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The greater danger for most of us

lies not in setting our aim too high and falling short,

but in setting our aim too low and achieving our mark.

Michaelangelo
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Abstract

Animal foraging behaviour is largely determined by prey availability and environmental

conditions, as well as inter- and intra-specific population structuring and reproductive

requirements. For endangered seabirds such as yellow-eyed penguins (Megadyptes antipodes),

understanding how these factors influence their marine distribution is critical for effective

conservation management. The research presented in this thesis is the first comprehensive

spatial analysis of the interactions between yellow-eyed penguins and their marine habitat. I

aimed to quantify the space use and foraging range of yellow-eyed penguins in mainland New

Zealand and to identify the oceanographic, biotic, and anthropogenic factors that might drive

dispersal and occupancy in marine areas. Using a dataset of dive locations from 135 individuals

collected since 2006, I compared marine home range size and predicted habitat suitability for

adult yellow-eyed penguins across five distinct regions off the coast of the South Island by

applying current mapping and modelling methods, including adaptive local convex hull

estimators, fixed kernel densities, Maxent species distribution models, and overlap analyses. I

also determined penguin distribution overlap with prey occurrence, commercial fisheries, and

marine protected areas.

There were significant differences in range size associated with different colony locations and

also in predictions of habitat selection, occurrence, and variable importance between

geographical regions. Compared to their conspecifics from central breeding colonies, penguins

breeding at the northern and southern extremes of their mainland distribution foraged across

larger home ranges, with water current velocity and mean monthly turbidity being the most

important variables to Maxent predictions, respectively. Although dispersal was limited by

distance to the nearest breeding colony over the continental shelf, dissolved oxygen

concentration was the most important variable in models predicting their South Island

distribution and specifically across central regions adjacent to the highest number of breeding

colonies. There was no clear distinction in foraging range size between the breeding, premoult,

and winter seasons, as variation differed depending on breeding site. Although males had
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significantly larger home ranges than those of females, the home ranges of male and female

penguins from most breeding colonies overlapped significantly.

As expected, the distribution of yellow-eyed penguins was largely influenced by predictors

related to prey availability, and there was significant spatial overlap between penguins and

their prey species (whose distributions were also modelled using Maxent), especially over

the mid-continental shelf near key breeding colonies. However, there was also high overlap

with commercial gillnet fishing intensity in these areas, increasing the risk of penguin bycatch.

Penguins predicted to forage in areas of high trawling intensity, particularly to the north and south

of their range, are more likely to be impacted by seafloor habitat and community disturbance due

to bottom trawling. Although marine protected areas are a primary tool to reduce the effects of

anthropogenic activities, including fishing, less than 1% of the mainland range of yellow-eyed

penguins currently overlaps with a marine reserve, and a proposed network off coastal Otago

will only cover 3.6% of their marine range. By testing previous hypotheses about the at-sea

distribution of endangered yellow-eyed penguins and assessing threats to their survival, these

findings can be used to inform ongoing conservation management decisions and marine spatial

planning to prevent the predicted localised extinction of this endangered species.
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Chapter 1

General introduction

1.1 Background

A significant part of conservation management involves the quantification and visualisation of

the spatial distribution of a species. Spatial planning and conservation efforts such as protected

area network design (e.g., Douvere & Ehler, 2009), reintroduction planning (e.g., Seddon et al.,

2015), human conflict mitigation (e.g., La Manna et al., 2020), and endangered species

management (e.g., U.S. Fish and Wildlife Service, 2008) are informed by studies of habitat use

and resource selection. In recent decades, tools such as home range mapping and species

distribution models (SDMs) have become more widely applied to inform decision-making

(Franklin, 2013; Franklin & Miller, 2009; Guisan et al., 2013; Guisan & Thuiller, 2005). Species

distribution and habitat or resource selection are directly and indirectly influenced by both

environmental (e.g., landscape characteristics, oceanography) and behavioural factors (e.g.,

reproductive or foraging requirements, conspecific or allospecific interactions, physiology),

along with individual and population responses to habitat availability and quality (Desprez et al.,

2018; Wisz et al., 2013). How individuals interact with their changing environment determines if

populations will persist in their current ecosystem, disperse to new locations, or die out

completely. Species distribution analyses correlate occurrence or presence data with

environmental factors, quantify the finite range of physical and climatic conditions tolerable to a

species, and identify limitations to their geographic extent (Elith & Graham, 2009; Franklin &

Miller, 2009). These environmental factors identify patterns from which past, current, and future

spatial distributions and niches can be predicted.
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Seabirds rely on two distinct ecosystems for survival. As a result, their temporal and spatial

distribution and habitat use are contemporaneously affected by dynamic terrestrial and marine

environmental factors. Terrestrial niches and resource selection of seabirds have been widely

studied, often in the context of population and breeding biology (e.g., Bécares et al., 2015;

García-Borboroglu et al., 2002; Wood et al., 2021). Marine habitat distribution, however, has

been less well-studied. Compared to terrestrial environments, marine environments are highly

dynamic at different spatial and temporal scales (Steele, 1991), and the exacerbation of this

variability due to climate change makes them more difficult to quantify and forecast. Seabirds

are highly mobile, and their at-sea distribution is typically much larger than their terrestrial

distribution (Carneiro et al., 2020). It is also difficult for researchers to access seabirds while at

sea (Tremblay et al., 2009), particularly in the case of diving and swimming seabirds such as

penguins that remain in and under the water for the duration of their foraging trip. Most marine

studies must rely on technology such as Global Positioning System (GPS) loggers to collect

high-quality data remotely (Agnew, 2014; Mattern, 2006; Wilson et al., 2002), which only gives

intermittent surface locations. Despite the challenges of obtaining marine animal movement

data, it is imperative that conservation management of seabirds be cognisant of the habitat use

and spatio-temporal distributions by individuals and populations, as well as their behaviour in

both the marine and terrestrial environments, in order to adequately protect species across their

geographic extent.

The research presented in this thesis focuses on quantifying the spatial and temporal distribution

and habitat use of the endangered yellow-eyed penguin (Megadyptes antipodes), also known as

hoiho or takaraha in te reo Māori, with the overarching goal to inform conservation management.

Yellow-eyed penguins were classified as Endangered in 2000 by the International Union for

Conservation of Nature (criteria B2ab(ii,iii,v)c(iv)), indicating that they have a fragmented area

of breeding occupancy less than 5000 kmˆ2 with ongoing extreme fluctuations and declines in

the extent of occurrence, area of occupancy, and population size (BirdLife International, 2020).

They are also classified as Nationally Endangered by the New Zealand Threat Classification

System (Robertson et al., 2021). The Hoiho Recovery Plan 2000-2025 (McKinlay, 2001) and,

more recently, Te Kaweka Takohaka mō te Hoiho 2019-2029 (Te Runanga o Ngai Tahu et al.,

2019) identified marine spatial planning, mapping, and foraging ecology research as essential

strategic priorities for the conservation of yellow-eyed penguins. These action plans provide
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direction and guidance for partners involved in yellow-eyed penguin conservation management.

The following aims of this thesis support these action plans’ priorities: (i) describe and map

marine and terrestrial distribution of yellow-eyed penguins, (ii) quantify individual and

population level variation in home range, (iii) use SDMs to model current marine habitat

selection, preference, and occurrence, (iv) determine which environmental, climatic, and

oceanographic features affect foraging distribution and behaviour, and (v) use penguin SDMs to

assess the spatio-temporal overlap between penguin at-sea distributions with those of their prey,

commercial fisheries, and marine protected areas to identify key areas of risk, resource, and

refuge. In combination, these analyses can be used to inform future conservation management

decisions with the ultimate goal of halting the population decline and imminent possibility of

local extinction for mainland yellow-eyed penguins.

1.2 On land: life history, population size, and current
distribution

Yellow-eyed penguins are a long lived, flightless seabird endemic to New Zealand/Aotearoa.

The breeding distribution of yellow-eyed penguins can be split into four distinct areas making up

two subpopulations: the mainland population comprising the southeast coast of New Zealand’s

South Island/Te Wai Pounamu and Stewart Island/Rakiura, and the Subantarctic population

comprising the Auckland Islands/Motu Maha and Campbell Island/Motu Ihupuku (Te Runanga

o Ngai Tahu et al., 2019; Webster, 2018). As shown in Figure 1.1, the mainland population breed

along the south-eastern coast of the South Island; on Banks Peninsula/Te Pātaka-o-Rākaihautū

(northernmost extent) and along the coast from North Otago, the Otago Peninsula/Muaūpoko,

and the Catlins (collectively known as Te Tai o Arai Te Uru). Their range also extends south to

Stewart Island (-47.000°, 167.840°, c. 30 km south of the South Island), along the north-eastern

Anglem Coast including Paterson Inlet/Whaka A Te Wera and the south-eastern coast as far

south as Port Pegasus/Pikihatiti. They inhabit outlying islands as well, predominantly Codfish

Island/Whenua Hou (-46.783°, 167.633°), the Bravo Island group (-46.955°, 168.135°), and

Bench Island (-46.908°, 168.240°; Ellenberg & Mattern, 2012; Seddon et al., 2013).

On the Auckland Islands (-50.700°, 166.100°, ~460 km south of Stewart Island), yellow-eyed

penguins breed at the northern tip of the archipelago and on adjacent Enderby Island (-50.496°,
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Figure 1.1 – Mainland New Zealand distribution of yellow-eyed penguin breeding areas, shown
in blue. Seafloor depth contours are -500, -1000, and -2000 m (Mitchell et al., 2012). See
Section 1.2 for Te Reo Māori place names.
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166.296°). They can also be found nesting to the north-east of the main Auckland Island and to

the south on Adams Island (-50.883°, 166.052°) (Beer, 2009; Moore, 1992a). On Campbell

Island (-52.539°, 169.148°, c. 700 km south of Stewart Island), breeding areas are distributed in

sheltered bays and inlets from Northwest Bay on the western coast to Northeast and

Perseverance Harbours on the north-eastern coast and Southeast and Monument Harbours on the

south-eastern coast (Moore, 1992a, 1992b).

Contrary to prior belief that mainland yellow-eyed penguin populations are declining remnants

of a previously plentiful species, it is now understood that they went through a recent range

expansion from the Subantarctic Islands approximately 500 years ago (Boessenkool et al.,

2009b, 2009a, 2010). Based on fossil records, Megadyptes waitaha went extinct from the

mainland around the same time, within a few hundred years of human settlement, due to

excessive hunting and exploitation of big game, including seals and sea lions (Boessenkool et

al., 2009b; Ellenberg & Mattern, 2012; Webster, 2018). This suggests that yellow-eyed penguins

replaced their congeners and established new populations on the mainland. Prior expansion is

not thought to have occurred due to suspected resource competition between the two species

(Boessenkool et al., 2009b). The mainland and Subantarctic populations are genetically distinct

due to the apparent lack of movement between these populations after the founder event around

AD 1500 to the present (Boessenkool et al., 2009b, 2009a, 2010; Ellenberg & Mattern, 2012;

Seddon et al., 2013). The inferred genetic immigration rate between the mainland and

Subantarctic populations is 0.003 per generation, indicating demographic independence between

these populations (Boessenkool et al., 2010). Thus, conservation efforts on the mainland cannot

rely on the recruitment of new arrivals from the subantarctics to maintain or bolster population

numbers. Furthermore, it is now accepted that these distinct populations must be managed

separately, because population dynamics observed in the mainland population and pressures of

anthropogenic activities might not reflect those of the Subantarctic population (Boessenkool et

al., 2009a).

There are an estimated 2,600 – 3,000 breeding pairs, making yellow-eyed penguins one of the

rarest penguin species (BirdLife International, 2020; Seddon et al., 2013). However, due to a

lack of regular censuses, particularly of the Subantarctic population, and the frequent,

inter-annual population fluctuations within the mainland population, this estimate is likely

inaccurate. The population size of the mainland population has varied over the past three
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decades, with 141 pairs in 1990 (Department of Conservation, 2021; Webster, 2018), 635 pairs

in 1996 (Ellenberg & Mattern, 2012), 225 pairs in 2018-2019, and 154 pairs in 2019-2020

(Department of Conservation, 2021). On Stewart and Codfish Islands, the most recently

published population estimate was 153 breeding pairs in 2009 (Seddon et al., 2013), but declines

are known to have occurred since that time; counts in 2019-2020 indicated only c. 39 pairs

(Department of Conservation, 2021).

