a much larger range than males (Figure 5.3C), with foraging areas of 963 vs. 585 
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Foraging distance (km) Total distance (km) No. 

Birds 
No. 

Trips Reference Location Site Year Phase Mean SD Max Mean SD Max 

This study Subantarctic Enderby Is 2016 (All) guard 25.2 11.4 46.7 63.2 30.7 136.7 52 55 
 Subantarctic Enderby Is 2017 (All) guard 10.8 9.1 36.1 26.7 24.6 95.4 29 36 
 Subantarctic Enderby Is 2016-17 (All) guard 19.5 12.6 46.7 48.7 33.5 136.7 69 91 
             

 Subantarctic Enderby Is 2016 (Est) guard 28.1 9.2 46.7 70.7 25.8 136.7 44 45 
 Subantarctic Enderby Is 2017 (Est) guard 14.8 9.4 36.1 37.1 26.1 95.4 20 22 
 Subantarctic Enderby Is 2016-17 (Est) guard 23.8 11.2 46.7 59.7 30.2 136.7 56 67 
             

Mattern Mainland Boulder Beach, Otago 2004 guard 21.1 5.9  54.5 12.0  8  

(2013) Mainland Boulder Beach, Otago 2005 guard 11.0 3.1  30.5 10.3  4  

 Mainland Boulder Beach, Otago 2012 guard, post-guard 10.8 6.2  33.6 18.9  11  

Mattern Mainland Bushy Beach, Oamaru 2003 guard, post-guard 6.2 0.8  15.9 1.2  5  

(2007) Mainland Bushy Beach, Oamaru 2003 guard, post-guard 17.5 2.5  47.5 1.8  5  

 Mainland Bushy Beach, Oamaru 2004 guard 18.2 1.1  46.0 3.0  4  

Mattern Stewart Is Golden, Rollers beaches 2005 guard 11.4 2.7  29.5 1.0  3  

(2006) Codfish Is Sealers Bay 2005 guard 24.3 4.8  66.9 9.5  6  

 Stewart Is Golden, Rollers beaches 2004 post-guard 11.7 4.8  37.0 5.1  3  

 Codfish Is Sealers Bay 2005 post-guard 55.4 6.2  139.9 26.3  3  

Moore Mainland Boulder Beach, Otago 1990 post-guard 14.4 7.2     6  

(1999) Mainland Boulder Beach, Otago 1991 incubation 23.3 11.2     13  

 Mainland Boulder Beach, Otago 1991 guard 13.4 6.1     10  

 Mainland Boulder Beach, Otago 1991 post-guard 15.5 8.7     10  

 Mainland Boulder Beach, Otago 1992 incubation 14.0 8.6     14  

 Mainland Boulder Beach, Otago 1992 guard 14.4 5.8     10  

 Mainland Boulder Beach, Otago 1992 post-guard 12.4 6.1     10  

 Mainland Long Point, Catlins 1991 post-guard 11.1 7.2     9  

 Mainland Long Point, Catlins 1992 post-guard 9.4 5.3     10  
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(Costa et al. 2004, Chilvers and Wilkinson 2009), so this may represent a greater energy 

expenditure by birds conducting benthic foraging. Given that both benthic and pelagic diving 

occurred together in some locations (the overlap areas), this indicates that dive type was not 

governed by bathymetry or water depth in these shared areas. 

Additional dive logger data showed that the proportion of pelagic foraging trips increased each 

year with none recorded in 2015 (Muller et al. 2020a; see Chapter 4) and increasing proportions 

in 2016 and 2017. Since pelagic foraging was associated with a larger foraging area size (Figure 

5.3B), it might be expected that the overall foraging area size would be greater in 2017 when 

the highest proportion of pelagic diving was recorded. However, the foraging area was actually 

smaller in 2017 than in 2016 (Figure 5.3A), although sample size was also smaller in 2017. 

Foraging area use is therefore likely influenced by additional complexity related to the type 

and distribution of prey species available each year, and possibly conditions for all types of 

foraging were less favourable in 2017. Cameras deployed on mainland birds indicated that 

pelagic foraging there was generally on poorer quality prey items such as jellyfish and other 

gelata and was associated with poor visibility at the sea floor which prevented benthic foraging 

(Mattern and Ellenberg 2018). 