Although the mainland population has recovered without significant intervention before, it is

currently declining with little to no recovery over the past decade. Infrequent but significant

die-off events on the mainland, increased mortality due to disease and other factors, and low

reproductive success renders recovery almost impossible at the current rate of decline (Mattern

et al., 2017; Mattern & Wilson, 2018; Webster, 2018). On the Otago Peninsula alone, there has

been as much as a 75% decline over the last 20 years (Mattern et al., 2017). Furthermore, Banks

Peninsula has only a few breeding pairs (usually less than 6 nests per year, with only 1 nest in

2019), all of which usually exhibit poor reproductive success (Department of Conservation,

2021; Dilks & Grindell, 1990). Recruitment on Banks Peninsula is low and usually comes from

penguins originating from the Otago Peninsula (Mattern & Wilson, 2018; Seddon et al., 2013;

Young, pers. comm.). The overall population decline and the reduced productivity further south

means this population will likely cease to support breeding pairs in the next few years, with only

the occasional non-breeding adult or juvenile visiting or taking up residence.

The majority of yellow-eyed penguins reside on two subantarctic islands and their outliers. The

population on Campbell Island was estimated to be 490-600 breeding pairs in 1988-1989

(Moore, 1992b), which was re-evaluated in 2001 to be 610-890 pairs (Moore et al., 2001).

However, there has not been a comprehensive population count since 1992 (Moore et al., 2001).

The population on the Auckland Islands was estimated to be 520-570 breeding pairs in 1989,

with the majority residing on adjacent Enderby Island (Moore, 1992b). A recent survey of the

Auckland Islands in 2017 estimated the population to be 444-553 pairs (Muller et al., 2020a);

however, this number was calculated based on a single day of mark-recapture data from a

reference population on Enderby Island and extrapolated to the entire archipelago, which most

likely introduced estimation errors. Additionally, occasional beach counts of yellow-eyed

penguins at one site on Enderby Island over the last twenty years revealed significant daily

fluctuations like the mainland population (Chilvers et al., 2014). It is probable that a population
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decline similar to the mainland is also occurring on both subantarctic island groups (Mattern &

Wilson, 2018).

Over the past 48 years, yellow-eyed penguins and their chicks have been marked extensively

throughout the mainland population (Darby & Seddon, 1990; Department of Conservation,

2021; Ellenberg & Mattern, 2012; Mattern & Wilson, 2018; Moore, 2001; Seddon et al., 2013).

Although it is not possible to infer a total, current population estimate because of the lack of

data, a number of studies have examined demographics, distribution, and population parameters

(e.g., Beer, 2009; Boessenkool et al., 2009b, 2010; Chilvers et al., 2014; Dilks & Grindell, 1990;

Efford & Spencer, 1996; Houseman, 2018; King et al., 2012; Massaro & Blair, 2003; Moore et

al., 1991; Moore, 1992a, 1992b; Muller et al., 2020b; Stein et al., 2017a; Young, 2014), resulting

in a robust understanding of trends and survival primarily within the yellow-eyed penguin

northern population (see Ellenberg & Mattern, 2012 for a complete summary). Overall, the

survival rate of juveniles and chicks is poor, breeding recruitment is low, and a sex imbalance

towards male penguins is contributing to the population decline (Stein et al., 2017a). The

compounding effect of terrestrial and marine threats, particularly introduced predators, disease,

mass mortality events, unregulated tourism and human disturbance, habitat degradation, fisheries

interactions and by-catch, starvation, and climate change (Mattern & Wilson, 2018; Seddon et

al., 2013), and their inability to cope with or adapt to the continual pressures, means yellow-eyed

penguins might become functionally extinct on the mainland in the next 10-30 years

(Houseman, 2018; Mattern et al., 2017; Mattern & Wilson, 2018). Conservation management of

yellow-eyed penguins addresses many of the terrestrial threats, but nothing directly has been

done to protect them at sea. The lack of research on the marine distribution and habitat use of

yellow-eyed penguins thus precludes the implementation of any informed, effective measures of

protection for this beleaguered species.

1.3 At sea: foraging ecology and diet

Yellow-eyed penguins generally forage over the continental shelf within 25 km of their breeding

areas, although some individuals may travel further offshore, up to 50 km, particularly over

winter (Mattern et al., 2007). Foraging range is highly site specific with high individual and

seasonal variation. For example, yellow-eyed penguins from the Otago Peninsula tend to forage
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5-16 km from shore in waters 40-80 m deep, while in the Catlins they tend to forage 6-30 km

from shore in waters 80-120 m deep (Moore, 1999). Yellow-eyed penguins are specialised

benthic foragers, although pelagic foraging does occur due to certain environmental conditions

and individual preference. As benthic foragers, they search for prey at the seafloor, typically

diving to depths less than 100 m but up to 160 m (Mattern et al., 2007; Seddon et al., 2013).

They are unlikely to forage in water deeper than about 150-160 m (Ellenberg & Mattern, 2012).

Yellow-eyed penguins are selective foragers whose main prey species include demersal blue cod

(Parapercis colias), opalfish (Hemerocoetes sp.), red cod (Pseudophycis bachus), silverside

(Argentina elongata), and blue warehou (Seriolella brama), as well as more pelagic prey, such

as sprat (Sprattus sp.) and āhuru (Auchenoceros punctatus; Browne et al., 2011; Davis & Darby,

1990; Mattern et al., 2018a; Moore & Wakelin, 1997; van Heezik, 1990a, 1990b; Young et al.,

2020). Krill (Nyctiphanes australis), arrow squid (Nototodarus sloani), and several other types

of crustaceans and cephalopods are also common prey (Moore & Wakelin, 1997; Young et al.,

2020). Studies have examined prey species, meal weight, and prey abundance in stomach

samples from yellow-eyed penguins. There is a significant geographical difference in prey

composition (van Heezik, 1990a, 1990b). For example, in 1984-1986, penguins from one North

Otago breeding site caught large quantities of sprat, while penguins from another site 10 km to

the north took mostly opalfish, red cod, and silversides (van Heezik, 1990b). This variation is

observed in subsequent studies, with penguins from the Otago Peninsula and the Catlins

predominantly taking opalfish, blue cod, and arrow squid, as well as āhuru in large quantities

(Moore & Wakelin, 1997). Individual variation in prey preference was noted as well, with

certain penguins more likely to consume a specific prey item, which reflects the tendency of

individuals to revisit specific foraging areas (Mattern et al., 2007; Moore & Wakelin, 1997).

There is seasonal variation in prey composition (van Heezik, 1990a), hypothesised to be

dependant on prey availability, which results in varying caloric values and overall diet quality

while affecting overall survival and breeding success. Breeding success was higher in years

when opalfish, red cod, and sprat were the most abundant prey items, as opposed to blue cod and

arrow squid, both of which have lower oil and fat contents (van Heezik, 1990a). Most recently,

DNA metabarcoding of yellow-eyed penguin faecal samples has identified 29 different

ray-finned fish species and five cephalopod species making up their current diet, with seven key

species having a frequency of occurrence greater than 50% in samples. Young et al. (2020)
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suggest that a dietary shift in the composition and frequency of prey species has occurred over

the past 30 years, with blue cod occurring in 100% of samples, previously identified prey no

longer being taken, and 16 new prey species being detected. Although the reason for this change

is unknown, it is hypothesised to be the result of environmental change or overexploitation of

some prey species as a result of anthropogenic activities. The patchy distribution of prey species

in the marine environment is likely a key factor influencing the overall range of yellow-eyed

penguins. Any conclusions drawn about their marine ecology, particularly with regards to their

distribution in space, must therefore consider if and how yellow-eyed penguins are interacting

with their prey.

The current literature on yellow-eyed penguins overwhelmingly focuses on terrestrial studies of

population dynamics, reproduction, disease and mortality, and human disturbance (summarised

in Webster, 2018). Although it is thought that the marine environment is the main driver of

population instability (Ellenberg & Mattern, 2012), there have only recently been studies

documenting their at-sea behaviour, specifically their foraging ranges (Mattern, 2006; Mattern et

al., 2007, 2013; Moore et al., 1991, 1995; Moore, 1999; Muller et al., 2021), diving behaviour

(Chilvers et al., 2014; Ellenberg & Mattern, 2012; Mattern, 2006; Mattern et al., 2007, 2018a;

Muller et al., 2020a; Seddon, 1990), and diet (Moore & Wakelin, 1997; van Heezik, 1990a,

1990b; van Heezik & Davis, 1990; van Heezik & Seddon, 1989; Young et al., 2020). There are

currently no published studies on the spatial relationship between yellow-eyed penguins and

their marine habitats or the environmental, biotic, and anthropogenic covariates that may drive

their dispersal and foraging distribution. The extent of variability in home range size,

distribution, and habitat use between seasons, sexes, and geographic regions is also unknown.

Only with a complete understanding of how yellow-eyed penguins interact with and use their

marine environments can we implement conservation measures that will be effective at

mitigating the population decline.

1.4 South Island, New Zealand marine environment

The marine regions of New Zealand support a high abundance and diversity of marine predators

such as marine mammals and seabirds (Marchant & Higgins, 1990). Like many of these

predators, yellow-eyed penguins are reliant on the continental shelf for abundant and predictable
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prey (Moore et al., 1995). The survival and distribution of both penguins and their prey are

directly related to the environmental conditions in which they forage. The following description

of the marine environment off the southeast coast of the South Island and Stewart Island, within

the mainland breeding extent yellow-eyed penguins, provides context for the hypotheses

regarding the relationship between yellow-eyed penguins and their ocean habitat.

The continental shelf seas surrounding New Zealand extend from the coast to the shelf edge,

occurring at approximate depths of 125-150 m (Carter et al., 1985; Gorman et al., 2013; Stevens

et al., 2019; Sutton, 2003; Wood & Probert, 2013). The land mass of New Zealand is part of the

submerged Zealandia continent in the South Pacific Ocean (Mortimer et al., 2017). The width of

the shelf varies due to the structure of the continent, from more than 100 km at its widest along

the southwest of the North Island to nearly non-existent off the south-west coast of the South

Island (Figure 1.2). About 200 km south of the South Island, the Snares Shelf surrounding the

Snares Island amalgamates with the mainland shelf of Stewart Island to create a large,

continuous area of shelf seas. On the east coast of the South Island, two headlands, Otago

Peninsula to the south and Banks Peninsula to the north, incise the shelf by 20 km and 40 km,

respectively (Stevens et al., 2019; Wood & Probert, 2013). The shelf is narrower off the Catlins

coast (south of the Otago Peninsula), and it is only about 10 km wide due east of the Otago

Peninsula.

The Southland Current flows north from Stewart Island following the topography of the

continental shelf (Figure 1.2), and veers east at Banks Peninsula over the Chatham Rise (Gorman

et al., 2013; Stevens et al., 2019; Sutton, 2003; Wood & Probert, 2013). The current is a mix of

salty and warm Subtropical Water (STW) originating to the west-northwest of New Zealand, and

colder, nutrient-rich Subantarctic Water (SAW) which travels north as part of the Antarctic

Circumpolar Current system (Hopkins et al., 2010; Sutton, 2003). Comprised of mostly SAW,

the current advects low density, cold water into the STF. It also continues to travel north along

the North Island, first flowing through the Mernoo Saddle, and joins STW in the south-flowing

East Cape Current (Sutton, 2003). A series of eddies and the fast-flowing Cook Strait, which

separates South and North islands, create complex patterns of water circulation in this area. The

horizontal temperature-salinity-density gradient that is associated with the Southland Current

delineates the Southland Front and is part of the global Subtropical Front (STF) that flows

eastward from the Tasman Sea. As it approaches the Chatham Rise, the Southland Front
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increases in width and the temperature range decreases, resulting in a decrease in the strength of

the frontal gradient; the STF is sustained by the convergence of southern SAW and northern

STW masses (Hopkins et al., 2010). Although the Southland Front often extends past the shelf

break and marks the eastern boundary of the Southland Current, which flows inshore over the

shelf (Hopkins et al., 2010), the link between Front and Current creates a complex system that is

highly variable in location, size, and strength. This often results in the current moving offshore

of the Southland Front, especially where the shelf is narrow (Sutton, 2003).

The inner margin of the Southland current is delineated by another saline/temperature front

between seasonally variable nearshore waters (Carter et al., 1985). This band of neritic water

occurs along the coast at depths 0-50 m (often extending 5-10 km from shore). The salinity,

temperature, and sediment transport of this inshore zone is controlled mostly by outflows from

the Clutha River (and Taieri River to a lesser degree) and other freshwater systems (Gorman et

al., 2013; Stevens et al., 2019; Wood & Probert, 2013). In addition to the Southland Current and

the mixing of river, Subantarctic, and Subtropical Water, tidal flows, storm events, wind, and the

physical boundary off the Otago and Banks Peninsulas create a highly variable water system

across the entire continental shelf (Gorman et al., 2013; Stevens et al., 2019).

The flow of nutrient-rich SAW within the Southland Current, combined with the frontal system

over relatively shallow seas, results in areas of increased productivity. In the spring and autumn,

SAW extends further inshore beneath the warming neritic coastal water, bringing with it more

nutrients. Due to this, the warmer coastal waters spread over the top of and mask the adjacent

Southland Current waters around the Otago Peninsula (Hopkins et al., 2010). Additionally,

south-westerly winds cause downwelling of warmer surface waters and increases mixing

(Stevens et al., 2019; Sutton, 2003). Potentially higher nutrient loads occurring over larger shelf

areas support the springtime spawning of many seabird prey species, including blue cod and red

cod. The heterogeneity of the seafloor also results in non-uniform nutrient availability, creating a

patchy distribution of highly productive areas that support prey species and their predators. Due

to the constant flow of the Southland Current, river outflows (particularly the Clutha River), and

inshore tidal waves, bands (common in the inner and mid shelf) and discrete patches (common

in the outer shelf) of sediment create an undulating coastal, mid, and outer shelf seafloor

(Bostock et al., 2019; Carter et al., 1985). Features, often associated with specific sediments,

create additional habitat on an otherwise sparce seafloor for a diverse range of benthic fauna. For
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Figure 1.2 – Major currents, fronts, and eddies off the eastern coast of New Zealand, adapted
from Chiswell et al. (2015) and Hart et al. (2008). Warmer, Subtropical Water (STW) in red and
cold, Subantarctic Water (SAW) in blue meet at the Subtropical Front (locally called the
Southland Front) and mix in the Southland Current. Seafloor depth is shown as shaded relief,
ranging from shallow seas of light blue to deep ocean in dark blue (Mitchell et al., 2012), with
contours at -500, -1000, and -2000 m. From north to south: 1- Waipaoa River; 2- Wairoa River;
3- Ruamahanga River; BP- Banks Peninsula; CB- Canterbury Bight; 4- Rakaia River; 5-
Rangitata River; 6- Waitaki River; OP- Otago Peninsula; 7- Taieri River; 8- Clutha River; OFC-
Otago Fan Complex; FS- Foveaux Strait; SI- Stewart Island.
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instance, bryozoan thickets occur predominantly on mid-shelf gravel beds or coarse sediment in

water greater than 70 m deep where continuously flowing currents are relatively fast (Wood &

Probert, 2013).

Like all other penguin species, yellow-eyed penguin breeding distribution is linked to cold water

currents and the environments they influence. These currents contribute to nutrient upwelling,

especially because they often occur at oceanic fronts and shelf breaks where thermoclines and

haloclines sustain increased primary productivity and support prey aggregations. These

productive areas attract marine predators such as penguins. Moreover, the depth of the seafloor

off the South Island coast is within the physiological capability of yellow-eyed penguins,

allowing them to forage benthically on this coastline. Therefore, seafloor sediment type is likely

to also be important to delineate certain areas supporting targeted prey species. The finite ranges

of certain environmental factors both directly and indirectly affect penguin foraging behaviour

(e.g., dive depth, time, diving efficiency), occurrence (e.g., space use, range size), breeding

success (e.g., successful prey captures, provisioning young), and, ultimately, survival.

1.5 Use of data loggers

Animal-borne data recorders and transmitters are increasingly being used to capture location and

movement data of animals in order to provide insight into their spatial and temporal distribution,

horizontal and vertical movements, foraging ecology, and habitat use (Cagnacci et al., 2010;

Latham et al., 2015; Recio et al., 2011a). Over the past few decades, animal tracking technology

has improved immensely through miniaturisation, increases in battery longevity and data

storage, improvement in accuracy and precision, and unit cost reductions (Harcourt et al., 2019;

Recio et al., 2011b). Because of these continual advances and additions of new sensors and other

components, telemetry transmitters, time-depth dive recorders, and Global Navigation Satellite

System (GNSS) loggers have enormous data collection capabilities. With these data, it is now

possible to determine general habitat preference, home range size, season foraging variation,

probability of occurrence, and foraging behaviour of marine species.

Some of the first animal-borne devices approximated at-sea locations of animals by sending very

high frequency (VHF) radio signals based on electromagnetic waves to a radio receiver
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(Cagnacci et al., 2010; Kenward, 2000), usually erected on land or deployed at sea within the

animals’ foraging range (Moore et al., 1991). For the VHF signals to be transmitted and

received, the receivers must be in range of the transmitter for the signal to be triangulated, and

the transmitters must be out of the water for an extended period of time (Kenward, 2000). This

creates a unique problem for tracking marine animals because ground surveillance is impossible.

Other types of devices that differ in the way they receive, transmit, and store location

information are now more commonly used for remote detection of marine animals. The first type

of device receives radio signals from several GNSS satellites at pre-defined intervals and

triangulates its position (Latham et al., 2015; Mattern et al., 2005; Recio et al., 2011a;

Tomkiewicz et al., 2010). These are referred to as GPS loggers or tags, since they most often use

the Global Positioning System (GPS) satellite system. Archival GPS loggers store these highly

accurate location coordinates on the device, sometimes along with high quality sensor data, such

as water temperature and pressure/depth, and must then be recovered to obtain the data. Similar

to VHF transmitters, GPS loggers must be out of the water to obtain a fix, but the one-way

communication with the numerous satellites is brief because data are not transmitted.

Additionally, loggers usually have internal antennae and smaller batteries due to the low power

requirements, making the device small and hydrodynamic.

An alternative to archival devices is one which relays fixes back to a separate satellite network or

to the more commonly used Global System for Mobile Communications (GSM) network. This

two-way communication, receiving from GPS and transmitting via GSM, allows not only

high-resolution data to be obtained from GPS satellites but also transmission of these data in

near-real time (Tomkiewicz et al., 2010). Furthermore, device settings can be sent remotely to

GMS satellite transmitters, a unique feature among the different types of devices.

The second type of device, referred to as satellite tags or platform transmitter terminals (PTTs),

transmits a radio signal similar to VHF that is received at pre-determined intervals by a specific

satellite system (Argos, for example). The satellite system relays the positional information to a

remote server which estimates location using a variety of parameters (Tomkiewicz et al., 2010).

These locations can then be downloaded in near real-time. These satellite tags are best used in

situations where tracking devices cannot be recovered, to ensure data can be obtained. Satellite

tags must also be out of the water for an extended period of time, longer than VHF and GPS
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tags, in order to transmit the potentially large amounts of data. Due to the way satellite tags

determine location, positions are typically less accurate than those of GPS tags (Tomkiewicz et

al., 2010). They also depend on satellite availability, have a limited uplink bandwidth, and have

high energy requirements, resulting in coarser, less frequent position estimates. Satellite tags

usually have an external antenna, creating a less hydrodynamic unit and increasing the

possibility of transmission failure. Moreover, each transmission adds an additional cost to the

already expensive devices.

GPS loggers and satellite tags often include other sensors to record and store additional data

such as pressure, temperature, depth, light levels, and acceleration. Alternatively, separate

time-depth recorders (TDRs) can be used in addition to telemetry devices or used alone.

Separate TDRs are beneficial because they are usually small, have a longer battery life, and are

less expensive. Combined GPS-TDR loggers, however, allow for more advanced analysis of

horizontal/vertical movement association with a specific geographic location. Additionally,

high-definition video loggers are being used more frequently to analyse foraging behaviours that

cannot be determined from GPS or dive data, such as prey pursuit metrics, time spent over

specific seafloor substrates, dive interval, surface behaviours such as breathing frequency, and

morphological mechanics such as flipper beat frequencies and amplitudes (Mattern et al.,

2018a). These devices can have advanced technology including Bluetooth® connectivity for

setting adjustments. One such device was custom designed for New Zealand penguins (Mattern

et al., 2018a), so they are able to be modified per required specifications. However, video

loggers are often large and expensive, limiting their use on smaller marine animals.

The technology for animal tracking devices is continually improving to increase battery life,

reduce size, and lower costs. However, different settings, resolution, sampling intervals, and

accuracy between devices over time may impact how data are pooled and analysed in current

and future studies. Furthermore, the attachment and removal process should follow the most

current and suitable method. While devices should conform to the accepted specifications that

reduce their impacts to the animal, optimal size, shape, and weight must be large enough to

ensure that devices not only remain affixed for extended periods of times (such as tape

attachment of back-mounted devices on penguins), but that they cannot be removed prematurely

by the animals themselves (Young, pers. comm.).
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The initial foraging studies of yellow-eyed penguin marine distributions and diving behaviour

conducted in the early 1990s used VHF transmitters (Moore et al., 1991, 1995; Moore, 1999),

which were a viable option since yellow-eyed penguins do not travel more than 75 km from

shore and return to their nesting sites regularly (Moore et al., 1991, 1995; Moore, 1999). The

first instance of using archival GPS loggers to study yellow-eyed penguin marine distribution

was in 2003 (Mattern, 2006). The loggers also featured a high-precision pressure transducer to

record depth. In several studies, separate TDRs were also used to study diving behaviour

(Mattern, 2006; Mattern et al., 2007), with some studies exclusively deploying TDRs on some

individuals (Chilvers et al., 2014; Muller et al., 2020b, 2021). Archival GPS-TDR loggers used

in more recent studies (Mattern et al., 2013; Mattern, 2021; Young et al., 2022; Young, 2022),

including this PhD research, also record water temperature and pressure to determine depth.

Loggers are attached to the lower back of a yellow-eyed penguin (Figure 1.3) and retrieved upon

recapture at nesting sites. In addition, Argos satellite tags, some featuring solar panels, have

been used to examine juvenile (Young et al., 2022) and non-breeding foraging distribution,

while GSM solar panel devices have also been trialled (Mattern, unpublished). Video loggers

have been used to study the foraging behaviour of yellow-eyed penguins on Stewart Island and

elsewhere around the mainland (Elley, 2022; Mattern et al., 2018a).

Animal-borne devices can have adverse effects on penguins. They may increase drag,

compromise the streamlined body, increase energy expenditure, affect swimming speeds, or alter

diving parameters. They may also directly or indirectly impact aspects of behaviour including

foraging trip duration, nest attendance, reproductive success, and survival (Barron et al., 2010;

Ludynia et al., 2012; Mattern et al., 2007). Penguins may be able to compensate for the

increased drag and weight of the device by adapting their foraging behaviours; however, this

may not represent ‘typical’ diving behaviours. Although it is generally accepted that device

mass should be less than 3-5% of the bird’s body weight, reducing the cross-sectional area of the

device has been found to be more important than weight (Agnew et al., 2013; Bannasch et al.,

1994; Barron et al., 2010; Culik et al., 1994). Additionally, considering shorter deployment

periods may limit the deleterious effects that may incur from long-term (i.e., weeks or months)

deployments (Agnew et al., 2013; Ludynia et al., 2012). This could have unintended

consequences of biasing the data, though; it excludes individuals that perform long-term

foraging trips where it is more likely that the device will fall off, the battery will deplete, or the
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Figure 1.3 – Yellow-eyed penguin adult (front) wearing a GPS device (just above tail) while
feeding chicks after returning from a foraging trip. Photograph taken using a Bushnell Trophy
Cam HD Essential E3 trail camera.
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penguin does not return within a realistic recovery period. For other penguin species, both

negative (e.g., Beaulieu et al., 2010; Bost et al., 1997) and minimal effects (e.g., Agnew et al.,

2013; Hull et al., 1997; Ludynia et al., 2013) of loggers have been found. However, no effect of

logger deployment on lifetime reproductive success (Stein et al., 2017b), nest attendance,

breeding success (Mattern et al., 2007), nor foraging capabilities (Mattern et al., 2018a) has been

found in yellow-eyed penguins. Wildlife tracking devices over the past thirty years have

advanced our knowledge of the marine distribution, diving behaviour, range size, habitat

preference, and the ecological niche of the yellow-eyed penguin. The future use and

improvement of these devices will allow invaluable insights on how these penguins rely on their

marine environment and increase the possibilities for research into the underwater life of

yellow-eyed penguins.