During 2017, 28% of birds changed their diving behaviour (from benthic to pelagic, or vice 

versa) on a subsequent trip in the same year, and 56% changed their behaviour between 

different years (Muller et al. 2020a). This demonstrates plasticity of dive type for individual 

birds, and the general change in foraging locations between years also suggests a large degree 

of plasticity in foraging area use. There is no difference evident in foraging behaviour between 

male and female birds in the southern population (Muller et al. 2020a), although females may 

have been foraging over a wider area during the guard phase (Figure 5.3C), with only 51.6% 

overlap with the shared foraging area, compared to 85.1% overlap for males. 
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Mean ± SD foraging distances for the northern population ranged from 6.2 ± 0.8 to 23.3 ± 11.2 

km (Table 5.3), although these included data collected using different methods, and during 

different breeding phases and years when birds may have foraged differently (Moore 1999, 

Mattern et al. 2007, Mattern et al. 2013). Mean and maximum mainland foraging distances 

were closer to shore than in the southern population; however, statistical comparison between 

these data sets was not possible. The northern population displays a generally consistent 

benthic foraging strategy, using the same foraging areas consistently over different years 

(Mattern et al. 2007). However, while mainland birds tend to forage either close to shore or 

further from shore, some could switch strategies (Moore 1999) and foraging areas (Moore et 

al. 1995, Moore 1999), indicating a degree of foraging plasticity in the northern population as 

well. Since these populations are genetically similar (Boessenkool et al. 2009a), any differences 

are likely due to the local environment and prey availability (Muller et al. 2020a), rather than 

any inherent behavioural differences. 

This study reports on the foraging area used by breeding penguins during the guard phase when 

parental attendance at the nest is high (Richdale 1957, Darby et al. 1990). However, many 

penguin species forage over considerably larger areas during incubation and post-guard phases 

of the breeding season compared to the guard phase (Jouventin et al. 1994), including an area 

over 5 times larger for little penguins Eudyptula minor (Sánchez et al. 2018). In little penguins, 

foraging closer to the colony during chick-rearing was also associated with a diet switch to 

higher trophic level prey (Poupart et al. 2017), and the mean maximum foraging distance in 

winter was significantly larger (up to eight times greater) than during the breeding season 

(Hoskins et al. 2008, McCutcheon et al. 2011). Yellow-eyed penguins in the northern 

population travel further from the breeding area during incubation and post-guard stages 

(Moore 1999) and in winter (M. J. Young, pers. comm.). Therefore, given that no foraging data 

are available for other breeding phases in the southern population, the foraging areas and 
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distances described here should be regarded as minima for yellow-eyed penguins from Enderby 

Island. Our data also tended to show that larger datasets represented larger foraging areas, so 

collecting additional data may reveal additional areas used by penguins. However, sampling a 

greater number of birds than in this study is likely impractical due to logistics and ethical 

considerations for this endangered species. 

While the attachment of any device to a diving animal can introduce hydrodynamic drag, this 

was minimised by using smaller individual loggers, and by attaching the loggers as far back as 

possible to maintain streamlining (Bannasch et al. 1994). In particular, it is possible that 

carrying the larger GPS loggers may have influenced behaviour. However, Muller et al. 

(2020a) showed that the type of loggers deployed (TDR only, or TDR + GPS), or the 

deployment order did not have a biologically significant effect on diving behaviour (the 

difference in dive depth was 0.55 m, which was less than the error margin of the loggers). 

 

5.5.2 Foraging and breeding success 

The weak La Niña conditions during the 2016 and 2017 seasons corresponded to increasing 

amounts of pelagic foraging (Muller et al. 2020a; see Chapter 4), as well as to greater breeding 

effort and success in 2016 (Muller et al. 2020b; see Chapter 3). Strong La Niña conditions can 

increase SST and have a greater negative effect on northern yellow-eyed penguin breeding 

success than during El Niño conditions (Young 2014), although effects on breeding success 

can manifest in subsequent years (Peacock et al. 2000). Therefore, more investigation is needed 

on the interaction between the strength of ENSO cycles, foraging, diet, and breeding success 

in the subantarctic. During 2015, the proportion of benthic foraging at Enderby Island (100%) 

was greater than in subsequent years (Muller et al. 2020a), and since benthic foraging generally 

took place over a smaller area (Figure 5.3B), it follows that smaller foraging areas would be 

expected during El Niño conditions. While we do not have GPS data from 2015 to confirm 
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this, trip times in 2015 (mean and maximum duration) were longer than in 2016, which would 

be consistent with more benthic foraging, although the difference was not significant (Muller 

et al. 2020a). Yellow-eyed penguin prey species in the subantarctic are unknown, and it is not 

known whether prey assemblages at the Auckland Islands are consistent in the region during 

different ENSO conditions. Further research is needed to confirm how ENSO conditions may 

affect prey species distribution in space and time, and to what extent this affects yellow-eyed 

penguin foraging and breeding success. 