1.6 Species distribution modelling

Fundamental requirements for the conservation of endangered and threatened species begins

with understanding where they occur, why they occur there, and which environments support

their survival. Spatial analysis tools such as Species Distribution Models (SDMs) enable us to

correlate and compare animal location and behaviour data, often collected with animal-borne

data loggers, with environmental data in space and time over large spatial extents to yield

predictions and visualize the dynamic processes deriving a species distribution, dispersal, and

survival (Austin, 2002; Franklin, 2013; Franklin & Miller, 2009; Gaston & Fuller, 2009; Guisan

& Thuiller, 2005). Since a species’ distribution is dependent upon and constrained by the

interactions of physical, chemical, and biological variables, SDMs, also known as environmental

niche models, predictive habitat models, and habitat suitability models among others, correlate a

subset of known species occurrences with environmental predictors (Elith & Graham, 2009;

Franklin & Miller, 2009; González-Salazar et al., 2013; Guisan & Zimmermann, 2000). SDMs

approximate the species’ environmental niche and potential geographic distribution by assuming

that locations are not known for every individual (Hirzel & Le Lay, 2008; Hutchinson, 1957;

Phillips et al., 2006; Pulliam, 2000). They provide insight into habitat preference, environmental

tolerances, and other species-environment relationships and are being used in conservation

planning, reserve design, ecological restoration, habitat management, invasive species risk

assessment, and climate change impact predictions (Franklin & Miller, 2009). The wide range of
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uses and the ability to adapt the models to different scenarios and conditions make them

effective and increasingly popular analytical tools.

Multiple frameworks outlining the steps for implementing SDMs (e.g., Araújo et al., 2019;

Austin, 2002; Franklin & Miller, 2009; Guisan & Thuiller, 2005; Guisan & Zimmermann, 2000;

Robinson et al., 2017; Zurell et al., 2020) are based on similar elements that all modelling and

predictions require. First, an SDM needs a conceptual theory and predictions of the abiotic and

biotic factors that influence a species distribution in time and space. Second, species occurrence

data in geographical space and digital maps of environmental variables, or surrogates identified

from the theory, are required as input data. Third, these data are linked based on a statistical,

rule-based, logical, or descriptive model using one or several modelling algorithms such as

generalised linear models, random forest, and Maxent. Fourth, a tool such as a geographic

information system (GIS) is used visually to explore predicted species occurrence or habitat

suitability. Lastly, data and specific criteria are used to evaluate potential error and uncertainty in

the predictions. Each of these steps must be completely considered for an SDM to be a valid

way to understand the interactions of a species with its environment. While these frameworks

are typically set out linearly, continual adaptations throughout the modelling process is required

to improve predictions as environmental data or modelling algorithms are changed or selected

(Guisan & Thuiller, 2005).

In this thesis, I applied these steps to GPS data using Maxent, a machine-learning SDM

approach, to examine which marine environmental factors influence yellow-eyed penguin

distribution, in addition to methods calculating home range (e.g., kernel densities, local convex

hulls). Maxent follows the theory of maximum entropy to predict the probability of occurrence

or habitat suitability, while approximating the environmental niche of a species (Phillips et al.,

2006; Phillips, 2017). In other words, the algorithm derives the most likely probability

distribution of a set of variables that is closest to uniform (i.e., the most spread out or that which

maximises entropy; Phillips et al., 2006). Maxent is a widely used method that is suitable for

presence-only data, like GPS tracks(Elith et al., 2011; Phillips et al., 2006) and has been shown

to handle temporally or spatially correlated data (Afán et al., 2014; Boria et al., 2017;

Hunter-Ayad et al., 2021; Ramírez et al., 2014; Recio et al., 2018). It consistently shows high

evaluation performance when compared to other methods (Elith et al., 2006, 2011) and is not a

common method implemented by researchers, organisations, and governments for marine spatial
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planning and other conservation management purposes (Elith et al., 2011). See Chapter 4 for

more details about Maxent.

1.7 Thesis aims and outline

In this thesis, I used multiple spatial methods to test hypotheses about the marine habitat

selection, range size, distribution, and foraging ecology of yellow-eyed penguins in New

Zealand. The ultimate aim of my research was to quantify and visualise patterns of distribution

and to assess threat and protection levels in a way that provides actionable results for the benefits

of improved marine spatial planning and conservation management decisions for this endangered

species. Each chapter presents specific hypotheses related to the following research objectives.

In Chapter 2, I summarise the physical terrain features, biochemical properties, and

hydrographic elements which have been hypothesised to influence penguin foraging ecology. I

review studies that employ SDMs to predict or explain penguin distribution and identify the

most frequently used variables in these SDMs. This chapter provides context for the subsequent

chapters, particularly Chapter 4.

In Chapter 3, I quantify individual and population home ranges and examine spatial and

temporal variation in home range size using GPS tracking data. I compare foraging behaviour

between breeding sites and determine if population-level spatial overlap exists between sexes

and across seasons. I predict that (i) breeding site and (ii) season are predictors of individual

home ranges size while (iii) sex is not. I also hypothesise that (iv) population-level distributions

do not vary in size between males and females but do vary in size and overlap between (v)

breeding sites and (vi) seasons. Finally, I predict that (vii) there is significant overlap between

areas of predominantly benthic diving and areas of pelagic diving.

In Chapter 4, I use SDMs to predict yellow-eyed penguin distribution and identify

environmental variables that influence their occurrence. Due to the distinct foraging behaviours

of yellow-eyed penguin over their range, I create and compare five subpopulation models using

GPS data. I also consider how the predictor distance to colony influences their distribution. I

predict that (i) distance to the nearest colony, bathymetry, and sediment type are the most

important variables for SDM predictions, (ii) areas of high probability of presence are congruent
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between seasons, even though overall space use will extend over a larger area outside of the

breeding season, and (iii) there are significant differences in foraging range between

subpopulations. This is the first comprehensive use of SDMs in yellow-eyed penguin research

and highlights this approach as a tool for conservation decision-making.

In Chapter 5, I examine the spatial overlap between penguins and their environment, resources

(i.e., prey), risks (i.e., fisheries interactions), and areas of refugia (i.e., marine protected areas). I

illustrate with examples how SDMs can be used as tools in marine spatial planning and

conservation management. I predict that (i) species richness of key prey species is high in areas

of high habitat suitability for yellow-eyed penguins, (ii) yellow-eyed penguin suitable habitat

overlaps significantly with all types of commercial fisheries but especially gillnet fisheries, and

(iii) yellow-eyed penguin suitable habitat overlaps minimally with established and proposed

MPAs.

I summarise each chapter in the general discussion Chapter 6 and draw general conclusions

with regards to patterns of distribution and habitat use of yellow-eyed penguins on mainland

New Zealand. I suggest future research and management goals for yellow-eyed penguins in the

face of habitat and climate change.

There are individual appendices for Chapters 3 and 4, followed by an appendix summarising

first author and co-authored papers published or submitted for publication during this PhD, and

conference presentation abstracts.
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Chapter 2

A guide to commonly used marine variables in
species distribution and habitat modelling of

penguins

2.1 Introduction

It is widely known that the spatial and temporal distributions of marine organisms are influenced

by interactions between seafloor topography and sediment structure, currents, coastal

tides/wind-driven waves, biochemical water properties, and biotic processes (Schmidtko et al.,

2017), and that those environmental variables are often limiting factors to dispersal and

occurrence (Bradie & Leung, 2017; Gaston & Fuller, 2009). For instance, benthic marine

foragers are restricted to areas where seafloor depth is within the physiological capabilities of a

given species. Methods such as species distribution modelling (SDM) are used with increasing

frequency to infer the relationship between a species and environmental factors to answer

ecological questions, such as where does a species occur, which environments can they be found

in, and do their distributions change over time (Franklin & Miller, 2009). Data for marine SDMs

are typically collected via animal-borne data loggers and remote sensing of the marine

environment, tools which are continually improving and have become more readily available and

affordable in recent years (Harcourt et al., 2019; Hays et al., 2019). However, decision-making

prior to modelling remains a critical step to fitting valid and meaningful SDMs. Despite being

fundamental to fitting SDMs, the process of identifying suitable modelling methodology,

selecting representative variables at correct temporal/spatial scales, and obtaining enough

high-quality species presence points, absences, or pseudo-absences can be challenging (Araújo

et al., 2019). This is especially true for marine organisms and those that are semi-aquatic, such

as penguins, primarily because of the three-dimensional and dynamic nature of the ocean, as
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well as researcher inability to visually observe an animal when it is underwater or far from land

(Brodie et al., 2018; Franklin & Miller, 2009; Häkkinen et al., 2021; Melo-Merino et al., 2020).

The appropriate selection of model variables often determines the performance of the model

itself and is arguably one of the most important and challenging aspects of SDM (Araújo &

Guisan, 2006; Austin, 2002; Elith & Graham, 2009; Franklin & Miller, 2009). Conceptually,

predictor variables related to light, temperature, water, nutrients, disturbance, and biotic

interactions (Austin & Van Niel, 2011; Franklin & Miller, 2009; Guisan & Thuiller, 2005) can

affect food sources, resource availability, vegetation structure, and general physiological

processes associated with metabolic rate and reproduction (Fourcade et al., 2018; Williams et

al., 2012). Candidate variables in SDMs should be primarily proximal factors that have a

direct/causal effect on that species, such as temperature, or that are consumable resources, such

as prey or water (Franklin & Miller, 2009; Williams et al., 2012). However, distal factors can

also be considered, which have indirect effects on the focal species (i.e., elevation, slope) and are

often proxies or surrogates to proximal variables that are difficult or impossible to measure

(Franklin & Miller, 2009; Williams et al., 2012). Although most environmental factors used in

SDMs are abiotic, it is important also to consider biotic interactions, such as prey and predator

distributions, and anthropogenic interactions, such as fishing intensity and vessel traffic (Wisz et

al., 2013).

Variable selection is based on many factors, including data availability and format, reliability of

data collection, the purpose of the model, potential for a variable to be a proxy for another

environmental factor or process not readily measured, the known influence on other species or

populations, or hypothesised importance to the focal species (Austin, 2002; Franklin & Miller,

2009; Guisan & Thuiller, 2005; Häkkinen et al., 2021). Statistical models are a way to quantify

interactions, and their purpose is to infer the underlying ecological processes responsible for the

observed patterns in distributions (Austin, 2002; Franklin & Miller, 2009). This is possible only

if environmental variables contribute to that ecological process, often disproportionately (Austin,

2002; Bradie & Leung, 2017; Robinson et al., 2011). Furthermore, it is impossible to consider a

variable independently, as the correlation between environmental factors is what characterises an

ecosystem and the processes within (Fourcade et al., 2018). Variation in a single factor often

leads to changes in many other factors as well. For instance, changing sea surface temperature

(SST) directly affects primary productivity and salinity, among other factors, resulting in altered
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prey aggregations. This has a bottom-up effect for penguins, which are both directly (i.e.,

thermoregulation and dive behaviour) and indirectly (i.e., prey availability) affected by

temperature variability. Moreover, species interact with their environment at varying spatial and

temporal scales, particularly in dynamic ecosystems such as the ocean (Melo-Merino et al.,

2020). Acknowledging and using these relationships between environmental variables is

imperative in SDMs and model interpretation.

There are 18 species of penguins, found in all continents and oceans throughout the Southern

Hemisphere, ranging from Antarctica and Subantarctic islands in the Southern Ocean to more

temperate coasts of Australasia in the South Pacific and the warmer climes of South America

and Africa, with foraging zones in the Indian, Atlantic, and eastern Pacific Oceans

(García-Borboroglu & Boersma, 2013). As flightless seabirds, penguins spend the majority of

their life at sea, so their survival is explicitly linked to the functioning and health of the ocean

(Boersma, 2008). In many studies, marine environmental variables are used as model predictors

to explain penguin terrestrial distribution (e.g., Cimino et al., 2013), reproductive and breeding

success (e.g., Johnson & Colombelli-Négrel, 2021; Mattern et al., 2017), dive metrics (e.g.,

Berlincourt & Arnould, 2015; Bost et al., 2015; Kowalczyk et al., 2015; Lyver et al., 2011;

Masello et al., 2010; Péron et al., 2012; Phillips et al., 2019), and at-sea movement (e.g., Bost et

al., 1997; Guinet et al., 1997). These analyses draw conclusions about how the marine

environment affects population size and foraging behaviour; however, they do not consider

marine influences on the spatial occurrence of penguins. In this review, I explain the

relationships between key marine variables as they relate to penguins and summarise 20 studies

that employed these variables in SDMs to predict penguin foraging distribution and habitat use.

This overview is intended to guide and justify variable selection in future marine SDMs of

penguins (or seabirds in general) while providing insight into which variables might influence

penguin foraging occurrence.

2.2 Reviewed sources

This review summarises marine variables and environmentally related conclusions from 20

primary references. Requirements for inclusion in this review were: (i) published in

peer-reviewed journal, (ii) fitted models for at least one penguin species, (iii) employed Global
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Positioning System (GPS), Platform Transmitting Terminal (PTT), or global location sensor

(GLS) animal-borne loggers to collect presence points, and (iv) used modelling methods

including Maxent, random forest (RF), linear mixed models (LMM), generalised linear mixed

models (GLMM), generalised additive models (GAM), boosted regression trees (BRT),

Mahalanobis distances factor analysis (MADIFA), or ensemble modelling. This review includes

all primary literature on marine SDMs of penguins, to the best of my knowledge, but this may

not be an exhaustive list. Some grey literature (e.g., Ballard et al., 2010; Mattern, 2020) and

academic theses also fit these criteria, but I excluded them since they were not peer-reviewed.

See Table 2.1 for a list of sources.

I summarised each source by first identifying the focal penguin species, the region where the

study occurred, the years and season (i.e., breeding, premoult, non-breeding) when data were

collected, and what type of animal-borne devices were used (i.e., GPS, Argos PTT, GLS). In

most cases, if a GPS device was used, a time-depth recorder (TDR) was also deployed to

measure temperature and pressure. I also determined which modelling algorithm the authors

used. All studies that fitted Maxent models used the Maxent software (Phillips et al., 2021),

whereas all other models were executed in R programming software (R Core Team, 2021).

Lastly, I identified the environmental predictors used to fit the marine SDMs for each study. For

all single-species studies, I differentiated between variables that were used in the models, and

those that were used and found to be significant. For LMM/GLMM/GAM models, I considered

significant variables as those retained in the final, selected model, while for all other models I

considered the top three variables in relative influence or importance as the most significant. For

multi-species studies, I considered the top three variables in all models (Reisinger et al., 2018)

and all variables retained for all final models (Warwick-Evans et al., 2019). I did not

differentiate significance between different species for Baylis et al. (2019) because all variables

were significant in at least one model. See Figure 2.1 for a heatmap of all environmental

variables by source.
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Table 2.1 – Summary of sources referred to in review. Each source indicates the species of
penguin tracked, a generalised time period and the season (breeding, non-breeding, premoult) in
which the penguins were tracked, and the type of animal-borne loggers used to collect data. The
method used to implement spatial distribution models are either generalised linear models
(GLM), generalised additive models (GAM), random forest (RF), boosted regression trees
(BRT), Maxent, or ensemble models.
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Figure 2.1 – Heatmap (left) and frequency bars (right) of the environmental variables used
(yellow) in the models presented in each reference. The variables which were retained in the
final selected GLM/GAM models or the top three significant variables for all other models are in
red, and variables excluded from the models are in blue.
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2.3 Marine environmental variables

2.3.1 Bathymetry and seafloor geomorphology

Bathymetry, or seafloor depth, is one of the most frequently used environmental factors in

marine SDMs. It was considered in 17 out of 20 studies predicting the marine distribution of

offshore and inshore foragers, as well as benthic and pelagic diving penguins, and was a

significant variable in 11 studies (Figure 2.1). The web of interactions involving bathymetry and

its indirect and direct effects on the hydrology and biophysical features in the marine

environment is complex. Bathymetry delineates the continental shelf, where the seafloor is

relatively shallow (less than 100-500 m deep, depending on location), gently declining until the

shelf break, at which point depth increases rapidly along the continental slope until levelling at

the continental rise or deep ocean (Harris et al., 2014). As depth increases, temperature and light

availability decrease, while salinity and pressure increase. Therefore, bathymetry is a proxy for

these more dynamic variables (Bradie & Leung, 2017; McArthur et al., 2010; Soanes et al.,

2016). It is also a physical property that does not change over short periods of time. Moreover,

bathymetry as well as other topographic and relief variables including slope, aspect (direction of

slope), and ruggedness or roughness (variability in bathymetry), characterise physical structures

such as the continental shelf, shelf edges, and seamounts. These features have fundamental

impacts on ocean circulation, directing water flow and currents while determining mixed-layer

depth (Harris et al., 2014). Upwellings of cold, nutrient-rich water and currents direct nutrient

flows from deeper depths to the sea surface, creating areas of higher primary productivity (Cox

et al., 2018; Warwick-Evans et al., 2019; Weimerskirch, 2007), so bathymetry can be indirectly

associated with prey availability as well. For instance, Evans et al. (2020) found bathymetry to

be a significant predictor of zooplankton and krill abundance, which were both important in

GAM models of little penguin (Eudyptula minor) distribution in Tasmania; however, bathymetry

was not used in the penguin models to prevent environmental autocorrelation. Also, little

penguins are pelagic foragers, so the potential direct influence of depth on their behaviour is

likely minimal.

Slope, aspect, and ruggedness are all derived from bathymetry. Slope, or depth gradient, is a

measure of variability and steepness of the seafloor, while aspect indicates the direction of that
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slope. Along with ruggedness, or the variability in depth, they facilitate nutrient mixing and

create biogeographic boundaries that constrain dispersal and foraging. As proxies for habitat

complexity and heterogeneity, these variables can delineate landforms or other physical features

such as reefs. Despite typically being highly correlated with bathymetry and aspect, slope was

used in 14 studies overall, all of which also included bathymetry (Figure 2.1). Even though it

was the third most frequently used variable, only five studies found slope to be significant or

retained in final models for king (Aptenodytes patagonicus; Bost et al., 2009; Péron et al., 2012;

Pütz et al., 2014), African (S. demersus; van Eeden et al., 2016), and southern rockhopper

penguins (Eudyptes chrysocome; Baylis et al., 2019). Aspect and ruggedness, however, were

rarely used (three studies each) and never found to be significant for the distribution of penguins

(Figure 2.1).

The scale at which roughness, slope, and aspect affects large-scale, dynamic processes may be

too coarse to influence penguin distribution, especially for central-place foragers whose

dispersal is relatively restricted (Baylis et al., 2019). The gradient of depths along a continental

shelf is also relatively small (0-150 m) compared to depth variations past the shelf break in the

open ocean (> 3000 m). While many species are known to perform benthic foraging dives,

including gentoo (Pygoscelis papua; Harris et al., 2020), southern rockhopper (Tremblay &

Cherel, 2000), African (Sutton et al., 2020), and chinstrap (P. antarctica; Takahashi et al., 2003),

yellow-eyed penguins are known to forage almost exclusively at the seafloor (Mattern et al.,

2007). OTher species, however, may not be directly or frequently interacting with the seafloor.

Even for benthic divers, topography may determine dive shape but is unlikely to have a major

impact on their geographic distribution (Sutton et al., 2020). Additionally, species which forage

beyond the shelf break, such as southern rockhopper, and Magellanic (S. magellanicus)

penguins, are obligate pelagic foragers because the seafloor depth often exceeds their dive

capability for the majority of their foraging trips (Baylis et al., 2019). As such, complex

structures including canyons, trenches, and the continental rise comprising deep ocean

geomorphology (Harris et al., 2014) do not directly influence penguins, but rather affect water

circulation and all interconnected properties.
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2.3.2 Temperature and salinity

Water temperature affects most aspects of the marine environment, both directly and indirectly.

Climate, including surface and air temperatures, wind, precipitation, and solar radiation,

determines heat exchange at the sea surface. As depth increases, the temperature of the water

column decreases. A thermocline can form between the warmer surface waters and cold deeper

waters when temperature decreases rapidly (Dipper, 2016). The depth and magnitude of a

thermocline is determined by water circulation and upwellings of nutrient-rich, deep, and cold

water to the surface (Colling, 2001). Sea temperature and density also determine the depth at

which surface and subsurface waters mix (Figure 2.2). In addition, fronts can be detected by a

lateral thermal gradient where two current systems of cooler and warmer waters meet (Evans et

al., 2020). Frontal zones have increased primary productivity due to constant water circulation

and have been shown to be key foraging areas for many seabirds including penguins (Bost et al.,

2009). Likewise, penguins are known to alter their diving depths based on the depth of the

thermocline to exploit the fish aggregations there (Bost et al., 2015; Charrassin & Bost, 2001).

Thermal gradients and thermoclines are accompanied by salinity and density gradients which

can act as foraging cues for concentrated prey (van Eeden et al., 2016). The thermocline can

even act as a barrier similar to the seafloor, preventing penguins and prey from dispersing into

deeper waters (Ropert-Coudert et al., 2009).

Similar to a thermocline, a halocline can delineate productive areas, and the specific range of

salinity required for prey species to live is also indirectly related to the foraging success of their

predators (Dipper, 2016). Salinity decreases with increasing temperature and depth, and

concentration change due to the flux of freshwater from precipitation and evaporation, as well as

from river discharge and the freezing and melting of sea ice (Colling, 2001). An increase in

salinity also decreases the temperature at which sea water freezes, impacting sea ice formation

and melting. Additionally, seabirds and marine mammals are directly affected by salinity while

foraging, because they are physically immersed in water. Moreover, when consuming prey,

animals not only gain energy and nutrients but also obtain the necessary salts and water for

physiological functioning (Dipper, 2016). However, the effects of salinity concentration are

likely more relevant for prey species.
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Most marine organisms survive within a narrow range of water temperatures and salinity

concentration, which can be used to predict their foraging distributions (Dipper, 2016). Several

components of these ranges must be considered to model penguin distribution: time, depth, and

appropriate summary statistics. First, heat exchange with air and warming by the sun changes

SST over a shorter time period (daily and seasonally), while it is more consistent at deep depths

(Goddijn-Murphy et al., 2021). Therefore, it is important to consider the time period that the

data represent when using these variables in SDMs (Austin & Van Niel, 2011). For instance,

most studies use coincident environmental variable and animal tracking data, unless the study

aim is to predict past or future distributions. This is even more critical due to climate change,

which is irrevocably changing the average water temperatures and related variables. As sea

surface temperatures rise, the density of surface waters is reduced (so is salinity, partially due to

a greater influx of fresh water from melting sea ice) so sea levels rise, the upward circulation of

deep, nutrient-rich cool water is inhibited, vertical mixing is impeded, and primary productivity

is likewise reduced in surface waters. On the other hand, warmer water temperatures may

facilitate increased phytoplankton growth in areas where higher wind stress on surface waters

enhances upwellings and nutrient transfer (Grémillet & Boulinier, 2009). Second, SDMs should

include variables which account for the complex vertical gradients of temperature and salinity

(Goddijn-Murphy et al., 2021). Data for SST usually represent the upper meters of the water

column, but for benthic foraging species, temperature at depth is also likely to be an important

indicator of prey assemblages at the seafloor. Finally, raw temperature data should be processed

according to a relevant summary statistic (e.g., minimum, mean, maximum). Some species

might be more influenced by their tolerance to a certain variable, such as temperature, in which

case the extremes of that variable are more likely to limit their dispersal and distribution

(Franklin & Miller, 2009).

For penguins, 15 out of 20 studies used SST or related variables including SST anomaly or

gradient (Figure 2.1). Twelve studies found SST to have a significant contribution to the marine

distribution of both temperate (i.e., little, Magellanic, African, northern rockhopper) and

Subantarctic/Antarctic species (i.e., chinstrap, king, gentoo, southern rockhopper, Adélie

Pygoscelis adeliae). Carroll et al. (2017) found both sea surface temperature and temperature at

15-20 m depths (calculated by ordinary kriging from in situ measurements) to be a significant

predictor of little penguin prey capture locations. Only one study used maximum temperature at
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depth (below 200 m) to model Adélie penguin probability of presence, although its percent

contribution to the models was less that 17% (Friedlaender et al., 2011). Salinity was used less

frequently (three studies) in the SDMs. Only Carroll et al. (2017) used subsurface salinity

(10-15 m), which along with sea surface salinity significantly predicted little penguin prey

captures. The wide-ranging use of temperature and salinity in penguin SDMs is expected given

they are key variables to the functioning of the ocean, to productivity, and as proxies for other

factors. In general, most penguin species forage in cooler sea surface temperatures, often below

the thermocline and in low salinity waters.

2.3.3 Mixed-layer depth

Although temperature and salinity are stratified throughout the water column, mixing by

wind-driven surface currents, waves, and tides creates a more homogenous layer of near-uniform

temperature, salinity, and density in the upper water column (de Boyer Montégut et al., 2004).

This mixed layer extends from the sea surface to the pyrocline where water density changes

rapidly at some depth and can also sometimes be characterised by a thermocline or halocline.

The mixed-layer depth (MLD), which is often an average over varying temporal scales, is

delineated based on arbitrary thresholds applied to temperature, salinity, and density gradients

(de Boyer Montégut et al., 2004). The global mixed-layer depth average is 40 m, although it can

extend over 1000 m deep in some areas and fluctuates seasonally and geographically in response

to interactions between other variables. Deeper mixed layers are typically less productive

because phytoplankton that are transported over greater depths are prevented from

photosynthesising for extended periods of time (Lévy et al., 2018).