Travelling greater distances resulted in longer times at sea, although this may not always be 

the case. For southern yellow-eyed penguins, pelagic foraging trips were not significantly 

different in time duration from benthic trips (Muller et al. 2020a), or in total trip length (Figure 

S5.1B), although individual trip distances could vary. Trips in 2016 were significantly longer 

in duration than in 2017 (Muller et al. 2020a), and foraging areas were also larger (Figure 

5.3A), although breeding success was better (Muller et al. 2020b). These findings tend to 

contradict the conclusions of other studies. For example, longer foraging trips in other seabirds 

including Magellanic Spheniscus magellanicus, Adélie Pygoscelis adeliae, and little penguins 

were directly related to lower breeding success (Chiaradia and Nisbet 2006, Boersma and 

Rebstock 2009). Changes in prey availability, particularly the distance travelled to obtain it, 

will affect the effort required (Miller and Sydeman 2004). This, in turn, affects both adult 

energetics and chick provisioning; longer travel or search times by foraging parents can result 

in less-frequent feeding of chicks, and may result in lower growth rates and fledging weights 

for chicks (Kitaysky et al. 2000, Davoren and Montevecchi 2003, Pinaud et al. 2005). Longer 

foraging trips may also result in more food digestion, with less available for transfer to 

offspring (Weimerskirch et al. 1994, Ropert-Coudert et al. 2004). Increased energy expenditure 

by foraging adults may lead to a reduction in their body condition (Arnould et al. 1996, Shaffer 

et al. 2003), as well as breeding success (Inchausti et al. 2003), thereby influencing long-term 
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survival and evolutionary fitness of breeders. However, the larger foraging area in 2016 may 

have allowed birds to exploit prey which was further from shore, or distributed more widely, 

but which justified travelling greater distances to obtain it. Nevertheless, any factors affecting 

the type and distribution of prey which may require travelling greater distances or spending 

more time at sea could have a negative effect on future yellow-eyed penguin breeding success. 

 

5.5.3 Foraging and conservation management 

Enderby Island represents over 50% of the breeding population for the Auckland Islands 

archipelago and will likely continue to be the main breeding location in the future unless 

introduced predators are removed from Auckland Island (Muller et al. 2020b; see Chapter 3). 

Only part of the foraging area used by Enderby Island birds is protected from potential fisheries 

interactions by the Auckland Islands Motu Maha Marine Reserve, which extends 12 nautical 

miles (22.22 km) from shore (Figure 5.3). Although no yellow-eyed penguins were reported as 

bycatch in the trawl fishery around the Auckland Islands during the period of this study 

(Ministry of Primary Industries 2018b), fisheries activities such as bottom-trawling modify the 

benthos and may affect penguin foraging (Browne et al. 2011). Indirect competition with 

fisheries has been linked to declines in some mainland yellow-eyed penguin populations 

(Ellenberg and Mattern 2012). Therefore, research into the direct and indirect impacts of 

fishing activities on yellow-eyed penguins in the Auckland Islands area is crucial for their long-

term conservation. The core foraging areas (represented by the 50% isopleths) were contained 

within the marine reserve boundary, and the home range of all penguins we examined 

(represented by the 95% isopleths) contained 595 km2 (81%) of foraging area within the marine 

reserve. However, the areas presented here represent minimum estimates of the habitat used, 

and therefore a larger area than the current marine reserve would be required to fully protect 

the yellow-eyed penguin at the Auckland Islands. Further research is needed into foraging area 
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use during other breeding phases, including incubation, post-guard, pre-moult, and winter 

foraging, as foraging areas may be larger at these times. Additionally, we recommend further 

research on other breeding populations in the Auckland Islands area, as foraging conditions 

may differ. For example, birds breeding at Carnley Harbour in the south may have a smaller 

foraging area available, as the shelf drops off to 150 m deep and beyond benthic diving range 

within only 11 km of the harbour entrance. 

 

5.6 Conclusions 

The yellow-eyed penguin was classified as Endangered in 2000 and numbers have continued 

to decline, particularly for the northern population (Couch-Lewis et al. 2016, BirdLife 

International 2020, Department of Conservation 2020a). This study of yellow-eyed penguins 

at Enderby Island found foraging plasticity between years, including differing foraging 

behaviour and locations. Some foraging trips during the guard phase covered greater distance 

and area compared with northern populations, with any differences likely a result of local 

conditions, rather than any inherent differences between these two genetically similar 

populations. However, the subantarctic environment may predispose the southern population 

to more difficult foraging conditions. Ongoing monitoring of foraging and breeding success is 

needed to ensure timely warnings if poor foraging seasons combine with other factors to initiate 

or exacerbate population declines in the subantarctic. Management should also include 

appropriate protection of foraging areas used by yellow-eyed penguins, with the data presented 

here considered as a minimum estimate. 
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success of this endangered species in the future, particularly if the effects of climate change 

become more pronounced. This research highlights an urgent conservation need to identify 

prey species utilised by the southern population, along with their distribution in time and space, 

and therefore also the effect of diet on long-term population stability. 

 

6.2 Introduction 

The diet of long-lived marine predators is a key indicator of individual foraging success (Emlen 

1966, MacArthur and Pianka 1966), as it affects adult survival (Keymer et al. 2001), chick 

provisioning (Jodice et al. 2006), and ultimately breeding success and long-term population 

viability (Emlen 1966, MacArthur and Pianka 1966, Olsson 1997, Moreno et al. 1999, 

McClung et al. 2004, Jodice et al. 2006, Crawford et al. 2008). Prey availability is determined 

by the density and distribution of prey species, with horizontal and vertical distribution 

affecting predators' travel distance and dive depth (Croxall et al. 1999, Inchausti et al. 2003, 

Boersma and Rebstock 2009). Prey species can be affected by changes in environmental 

conditions such as water temperature, with diet quality predicted to decrease for many marine 

species due to climate change (Worm et al. 2006, Cury et al. 2011). Studying broader changes 

in prey trophic level can shed light on foraging behaviour even where prey species are not 

directly analysed (Chilvers 2017b, Chilvers 2017a). Changes in the diet of a diving seabird can 

indicate variability in prey species utilised between years, sexes and age classes (Cherel et al. 

2000, Ainley et al. 2003, Tremblay and Cherel 2003), and, therefore, foraging variability. 

Interpretation of dive data often relies on the assumption that sampling a small number of 

foraging trips is representative of diving behaviour over a whole breeding season, which may 

not be the case (Amélineau et al. 2021). However, diet studies can be used to interpret dive 

results, since significant differences in diet between individuals in the same population can 
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indicate that different foraging behaviours were occurring, and that these were maintained 

across multiple foraging trips for the period in question.  

Stable isotope analysis (SIA) is a method of analysing diet composition by determining the 

chemical makeup of prey items that have been incorporated into body tissues (Hobson and 

Clark 1992a, Cherel et al. 2000, Bearhop et al. 2002, Bearhop et al. 2006). Stable isotope 

analysis offers advantages over other techniques such as stomach contents analysis, which 

often represent diet from only a single meal, and can be biased by differing prey digestibility 

(Duffy and Jackson 1986, van Heezik and Seddon 1989, van Heezik 1990a, Pütz 1995). 

Techniques such as faecal analysis, and particularly faecal DNA analysis, can be used to 

determine prey species over extended periods and multiple individuals to avoid the single meal 

constraint, and faecal DNA avoids differential digestion issues (Deagle et al. 2010, Young et 

al. 2020). However, DNA samples need to be stored at -20oC to prevent degradation (Young 

et al. 2020), so transport from the subantarctic is logistically difficult. While results are easier 

to obtain from SIA than DNA analysis (especially from feathers), SIA allows identification of 

prey to trophic level only (Hobson et al. 1994), making it useful for measuring broad-scale 

taxonomic-level changes in the diet of marine predators. Stable isotope analysis measures the 

dietary components of prey species, which are assimilated in the tissues of consumers in a 

reliable and predictable way (DeNiro and Epstein 1978, DeNiro and Epstein 1981, Hobson and 

Clark 1992a, Hobson and Clark 1992b). Chemical elements with more than one isotopic form 

have different molecular mass, and differing ratios of these can distinguish between prey from 

different sources. The isotopic ratio of nitrogen (15N/14N) indicates which trophic level an 

animal is feeding at (DeNiro and Epstein 1981, Bodey et al. 2011), with fish and cephalopods 

higher than zooplankton prey (Owens 1988, Hobson et al. 1994). The isotopic ratios of carbon 

(13C/12C) can be used to confirm foraging location, with higher (less negative) values indicating 

more inshore versus offshore feeding (Hobson et al. 1994, Kelly 2000), and more benthic 
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be encountered anywhere in the water column (Tremblay and Cherel 2000). Deeper dives 

require more energy expenditure, so benthic foraging can be more energetically expensive than 

pelagic foraging, especially in deeper water (Costa et al. 2004). However, benthic prey species 

tend to be a predictable, evenly distributed prey source, although often occurring at low 

densities within a habitat (Costa et al. 2004, Chilvers and Wilkinson 2009). Conversely, while 

pelagic foraging is unpredictable and may require birds to travel larger distances to search for 

prey, pelagic prey are often found in higher density aggregations, such as schools and bait balls, 

providing a richer food source once located (Chilvers and Wilkinson 2009). Overall, pelagic 

prey are often more influenced by oceanographic and weather conditions such as El Niño 

southern oscillation (ENSO) than are benthic prey (Costa et al. 2004), meaning benthic prey 

may be a more reliable food source when prey are less abundant. Successful foraging must 

balance the energy expenditure required to catch prey with their nutritional quality. Fish 

generally have a higher lipid and energy content than do cephalopods or zooplankton and 

therefore represent higher quality prey (Clarke and Prince 1980, Cherel and Ridoux 1992, 

Meynier et al. 2008). Penguins feeding on a higher proportion of fish are therefore expected to 

be in better body condition, and the body condition of penguin chicks is positively correlated 

with the proportion of fish in their diet (Forero et al. 2002). Factors affecting the makeup of 

prey species in the diet can therefore affect foraging success, which in turn has implications for 

both nutrition and chick provisioning.  