Mixed-layer depth is used in many marine SDMs and to describe foraging behaviour in penguins

because it is density-dependent and combines temperature and salinity gradients into a single

variable (Evans et al., 2020). For instance, Bost et al. (2009) suggests that king penguins avoid

the surface mixing layer by diving to the productive thermocline and thus dive deeper when the

surface mixed layer is thicker and deeper. Pistorius et al. (2017) also found MLD to be the

fourth significant environmental predictor of Marion Island king penguin distribution. On

Possession Island, juvenile king penguins were predicted to more likely forage in areas where

MLD exceeded 150 m; however, Orgeret et al. (2019) found that MLD was not a predictor of
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non-breeding king penguin distribution. Two additional studies used MLD in penguin SDMs,

although it was not a significant predictor of habitat preference for southern rockhopper,

macaroni, and king penguins from Prince Edward Islands (Reisinger et al., 2018) or little

penguin from Tasmania (Evans et al., 2020). It should be noted, however, that other non-SDM

studies found MLD to influence little penguin diving behaviour (Pelletier et al., 2012;

Ropert-Coudert et al., 2009).

2.3.4 Ocean circulation

2.3.4.1 Current systems

Movement of water and transport of nutrients and organisms in the ocean is controlled in large

part by local and global current systems. Surface currents are driven mainly by wind, whereas

subsurface currents are driven mostly by density differences due to the variation in salinity and

temperature (Colling, 2001; Fossette et al., 2012). Ekman currents, which extend from the

surface to approximately 100 m, are formed due to a combination of wind stress and the Coriolis

Effect. As winds set surface waters in motion, Coriolis forces, which are caused by the rotation

of the Earth, deflect the flow to a curved path either to the right (Northern Hemisphere) or left

(Southern Hemisphere) of the direction of the wind (Dipper, 2016; Fossette et al., 2012). As

depth increases in the upper 100 m of the water column, or in Ekman layer, current speed is

reduced creating an Ekman spiral, with a net movement of the water column at a right angle

relative to the wind direction (i.e., Ekman transport; Fossette et al., 2012). When Coriolis forces

counteract the pressure gradient force, geostrophic currents are formed, which are responsible

for large-scale, global ocean circulation.

Variability in wind and Ekman transport typically near land masses also engender vertical

movement of the water column, creating convergent and divergent regions of surface water

(Dipper, 2016). Where water diverges in upwellings that bring cool, saline, and nutrient-rich

subsurface waters to the surface, the depth of the thermocline declines, raising closer to the sea

surface, and the sea surface level lowers. Where water converges in downwellings that bring

warm, nutrient-poor surface waters to deeper depths, the depth of the thermocline decreases and

sea surface levels rise (Colling, 2001). Downwellings and upwellings occur at various scales.

For instance, on a large-scale, they form at the centre of gyres, or systems of circulating ocean
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currents. Wind causes geostrophic currents and Ekman transport to diverge in upwellings at the

centre of subtropical gyres or converge at downwellings in subpolar gyres (Colling, 2001).

However, they also occur at a relatively small scale, such as within an eddy or off coastal land

masses where water is transported from the deep ocean along the continental slope and shelf to

the surface.

Subsurface currents are mostly driven by density differences between high density, cold, deep

water and low density, warm surface water. As surface currents transport water from the tropics

to the polar regions, warmer water is cooled, becomes more saline, and sinks. Then, as this

current moves towards the tropics, cold water is warmed and rises upwards towards the surface

(Dipper, 2016). Although the majority of oceanic water is moved by subsurface currents, in

combination with near-surface and wind-driven currents, the complete mechanism of this system

is still being explored. In addition, there are other types of currents, particularly near-shore, that

have similar effects on nutrient transport, temperature, salinity, and other dynamic

oceanographic processes; for example, cross- or longshore tidal currents whose velocity and

direction are determined by coastal geomorphology, specifically in relation to inlets, estuaries,

straits, and other coastal water bodies, as well as strong, localised, and transient rip currents that

usually travel seaward across the surf zone as a result of interactions between seafloor

topography, tides, waves, and other currents (Cox et al., 2018).

The presence/absence of near-surface and subsurface currents or the strength of the prevailing

current flow is commonly used in marine SDMs due to the potential to impact movement

trajectories and dispersal orientation of both predators and their prey as well as ocean

productivity (Orgeret et al., 2019). Current velocities can be measured in situ using fixed or

drifting instruments, often on moorings/ships or floats/buoys respectively, computed from

satellite observations of winds, sea surface roughness, sea surface height, and temperature, or

modelled using a combination of both measurements (Fossette et al., 2012). As expected, the

spatial resolution and temporal scale of currents must also be considered.

In general, the global terrestrial and marine distribution of penguins follows nutrient-rich,

cold-water surface currents: the Humboldt/Peru Current west of South America, the

Falkland/Malvinas Current east of South America, the Benguela Current south-southwest of

Namibia and South Africa, the West Australian Current, the Southland and Tasman currents in
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New Zealand, and the Antarctic Circumpolar Current (ACC). Although no reviewed study

incorporated subsurface current data into penguin SDMs, five papers used sea surface current

speed or its derivatives (Orgeret et al., 2019; Reisinger et al., 2018; Trathan et al., 2018;

Warwick-Evans et al., 2018, 2019). Adult Adélie penguins forage in areas with slower current

speeds, although current velocity was only significant in some years (Warwick-Evans et al.,

2019). Similarly, juveniles and non-breeding adult king penguins also forage in areas of slower

current speeds (Orgeret et al., 2019). Fast moving currents might decrease the energy required

for dispersing in the direction of the current, but this also means that more energy is needed to

return to their colony, if the penguin follows the same general path. It could be more important

to forage in productive waters with a slower current to minimise energy use. It is also likely that

currents are more related to the overall functioning of the marine ecosystem rather than having a

direct impact on penguins.

2.3.4.2 Fronts

Linear convergences of current systems are known as fronts, which are delineated by drastically

different temperatures, salinities, and productivity on either side of the convergence (Bost et al.,

2009; Colling, 2001). Because the magnitude and direction of current systems is temporally and

spatially variable across a multitude of scales, many fronts are ephemeral and dissipate relatively

quickly. However, some are considered persistent fronts which remain for long periods of time.

They also tend to emerge and disappear during the same season year after year. Frontal systems

can range from a few meters to several hundred kilometres in width and can extend hundreds or

thousands of meters in depth (Belkin & Cornillon, 2007). Similar to upwellings and

downwellings, fronts can also be convergent or divergent. As a result, variation in sea surface

height is often used to determine the location of a front, along with horizontal thermoclines or

haloclines (Ludynia et al., 2013; Orgeret et al., 2019). Fronts aggregate advected nutrients and

organisms that are prevented from dispersing across halocline or thermocline, which supports

higher biomass production and prey abundance (Bost et al., 2009; Cox et al., 2018). Moreover,

persistent fronts may be a cue directing seabirds to a predictable prey source (Bost et al., 2009;

Weimerskirch, 2007).
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There are several types of fronts which are distinguishable based on how or where they are

formed. For example, shelf and shelf break fronts occur over the middle of the continental shelf

and align with the shelf break, respectively (Cox et al., 2018). The front forms where inshore

and offshore waters meet (Belkin & Cornillon, 2007). They are likely influenced by the

geomorphology of the region, with a dramatic change in depth responsible for the significant

difference in temperature and salinity between current systems. Fronts also form at sea ice

edges, in tidal mixing zones, and between freshwater river outflows (Belkin & Cornillon, 2007).

The three fronts associated with the ACC, the Subantarctic Front (SAF), Polar Front (PF), and

the Southern ACC Front (SACCF), are all important foraging areas for penguins. For example,

king penguins forage in the Polar Frontal Zone (PFZ) between the SAF and the PF and adjust

their foraging behaviour so that their distribution coincides with the PF or the SAF (Bost et al.,

2009; Charrassin & Bost, 2001; Péron et al., 2012; Scheffer et al., 2016; Sokolov et al., 2006).

Royal (E. schlegeli) and macaroni penguins (E. chrysolophus) forage within the PFZ, while

Fiordland penguins (E. pachyrhynchus) migrate annually to the SAF and the more northern

Sub-tropical Front (Mattern et al., 2018b). In addition, other studies have linked fronts with

penguin foraging distribution, although not using SDMs (e.g., Boersma & Rebstock, 2009;

Enstipp et al., 2021; Guinet et al., 1997). Using SDMs, Ludynia et al. (2013) and Ramírez et al.

(2014) identified the location of frontal zones based on the magnitude of change, or range, in sea

surface temperature between grid cells (Figure 2.1). Sea surface height was also commonly used

to detect fronts in four other studies (Bost et al., 2011; Orgeret et al., 2019; Pütz et al., 2014;

Thiers et al., 2017), three of which found it to be an important predictor of penguin distribution

(Bost et al., 2011; Pütz et al., 2014; Thiers et al., 2017). Additionally, these studies all

acknowledged the association between offshore and inshore foraging distribution and oceanic

and tidal fronts, respectively, based on geographical comparisons of frontal zones and foraging

tracks, densities, and occurrences.

2.3.4.3 Sea surface height anomaly and eddy kinetic energy

Besides fronts, sea surface height (SSH) is also commonly used as a proxy for processes such as

oceanic heat content, upwellings, downwellings, and flow advection which not only contribute

to the formation of fronts but also to currents, gyres, and mesoscale eddies (Bost et al., 2009).
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Mesoscale eddies are pockets of circulating water that are typically formed as a subsidiary of a

fast-moving current or as a small-scale feature derived from the instability within a larger

circulating system (Martínez-Moreno et al., 2019). They can travel great distances and are part

of the ocean transport system promoting large-scale mixing of ocean waters. They are often

characterised by high productivity similar to frontal systems. The location of an eddy can be a

predictor of predator occurrence, because they also aggregate prey and affect animal dispersal.

Similar to current systems, cold-core or warm-core eddies, a result of upwellings and

downwellings, respectively, are discernible based on anomalies in SSH; eddies are circular areas

where the measured SSH determined via satellite imagery is considerably different than the

long-term average (as opposed to fronts or currents which tend to be more directed or linear).

Eddy kinetic energy (EKE) is often used instead of or in addition to SSH anomaly.

Mathematically derived, EKE is a measure of the temporal variation within the oceanic velocity

field (Martínez-Moreno et al., 2019) and can be inferred from SSH (Martínez-Moreno et al.,

2021). Moreover, sea surface temperature gradient is a proxy of EKE, with regions of high EKE

associated with strong SST gradients over large scales (Martínez-Moreno et al., 2021). While

SSH anomaly may detect the location of an eddy (or other features), EKE can measure its

strength. Of the reviewed studies, the four which used EKE also included SSH anomaly to

predict penguin distribution (Baylis et al., 2019; Péron et al., 2012; Pistorius et al., 2017;

Reisinger et al., 2018), although these variables were only significant to king penguin foraging

effort at Crozet Island (Péron et al., 2012). Neither were important to predict habitat selection

SDMs of king penguin from Marion Island, but Pistorius et al. (2017) found EKE had the

second highest relative influence on their foraging time. Three additional studies of king and

chinstrap penguins included SSH anomaly only (Bost et al., 2011; Warwick-Evans et al., 2018,

2019), although it was not a significant predictor for chinstrap habitat preference (Figure 2.1).

2.3.5 Chlorophyll a concentration and primary productivity

Phytoplankton are primary producers that photosynthesise diffused, atmospheric carbon dioxide

which facilitates the sequestering and transportation of carbon to the deep ocean (Arrigo et al.,

2008). They make up the lowest trophic level in the ocean, so they also introduce carbon into the

food web as a food source. Chlorophyll a (Chl a) is the main pigment of phytoplankton used for



Chapter 2 Commonly used marine variables in spatial modelling 39

photosynthesis. The concentration of Chl a is indicative of phytoplankton abundance and

biomass, the rate of photosynthesis, and thus primary production occurring in the upper layer of

the water column (Arrigo et al., 2008). Areas of high primary productivity are typically good

predictors of prey aggregations because they can support larger numbers of higher trophic level

organisms.

Water circulation by current systems facilitates phytoplankton and nutrient movement, so any

factor influencing mixing will also influence primary productivity (Figure 2.2). Areas of

upwelling transport cold, nutrient-rich, deep ocean waters to the surface, where, combined with

light, phytoplankton are able to photosynthesis and as a consequence support the rest of the food

web (Grémillet et al., 2008). As a result, phytoplankton biomass and distribution are

coincidental with sea surface temperature and salinity. For instance, although adequate light is

available year-round, warm tropical waters can be nutrient deficient because of arrested

upwelling of nutrients over the thermocline, which strengthens during the summer. Antarctic

waters are cold and nutrient-rich, but productivity is mediated by the low light levels and, more

importantly, reduced availability of other nutrients, at least for part of the year. This

high-nutrient, low chlorophyll a phenomenon occurs in the Southern Ocean and other areas

throughout the global ocean (Arrigo et al., 2008). Phytoplankton productivity responds to the

long-term and short-term temporal variability in many of the interconnected oceanographic

processes and to factors such as temperature and acidity. For instance, seasonal eutrophication

and blooms, or areas of rapid accumulations of phytoplankton, occur in regions of warming

surface water that have been recently re-enriched with nutrients or that have greater thermal

stratification, strong upwellings, or high EKE.