The yellow-eyed penguin (hoiho, Megadyptes antipodes) is classified as Endangered (Couch-

Lewis et al. 2016, BirdLife International 2020) and is endemic to New Zealand, with a highly 

restricted distribution. The northern population includes breeding areas in the south-east of the 

South Island, and Stewart and Codfish Islands (Figure 6.1A, above dotted line), and the 

southern population includes the subantarctic Auckland and Campbell Islands (Figure 6.1A, 

below dotted line) (Seddon et al. 2013), with these areas representing discrete populations for 
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recently, prey were interpreted as being mainly demersal (Moore and Wakelin 1997). A 

predominantly benthic foraging strategy in the northern population may be influenced by 

changes in prey availability and environmental conditions, with some pelagic foraging 

occurring when visibility is poor at the sea bed (Mattern and Ellenberg 2018). In contrast, 

Enderby Island birds displayed apparently greater diving plasticity, with foraging behaviour 

switching from solely benthic to almost 80% pelagic in some years, as well as trips consisting 

almost entirely of pelagic dives (Muller et al. 2020a), a diving behaviour not common in the 

northern population. It is likely that diving and foraging plasticity is a function of the physical 

environment and changes in prey availability and location, rather than an inherent characteristic 

of either population (Muller et al. 2021). 

Knowledge of diet diversity is important for ecosystem-based management plans (Shiffman et 

al. 2012). Understanding diet and foraging behaviour is essential for conservation monitoring 

because it allows for informed management decisions such as predicting where and how poor 

diet may affect population viability, and how to address that when it occurs. Poor diet can result 

in poorer chick condition in yellow-eyed penguins (van Heezik and Davis 1990), leading to 

decreased post-fledging survival rates (McClung et al. 2004). Poor foraging success has also 

been linked to reduced adult survival, with negative long-term population outcomes (Couch-

Lewis et al. 2016, Mattern and Wilson 2018, Department of Conservation 2020a). Variable 

breeding success is evident in the southern population, probably linked to changes in foraging 

success (Muller et al. 2020b, Muller et al. 2021; see Chapters 3 and 5). As yellow-eyed penguin 

foraging is influenced by climate patterns (Moore and Wakelin 1997, Darby 2003, Young 

2014, Mattern et al. 2017, Muller et al. 2021), a comprehensive understanding of diet and 

foraging ecology across the range of the species is essential for monitoring yellow-eyed 

penguin breeding and guiding effective conservation management, particularly as the effects 

of climate change are expected to become more pronounced in the future (Collins et al. 2013, 





 

222 

 

Figure 6.1 A) Map of yellow-eyed penguin breeding range around New Zealand (green), with the northern 

population above the dotted line, and southern population below the line. Also shown is B) an enlarged view of 

the subantarctic Auckland Islands with Enderby Island to the north east, and C) a close-up of Enderby Island 

showing the area where breeding birds were sampled (green ellipse). Modified from Muller et al. (2020a). 
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GPS foraging data were collected during concurrent research in 2016 and 2017 (Muller et al. 

2021; see Chapter 5), and dive and breeding success data were collected in all three years 

(Muller et al. 2020a, Muller et al. 2020b; see Chapters 3 and 4). Nests were located using 

manual ground searching, ground-based very high frequency radio tracking, and aerial tracking 

using an unmanned aerial vehicle equipped with a very high frequency receiver (Muller et al. 

2019). Adult penguins were captured by hand as they returned to the shore in the evening 

following a foraging trip at sea, and transferred to a custom-made holding bag. This held the 

wings against the body but left the head and feet exposed for processing and collection of 

morphometric data using a spring balance and callipers. Birds were marked with a microchip 

for permanent individual identification (Muller et al. 2019, Muller et al. 2020b; see Chapters 2 

and 3), and sex was determined using the relationship between head plus beak length and foot 

length (Setiawan et al. 2004), or the relative sizes between breeding partners with males 

assumed to be the larger (Setiawan et al. 2004). Blood and feather samples for SIA were taken 

while birds were restrained. 

 

6.3.2 Sampling and stable isotope analysis 

Blood samples were collected in November 2015 only, due to logistical constraints. A 1 ml 

sample of blood was taken using a 25-gauge needle from either the medial metatarsal vein 

(inside of the leg) or dorsal digital vein (on top of the foot) while penguins were restrained in 

the holding bag. Blood samples were transferred to an Eppendorf tube then spun in the field 

using a centrifuge, and the serum and red blood cell components were transferred into separate 

tubes and frozen in liquid nitrogen for transfer back to the mainland. Serum samples were then 

freeze-dried and ground to a fine powder for SIA analysis. 
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Akaike's information criterion (AICc) values. This hypothesis-driven test was used to 

investigate whether any individual preferences in diet existed. Graphs were generated in R 

including the ggplot2 package (Wickham 2016). 

 

6.3.3 Dive type and foraging distance 

Concurrent dive data were collected using Lotek LAT 1400 time depth recorders attached to 

the middle of the back using waterproof tape, as described in Muller et al. (2020a); see Chapter 

4. Dives were categorised as benthic if the depth change between subsequent dives was <2.9%, 

with the remainder of dives classed as pelagic (Muller et al. 2020a). Foraging trips were also 

classified using Bayesian analysis, with benthic trips having >3.6% benthic dives, accounting 

for the large proportion of non-feeding travelling dives and ensuring that the remaining trips 

classified as pelagic contained no significant instances of benthic diving (Muller et al. 2020a). 

Foraging data were collected using customised CatTraQ GPS loggers modified for underwater 

use according to Pelletier et al. (2014), and attached to the lower back (Muller et al. 2021; see 

Chapter 5). GPS data were interpolated to account for missed fixes, and distance measures were 

calculated including the foraging distance (maximum straight-line distance away from shore, 

measured from the sea access point) and the total trip distance (cumulative distance travelled 

between all points in a foraging trip) (Muller et al. 2021). Where possible, electronics were 

deployed for only one foraging trip before being recovered to minimise attachment time. 

However, if penguins undertook more than one foraging trip before electronics were recovered, 

the data were divided into separate trips. For full methodology refer to (Muller et al. 2021). 
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6.5.4 Diet plasticity 

Dietary partitioning has also been demonstrated in other penguin species using SIA analysis. 

SIA of blood from breeding Adélie penguins was able to distinguish between prey at a broad 

taxonomic level (e.g., fish vs. krill), and this was confirmed by stomach contents analysis 

(Tierney et al. 2008). They also found that diet composition changed during the breeding 

season. SIA demonstrated broad diet composition (e.g., fish, cephalopod, crustacean) in little 

blue penguins, with greater accuracy than stomach sampling (Flemming and van Heezik 2014). 

In that study, blood isotopes had narrower confidence intervals but also mirrored trends for 

feathers. 

Yellow-eyed penguins are predominantly benthic divers in the northern population (Mattern et 

al. 2007, Mattern et al. 2013, Chilvers et al. 2014). The greater variability in diet at Enderby 

Island was also consistent with greater plasticity in diving and foraging behaviour, with 

significant proportions of pelagic diving, probably influenced by different foraging conditions 

affecting prey species availability and their distribution over time (Muller et al. 2020a; see 

Chapter 4). 

In multiple trips recorded for the same individuals, the majority of birds (72%) displayed 

consistent foraging behaviour during multiple trips within a season (Muller et al. 2020a). This 

is also consistent with the significant differences evident in dietary stable isotopes when 

individual bird ID was included as a factor, demonstrating that individual foraging preferences 

were maintained over the period while feathers were formed. 

 

6.5.5 Yellow-eyed penguin diet 

The diet of the northern population consists primarily of demersal fish species. The main prey 

species in the 1980s by frequency eaten, were sprat (Sprattus antipodum), and by proportion 

of mass eaten, were red cod (Pseudophycis bachus) and opalfish (Hemerocoetes spp.), with 
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smaller amounts of other fish species, and arrow squid (Nototodarus sloanii), other 

cephalopods and crustaceans (van Heezik 1990a). There were considerable differences in diet 

between locations and years (van Heezik 1990a). Later studies revealed a dietary shift to less 

feeding on red cod, and more blue cod (Parapercis colias) along with opalfish (Moore and 

Wakelin 1997, Mattern et al. 2017, Mattern and Ellenberg 2018, Mattern and Wilson 2018). 

Regional differences in diet composition are evident for the northern population, probably due 

to differing benthic habitat (Mattern and Ellenberg 2018). Diet can also be influenced in regions 

exposed to disturbance caused by bottom trawls favouring scavenging species such as blue cod 

(Mattern et al. 2013), which can be more difficult for penguins to locate and capture (Mattern 

et al. 2018a), and as a food source such prey may therefore be restricted to individuals with 

acquired foraging experience (Forslund and Pärt 1995). In the northern population, larval fish, 

gelata and other mid-water species were targeted during short periods of pelagic foraging but 

only when poor visibility prevented benthic foraging (Mattern et al. 2017, Mattern and 

Ellenberg 2018, Mattern et al. 2018a). 

Diet composition of the southern population was unknown prior to this study. Consequently, 

there is no information on subantarctic prey species targeted by yellow-eyed penguins. 