Ocean colour obtained via satellite imagery is used to determine primary productivity (usually

mg/m3 Chl a). As a result, data represents the near-surface Chl a concentration only and does

not reflect productivity throughout the water column. Furthermore, like temperature and salinity,

the time scale and concentration statistic (e.g., mean, maximum, minimum) must also be

considered for primary productivity data as well (Boersma et al., 2009). If possible, SDMs

should use data of corresponding time periods and scale to reduce mismatch between

distribution and productivity.
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Primary production or Chl a concentration is one of the most used marine environmental

variables in SDMs because of its correlation with prey availability and abundance (Boersma et

al., 2009; Häkkinen et al., 2021). Sixteen out of the 20 studies of penguin distribution used Chl a

concentration or its derivatives (e.g., gradient, productivity), of which nine studies found this

variable to be significantly important in model predictions (Figure 2.1). Magellanic penguins

were found to forage in areas of higher Chl a concentration, which Ramírez et al. (2014)

attributed to areas of prey aggregations. Low variability in Chl a concentration was of high

importance in SDMs of king penguins from South Georgia (Pütz et al., 2014). Chl a

concentration were a significant predictor of southern rockhopper penguin distribution (Ludynia

et al., 2013), as well as the occurrence of little penguin prey captures (Carroll et al., 2017).

2.3.6 Dissolved oxygen and pH

The concentration of gases in seawater such as dissolved oxygen (DO) and carbon dioxide (CO2)

is directly related to the amount of primary production and the rate of consumption/production

by marine organisms. For instance, oxygen is a product of photosynthesis and used by

organisms during respiration, while CO2 is produced during respiration and consumed during

photosynthesis (Dipper, 2016). Gas exchange between air and sea also contributes to the

dissolution of these gases in sea water (e.g., carbon sink), and their distribution throughout the

water column is dependent on water mixing and thermal solubility (Schmidtko et al., 2017).

Vertical mixing and horizontal transport are moderated by both persistent and seasonal

thermoclines, haloclines, and current systems; for example, DO below the thermocline is lower

than within the mixed layer (Mahaffey et al., 2020). Moreover, surface waters are more

oxygenated than bottom waters due to high light levels promoting photosynthesis, and higher

oxygen and CO2 concentration are found in cold water due to its higher solubility and nutrient

load. Gas concentration in sufficiently mixed water columns, like those occurring in shallow

regions or over continental shelves, are relatively homogeneous regardless of depth.

Due to biochemical reactions of gases and water, the pH of salt water is directly correlated with

carbon dioxide concentration and water acidity. The chemistry of the ocean is reflected in pH

levels, which control the availability of nutrients, allow marine calcifers to build skeletal

structures or shells, alter solubility of pollutants, and affect other aspects of the biological
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functioning and physical makeup of the ocean. It is universally understood that increasing

temperatures and eutrophication are drivers of deoxygenation and acidification across the global

oceans (Mahaffey et al., 2020), which has consequences for the biochemical, geological,

biological, and other oceanic processes (Dipper, 2016; Orr et al., 2005). For example, as ocean

acidification occurs due to increased carbon in the atmosphere and increased carbon

sequestering and fixing in the ocean, dead calciferous or organic material is dissolving more

quickly, which increases the rate of sediment accumulation (Wood & Probert, 2013). These

processes of oxygenation and acidification are considered to be indicators of ecosystem health,

important variables with respect to prey abundance, and ultimately limiting factors to all

organisms in the sea (Dipper, 2016; Mahaffey et al., 2020).

Unlike other environmental variables, DO, CO2, or pH cannot be measured from satellite

imagery but are typically determined by marine models or measured in situ (Robinson et al.,

2011). Moreover, subtle changes of pH are not often observable at smaller temporal and spatial

scales; for instance, an estimated 0.1 change in pH has been observed in the global ocean since

pre-industrial times (about 150-200 years ago), which constitutes a ten-fold increase in acidity

(Orr et al., 2005). Therefore, long-term datasets of averages over some scale are often used to

represent trends. Due to the correlation of pH and DO with other marine variables, along with

the complexities and potential problems with consistency and accuracy of this type of

large-scale modelling, these predictors are rarely used in SDMs. No study of penguin

distribution to date has considered them. However, they may be good variables to use in future

studies where data are available because DO and pH influence the overall ecosystem functioning

while potentially indicating prey patches of increased photosynthesis and respiration.

2.3.7 Seafloor sediment and turbidity

The majority of the seafloor is composed of sediment, such as sand, gravel, and mud, that

originates from many terrestrial and marine sources. It often enters the ocean from land via river

outflow, wind transport, volcanic eruptions, or anthropogenic runoff, or is derived from marine

organisms (e.g., carbonate material made from shells, decomposing phytoplankton) or mineral

precipitates. As it is suspended in the water column, sediment is transported by currents, tides,

and waves at local and global scales and then eventually settles on the seafloor. Its composition
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is complex and highly variable depending on the geographic location and distance to land,

geomorphology, water depth, currents, biological activities, and climate. Different sediment

types create unique ecosystems for benthic organisms and foraging grounds for fish and marine

predators. Along with physical features such as reefs, seamounts, and sand waves, patches of

specific sediment can also act as navigational aids to foraging animals (Mattern et al., 2013; van

Eeden et al., 2016).

Throughout the water column, suspended and dissolved organic matter such as sediment,

detritus, and even organisms are distributed non-uniformly and circulated throughout the ocean

by currents, tides, and waves. The amount of particulate matter changes the turbidity, or clarity,

of the water (Davies-Colley & Smith, 2001; Shi & Wang, 2010). Turbidity levels are mostly

controlled by the concentration, resuspension, advection, and deposition of sediment and

phytoplankton. Coastal waterways are naturally more turbid due to increased tidal mixing,

seafloor sediment resuspension, erosion, inflow of anthropogenic pollutants and waste, and

estuarine mixing within a shallow area (Shi & Wang, 2010). For instance, high loads of

sediment in estuaries and the amalgamation of water at the saltwater-freshwater interface

produce very turbid river plumes, often visible in satellite imagery.

Over the continental shelf, turbidity is mostly related to phytoplankton concentration. Areas of

increased primary productivity can indicate excessive nutrient loading, possibly a result of

increased turbidity, which in turn is exacerbated by a higher abundance of phytoplankton. This

leads to a significant change in sea surface temperature by obstructing soar radiance and

influencing the mixed layer and thermal structure of the upper ocean (i.e., greater stratification,

with warmer surface waters; Shi & Wang, 2010). However, when water becomes excessively

turbid, light penetration to deeper depths is impeded, thus reducing photosynthesis and

productivity in the water column (Davies-Colley & Smith, 2001).

At greater depths, turbidity currents form as mud and sand are disturbed due to seafloor

geomorphology (downhill flow of more dense, turbid water), river outflows, seismic activity, and

human activities such as dredging and trawling (Bostock et al., 2019). Additionally, areas of

high turbidity could indicate an increase in localised sedimentation and affect the creation and

disturbance of seafloor features. Turbidity is highly variable over time and more influenced by

short-term, dynamic phenomena like extreme weather events and algal blooms (Shi & Wang,
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2010). Because turbidity can be determined from satellite imagery of ocean colour or measured

in situ and modelled, averages are commonly used to generalise data obtained on varying time

scales (from hours to years) due to its temporal variability (Shi & Wang, 2010)

Penguins are visual foragers that rely on clear water in which to find prey. For instance, poor

visibility forced yellow-eyed penguins to switch from benthic to pelagic foraging (Mattern &

Ellenberg, 2018), and storm events have been linked to little penguins modifying their foraging

behaviour because of the increased turbidity and decreased prey availability (Agnew, 2014).

Berlincourt & Arnould (2015) suggested that increased turbidity, if detected by penguins, could

be a cue to prey availability due to increased Chl a concentration. For instance, little penguins

are also known to target river plumes, presumably because of the high nutrient levels,

phytoplankton concentration, and prey availability, even though plumes tend to be more turbid

than other areas. However, this is subject to the discharge rates, where plume volumes too large

or too fast may increase turbidity and prey dispersal to a point that reduces foraging efficiency

(Collins et al., 1999; Kowalczyk et al., 2015). Although data for sediment type and ocean

turbidity are more readily available, no reviewed study considered this variable in SDMs of

penguin habitat selection and distribution.

2.3.8 Sea ice

Of the 18 species, only 7 species breed or travel to areas with extensive sea ice: emperor (A.

forsteri), Adélie, chinstrap, gentoo, king, southern rockhopper, and macaroni penguins

(García-Borboroglu & Boersma, 2013). However, the freezing and melting of sea water has

fundamental influences on the global climate and oceanic processes. Seasonal expansion and

retraction of sea ice in Antarctica typically occurs over the continental shelf as air temperature

and wind change (Thomas & Dieckmann, 2003). As water freezes, ice blankets the sea surface,

thus influencing and being influenced by heat and water transfer between the air-ocean interface.

Not only a barrier to atmospheric and weather influences on oceanic processes, ice has a high

albedo that reduces the absorption of solar radiation thus changing global atmospheric

conditions (Thomas & Dieckmann, 2003). Sea ice formation increases the salinity and density

of underlying water which facilitates mixing and nutrient upwelling. Light attenuation

contributes to the cooling of the entire water column and open ocean convection (Dipper, 2016),
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although ice also acts as an insulator that maintains water temperature stability to some degree

(Thomas & Dieckmann, 2003). Additionally, where sea ice has formed and light levels are low,

sea ice algae comprise the bottom of the food web and produce the main source of oxygen and

food for upper trophic level organisms. Melting sea ice increases phytoplankton growth by

releasing nutrients and sea ice algae into the water and exposing the sea surface to light. This

increases sea surface temperature while stratifying the upper water column. Coinciding

assemblages of prey such as krill, dependent on these highly productive areas for food, result in

similar aggregations of marine predators such as penguins. Sea ice formation, movement, and

deglaciation is controlled in large part by shelf topography, current systems, and mixing.

Although the nuances are not discussed here, it should be noted that there are many different

types of sea ice, not to mention other ice features such as icebergs, glaciers, shelves, and sheets,

all of which may contribute the distribution and foraging behaviour of penguins. However, sea

ice is of particular importance due to its known effect on clutch size, breeding success, timing of

breeding and moulting, breeding population size, and dive behaviour (summarised in Barbraud

et al., 2012; Trivelpiece & Fraser, 1995). Sea ice also determines travel times, foraging

efficiency, and prey abundance within the foraging ranges of Antarctic penguins (e.g., Jenouvrier

et al., 2021; Watanabe et al., 2020).

Data on sea ice extent, as well as temporal and spatial trends of formation and retreat, are

typically obtained through satellite imagery. With the advantage of publicly available data, most

SDMs will use seasonal averages that align with the data collection period. Six studies

considered sea ice extent, concentration, or distance in SDMs for all species known to interact

with or forage around sea ice (Friedlaender et al., 2011; Goetz et al., 2018; Pertierra et al., 2020;

Pistorius et al., 2017; Reisinger et al., 2018; Warwick-Evans et al., 2019). All studies found ice

to be a top predictor of habitat selection or distribution, except for Pistorius et al. (2017) who

found that most king penguins from Marion Island did not actually travel south enough to

encounter sea ice, and Goetz et al. (2018) who removed sea ice concentration prior to modelling

because the variation was negligible within the study area in the Ross Sea. Individual SDMs for

macaroni, southern rockhopper, and king penguins found distance to sea ice rather than

concentration to be of importance to foraging distribution around Prince Edward Islands

(Reisinger et al., 2018).
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2.3.9 Distance measures to features

Despite the relationships between animal distribution, oceanic processes, and physical features,

such as the continental shelf, reefs, or current systems, it is often impossible to include the

presence of these features as variables in SDMs. Although data availability and modelling

methods are improving, proxies such as seafloor depth or measures of distance (e.g., distance to

the ACC) are often used instead, as seen in all of the reviewed studies. As central-place foragers,

penguins are relatively restricted in their movements during the breeding season (with the

exception of king penguins). Non-breeding penguin species, including more migratory species

such as Fiordland penguins (Mattern et al., 2018b), are also fairly restricted in their total

foraging range, even though they do not have obligations on land, because eventually they will

have to return to land to breed and moult. Thus, the distance to their colony could be a proxy for

the location of available and accessible foraging habitat to penguins. Distance to colony was

used in seven penguin SDM studies (Figure 2.1) and significant in five that included Subantarctic

macaroni, gentoo, king, and chinstrap penguins (Thiebot et al., 2011; Thiers et al., 2017;

Warwick-Evans et al., 2018), as well as more temperate species, the African (van Eeden et al.,

2016) and little penguin (Carroll et al., 2017). Carroll et al. (2017) also found a similar variable,

distance to the coast/land, to be significant in the distribution model of little penguin prey

captures. Additionally, Friedlaender et al. (2011) found the distance to the coast of the Western

Antarctic Peninsula to be the most important predictor in Adélie penguin Maxent SDMs.