Furthermore, many of the northern prey species do not occur in the subantarctic. Diet of the 

northern population includes juveniles of some commercial species (van Heezik 1990c, van 

Heezik 1990a, Moore and Wakelin 1997, Browne et al. 2011) and this may also be the case in the 

subantarctic (Table S6.2). Diversity of reef fishes is negatively correlated with latitude, and the 

subantarctic Auckland and Campbell Islands have a low diversity of reef fishes compared to 

other New Zealand ecosystems (Francis 1996), which would be expected to reduce the number 

of benthic fish species available as a food resource for penguins (Table S6.2). Benthic diving 

occurs at Campbell Island (P. J. Moore, pers. comm.), with pelagic dives possible but not 

confirmed there, and prey species similarly unknown. 
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Future SIA work in the subantarctic would benefit from a reference collection of yellow-eyed 

penguin prey species and determination of their isotopic signatures, enabling the use of mixing 

models to estimate relative contributions of specific prey types. Faecal DNA analysis can also 

assist with identifying diet to species level (Young et al. 2020), provided suitable logistics can 

be arranged for DNA samples to be transported to New Zealand for analysis. In combination 

with data on foraging area and diving behaviour from GPS/TDR device deployment (Muller et 

al. 2020a, Muller et al. 2021; see Chapters 4 and 5), this could provide more detailed 

information on yellow-eyed penguin foraging ecology in the face of climate change. 

 

6.5.6 Breeding success 

Adult seabirds may be able to compensate for declining availability of high-energy prey by 

bringing back a larger volume of prey (Suryan et al. 2000, Litzow et al. 2002). However, 

declining diet quality has been linked to selective provisioning and poor reproductive success 

of yellow-eyed penguins on Stewart and Codfish Islands in the northern population (Browne 

et al. 2011). Stable isotope analysis has shown that poorer chick nutrition was associated with 

unsuccessful foraging trips by parents, as well as prey species having a lower energetic content, 

or being unsuitable for chicks to eat (Browne et al. 2011). Larger food items are less suitable 

for feeding to chicks and can result in poorer nutritional outcomes (Moore and Wakelin 1997, 

Mattern et al. 2017, Mattern and Ellenberg 2018), and a corresponding reduction in breeding 

success (Browne et al. 2011, Mattern and Ellenberg 2018). However, there is no evidence that 

prey size is an issue for chick nutrition in the southern population. 

The amount and distribution of many fish species around New Zealand are affected by water 

temperature, with warmer water leading to lower recruitment and subsequent biomass (Francis 

1996, Beentjes and Renwick 2001), and increasing water temperature since the mid-1990s has 
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(Muller et al. 2020a; see Chapter 4), and a lower breeding population and breeding attempts 

during El Niño conditions these years (Muller et al. 2020b; see Chapter 3). 

Studies on many prey species have shown poorer recruitment and lower biomass related to 

periods of warmer water, including for red cod (Beentjes and Renwick 2001), an important part 

of the diet of the northern population, and for southern blue whiting, an important species in 

subantarctic fisheries (Hanchet and Renwick 1999). Southern blue whiting are also negatively 

affected by other weather events in the subantarctic (Willis et al. 2007). Our study indicates 

that diet and foraging for the southern yellow-eyed penguin population are variable, and may 

also be affected by ENSO index, with implications for breeding success. 

These results corresponded to poorer breeding success during the severe El Niño in 2015, and 

the weak La Niña in 2017, but positive breeding success during the weak La Niña in 2016 

(Muller et al. 2020b). Since weather conditions can be more severe in the subantarctic (Eden 

1955, Higham 1991), it may be that individual weather events play a more significant role than 

ENSO state in the region, although climate changes that lead to an increase in number or 

severity of severe weather events would be expected to have a detrimental effect on yellow-

eyed penguin population stability. 

  

6.5.8 Conservation considerations 

In addition to direct impact on individual foraging success, climate effects can also increase 

the pressure on a population rendering it less able to respond to non-climate related impacts, 

such as fisheries interactions, habitat degradation, human disturbance, and prey availability, 

which have all been implicated in declines in the northern yellow-eyed penguin population 

(Mattern et al. 2017). This study demonstrates that yellow-eyed penguin diet is variable in the 

southern population, probably influenced by local climatic conditions including ENSO. Diet 

during El Niño conditions comprised lower trophic level and more benthic prey, and during La 
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Niña conditions was more pelagic and associated with greater foraging distances. By 

implication, prey availability is probably also a limiting factor in this region in some years, and 

therefore a major influencer of future survival and breeding success. This could be exacerbated 

if the effects of climate change become more pronounced as predicted (Easterling et al. 2000, 

Ramírez et al. 2017). Therefore, the findings of this study suggest that poor breeding seasons 

driven by reduced prey availability could become more common in the future. Southern 

yellow-eyed penguins are also vulnerable to other threats such as nest predation on islands with 

introduced predators, potential negative interactions with commercial fisheries in the area, 

including resource competition as well as adult mortality, and to catastrophic events such as 

oil spills (Muller et al. 2020b; see Chapter 3), all of which could compound the effects of a 

poor breeding season. Unlike in the northern population, logistical constraints largely prevent 

direct intervention in the subantarctic to rehabilitate individual adults or chicks in poor 

condition. As a result, intervention is likely to be only possible at a population level to attempt 

to mitigate large-scale threats. Therefore, ongoing future monitoring of population and 

breeding success is needed to identify declines and allow intervention as soon as possible. Any 

potential threats to yellow-eyed penguin survival and foraging need to be investigated in greater 

detail, and if necessary, pre-emptive interventions made to ensure they do not become a 

significant contributor to declines in yellow-eyed penguin foraging efficiency or population. 

The isotope signatures collected for this study provide a foundation to match with the SIA 

signatures of individual prey species, and this could be expanded on by the use of DNA diet 

analysis to identify prey species around the Auckland Islands archipelago. This is a key step to 

understanding the distribution of prey species in space and time, in order to model and predict 

future constraints on food availability. Future management of the species will benefit from 

greater knowledge of all potential threats to foraging success, and therefore also to breeding 

success and population stability. 
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134 m for benthic dives, and 115 m for pelagic dives, greater than for many northern birds. 

Diving behaviour differed between years, with predominantly benthic diving during an El Niño 

year, and increasing amounts of pelagic diving during subsequent La Niña years. Plasticity 

between benthic and pelagic diving was recorded for individuals within foraging trips, within 

a breeding season, and between years. 

Chapter 5 investigated foraging area, identifying the main foraging location for Enderby Island 

birds to the south-east of the island. The foraging distance was up to 47 km from shore, which 

is greater than for many northern birds. There was a large spatial overlap between benthic and 

pelagic diving areas, indicating that foraging behaviour was independent of bathymetry in those 

locations. Pelagic foraging took place over a larger area than benthic foraging, and the size of 

the foraging area changed between years, with a greater area and distance from shore in a year 

of greater breeding effort and fledging success. Females also travelled greater distances in this 

study during the guard phase of breeding. 

Chapter 6 investigated the trophic level of prey and demonstrated that diet changed 

significantly between all years in this study; including more benthic foraging, located closer to 

shore, and with a greater proportion of lower tropic level prey during an El Niño year. This 

corresponded with lower breeding success in the same year, suggesting that prey availability 

is likely a limiting factor in some years, particularly for more-variable pelagic prey. Prey 

availability is therefore expected to have a major influence on survival and breeding success. 

 

7.2.2 Research limitations 

Research, especially field-based, is often restricted by budget, time, or logistics. Logistics are 

particularly difficult in the New Zealand subantarctic, where personnel and equipment need to 

be transported to the field site by boat and remain in situ for up to three months during the 

penguin breeding season. Available vessels usually have limited space for personnel and 
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trained search dog may be more efficient at finding all the nests in an area, however, results 

may be biased towards nests closer to the start point (presumably at the coast) since the dog 

and handler would still need to travel to every nest location on foot. 

An accurate population estimate is necessary to determine the number of individuals and 

breeders in a species, and trends over time. The methods developed during this study for 

surveying yellow-eyed penguin populations in the subantarctic offer a much more reliable 

measure than previous studies which used distribution surveys (which do not account for the 

number of birds in an area) or raw count data of transiting birds (which can be subject to large 

daily variation, and do not accurately represent the breeding population) (Muller et al. 2020b; 

see Chapter 3). Ground-truthing is required to determine correction factors for the proportion 

of breeders in a population, and the proportion of the population seen during a count. (This 

changes according to foraging schedule and therefore during different breeding phases, and 

also on a smaller scale due to weather effects). Estimated uncertainties were lower when more 

of the population was marked, with implications for future research. While ground-truthing 

data from this study could be re-used for future population estimates, new data will be required 

if any of the underlying conditions change. The population estimate methods assume a closed 

population (Chapman 1951), and we assumed the number of unmarked birds did not change 

during the calculation. The number of marked breeders remained constant. Ongoing research 

is recommended to monitor numbers and trends for the population, and the number of breeders. 

Additionally, measuring breeding success, juvenile recruitment and survival of different age 

classes would be useful information, although much of this would require long-term studies of 

known (marked) individuals. 

To measure foraging behaviour, this study used separate GPS and dive loggers to monitor 

foraging location and diving, as opposed to a larger unit with integrated electronics. The 

methods used offered a number of advantages including animal ethics (two smaller units create 










































































































































































































