To differentiate whether a population forages near the productive shelf edge, the distance to the

shelf break is also used as a proxy. Trathan et al. (2018) concluded that the distribution of

breeding chinstrap penguins from the Antarctic Peninsula and the South Shetland Islands could

be determined using both distance to the colony and distance to the shelf edge. On the contrary,

the distribution of penguins from the South Orkney Islands was not significantly influenced by

the distance to the shelf edge, although penguins preferentially and consistently travelled in the

direction of the shelf edge (Warwick-Evans et al., 2018). The distribution of emperor penguins

foraging in the Ross Sea could be predicted by distance to the shelf break as well, which was

also correlated with other distance measures to the ACC and Pacific Basin water body (Goetz et

al., 2018).
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2.3.10 Prey availability

Most SDMs use only abiotic factors and interactions due to the variance and difficulty of

modelling inconsistent biotic factors, limited capacity of models to integrate interactions, high

correlation with abiotic factors used in the SDM, and the supposed triviality of biotic

interactions beyond the local scale in determining species distribution (Wisz et al., 2013).

However, biotic interactions such as predator-prey dynamics and intra/interspecific competition

have been shown to affect individual and population dispersal, range size, and behaviour (Wisz

et al., 2013). Abiotic and biotic factors are mutually affected and can more accurately predict a

species’ distribution when integrated together (Araújo & Luoto, 2007; González-Salazar et al.,

2013; Jablonski, 2008; Wisz et al., 2013).

Examples of commonly used biotic factors or interactions are prey availability, abundance, or

distribution. Penguins spend the majority of time at sea searching for food, so predator-prey

interactions can determine their distribution (Wisz et al., 2013). Prey occurrence is generally

heterogenous and patchy over time and space (Carroll et al., 2017; Weimerskirch, 2007), but it

can also be predicted using SDMs. As aquatic species (as opposed to penguins that are

semiaquatic), fish, krill, and other prey species of penguins are reliant on the distribution of

resources and magnitude of primary productivity, while being continuously influenced by their

environment (e.g., temperature and currents).

Prey type varies per penguin species, although krill makes up a large part of many penguin

species’ diet (García-Borboroglu & Boersma, 2013). Friedlaender et al. (2011) used measures of

krill biomass both in the upper 100m of the water column and at depths 100-300 m in Maxent

models of Adélie penguin distribution and found biomass at depth to be the third highest

contributing variable to the model, rather than biomass in the upper water column. Evans et al.

(2020) took a different approach when considering predator-prey interactions in their models.

They first modelled both krill and zooplankton abundance using SST, bathymetry, sea level

height anomaly, mixed-layer depth, current velocity. Using these modelled predictions, they

found that krill abundance was a significant predictor of little penguin habitat preference. As

methods improve, more data are amassed, and mechanistic models are fitted more widely to

penguin presence data, it is expected that biotic layers such as prey distributions in SDMs will

be used more frequently.
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2.3.11 Anthropogenic activities

It is widely accepted that both direct and indirect human activities are the main cause of ongoing

climate change and biodiversity loss across the world (Parmesan, 2006). As a result of excessive

greenhouse gas emissions, climate change is altering the physical, chemical, and biological

properties of global oceans. Due to the mutual dependence of these properties (Figure 2.2),

rising sea surface temperatures, acidification, eutrophication, and altered circulation and sea ice

concentration are affecting primary productivity, biodiversity, and animal abundance (Mahaffey

et al., 2020; Parmesan, 2006). Although beyond the of scope of this review, it is critical to

recognise the processes, magnitude, and temporal/geographic scale at which anthropogenic

environmental change is affecting marine systems, especially when these factors are used to

predict future change, distributions, or responses. Moreover, the effect of climate change on the

frequency and strength of short-term weather events (e.g., storms, heat waves) and seasonal

climate patterns (e.g., El Niño and La Niña events) should also be considered, especially due to

their known impacts on penguins (Ropert-Coudert et al., 2019).

Other anthropogenic activities not directly related to climate change, such as commercial

fishing, recreation, pollution, or disturbance, have been related to population dynamics,

reproductive success, survival, and distribution of penguins (summarised in Ropert-Coudert et

al., 2019; Trathan et al., 2015). Of particular focus has been the impact of commercial fisheries

on penguin bycatch and prey availability. Observing overlap with fisheries could not only

indicate areas where penguins may be at higher risk of bycatch or competition but also suggests

areas where prey availability may be altered. Although no reviewed study included measures of

fishing intensity or co-occurrence in penguin SDMs, Ramírez et al. (2014) used the distribution

of fishing vessels in Magellanic penguin habitat use models; however, it was not a top predictor.

As the majority of penguin species are currently experiencing major population declines, due in

large part to anthropogenic threats, it is imperative to consider how humans are shaping their

foraging distributions for effective current and future conservation.
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2.4 Final remarks

Environmental and climatic factors interact to influence penguin foraging behaviour and marine

distribution. Some fundamental variables are commonly used to describe and predict penguin

distribution, particularly bathymetry, sea surface temperature, and chlorophyll a/primary

productivity. More complex factors, such as those characterising circulation or frontal zones

(e.g., mixed layer depth, current velocity, sea surface height) are increasingly being included in

SDMs due to improved data availability at different temporal and spatial scales. With careful

consideration of data quality and the hypothesised relevance of a predictor to penguin foraging

behaviour or survival, we will continue to improve our understanding of penguin interactions

and vulnerabilities at sea.
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Chapter 3

Variability in the foraging home range of
yellow-eyed penguins

Abstract

Seabird foraging behaviour is a response to prey availability and abundance, inter- and

intra-specific population structuring, reproductive requirements, and environmental conditions,

resulting in spatial and temporal variability in their at-sea distribution. The endangered

yellow-eyed penguin (Megadyptes antipodes), endemic to New Zealand, is a sedentary

central-place forager that returns to a specific breeding site throughout the year. They perform

both benthic and non-benthic dives, and dive behaviour has been found to vary seasonally and

geographically. Nevertheless, yellow-eyed penguins have been observed to be consistent in their

at-sea movements, travelling along similar routes to and from foraging areas and restricting their

overall dispersal to the continental shelf, typically within 25 km of their nesting site. In this

study, I quantified variation in spatial foraging behaviour at the individual and population level

by comparing home ranges of adult yellow-eyed penguins breeding at seven sites around the

South Island of New Zealand using adaptive local convex hulls estimators and fixed kernel

densities. I determined if sex and season, accounting for different breeding sites, influenced a

penguin’s foraging range size using linear mixed models and calculated the overlap in utilisation

distributions between sexes and seasons (breeding, premoult, and winter). I also identified

benthic home ranges to delineate hotspot foraging areas where yellow-eyed penguins perform

dives to the seafloor in search of prey. There were significant regional differences in range size,

with penguins in the Catlins foraging across larger home ranges compared with their

conspecifics on the Otago Peninsula and in North Otago. Seasonal variation in home range size

was inconsistent and differed depending on breeding site. There was a high degree of spatial
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overlap between male and female home ranges at most sites, although males had significantly

larger home ranges than females. Finally, overlap between benthic and non-benthic foraging

areas indicated that yellow-eyed penguins use certain areas solely for foraging. Ultimately,

variability in marine foraging home range size and spatial distribution between seasons and

sexes is specific to each breeding site and is likely a response to the highly heterogeneous marine

environment across their geographic extent. The effect of home range variability over space and

time should be considered in the conservation management of this species.

3.1 Introduction

Determining the home range of non-sessile animals is a fundamental concept in ecology, with

implications for conservation management, particularly when animals overlap with human

activities within these ranges. It is generally accepted that a home range is the spatial extent or

boundary “with a defined probability of occurrence of an animal during a specific time period”

(Kernohan et al., 2001). More recent behavioural-based definitions considered the home range

as the spatial representation of a cognitive map that individual animals keep-up-to-date with

respect to varying distribution of resources, which includes prey, predators, and conspecifics as

suggested by Powell & Mitchell (2012). For seabirds such as penguins, who rely on two distinct

ecosystems to live, their terrestrial home range is relatively fixed and limited to their breeding

site. Their marine home range, however, is shaped according to foraging behaviour. Animals

adapt their behaviour by responding to environmental factors such as heterogenous resource

availability and prey abundance (Cleasby et al., 2018; Traisnel & Pichegru, 2019; Weimerskirch,

2007), inter- and intra-specific population structuring (Ainley et al., 2004), and climate and

environmental conditions (Berlincourt & Arnould, 2015; Botha & Pistorius, 2018; Green et al.,

2015; Masello et al., 2010), resulting in spatial and temporal variability in home range size and

distribution.

Understanding individual variation in home range size and distribution provides insights into

habitat selection, space use, inter- and intraspecific interactions, prey availability and preference,

and other patterns and processes. By sampling many individuals, broad-scale population-level

inferences can be made (Powell & Mitchell, 2012), although generalising individual home range

metrics to a population to identify high-use areas for a species rather than for an individual can
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be complex. However, determining population distribution from individual locations can be

appropriate (Bishop et al., 2018; DeCesare et al., 2012; Womble & Gende, 2013), especially for

species such as yellow-eyed penguins (Megadyptes antipodes) because population trends vary at

a small spatial scale (i.e., breeding site; Houseman, 2018; Mattern, 2006; Mattern et al., 2017).

A combined distribution of all individuals from a certain breeding site (i.e., a population home

range) is equivalent to a temporally explicit spatial extent or boundary where an individual from

that population is likely to be present (Bishop et al., 2018; DeCesare et al., 2012), similar in

definition to individual home range (Kernohan et al., 2001; Powell & Mitchell, 2012).

Comparing home ranges of individuals and distributions of populations can provide insights into

the underlying mechanisms and processes influencing the distribution of a species as a whole

(Bishop et al., 2018) and will be useful for conservation management purposes (Womble &

Gende, 2013).

Yellow-eyed penguins (hoiho or takaraha in Te Reo Māori) are endemic to the South Island/Te

Wai Pounamu of New Zealand/Aotearoa, Stewart Island/Rakiura and adjacent islands, and the

Subantarctic Auckland Islands/Motu Maha and Campbell Island/Motu Ihupuku (BirdLife

International, 2020). Mattern et al. (2017) predicted their localised extinction from the mainland

of New Zealand within the next four decades, due in large part to marine-based threats driving

population decline (Ellenberg & Mattern, 2012; Mattern & Wilson, 2018). There have been

several studies of their dive behaviour (Chilvers et al., 2014; Elley et al., 2022; Mattern et al.,

2007, 2013, 2018a) and marine home range (Moore, 1999; Muller et al., 2021). There is little

insight, however, into the temporal and spatial variability of their marine home range and

population-level patterns of distribution and habitat use on the mainland, which is critical for the

effective conservation and management of this endangered seabird.

As central-place foragers during the breeding season, penguins return regularly to the same

nesting location after foraging at sea (Orians & Pearson, 1979; Pyke, 1984). Yellow-eyed

penguins typically perform single day foraging trips within 25 km of their breeding areas,

although they are known to take longer and/or multi-day trips and go further, up to 50 km,

during the premoult and winter periods (Mattern et al., 2007; Moore, 1999). Their home ranges

are limited by the proximity of foraging areas to nesting sites. If yellow-eyed penguin behaviour

is consistent with optimal foraging theory, an individual should balance foraging effort with prey

consumption to maximise fitness and offspring survival (Berlincourt & Arnould, 2015; Orians &



Chapter 3 Foraging home range 52

Pearson, 1979; Pyke, 1984; Sánchez et al., 2018). During the breeding season (October –

March), yellow-eyed penguins must further balance self-provisioning with the high demands of

feeding offspring. They require increased food intake to feed growing chicks, and these parental

duties restrict daily trips to within some reasonable distance from their nests. However, outside

of the breeding season, the distance, duration, and frequency of foraging trips are less restricted.

For instance, adult survival through the moult, a period of prolonged fasting on land and

alternative energy expenditure (February-April), depends on their ability to increase their body

mass through increased food consumption during the premoult period.

As penguins adapt their foraging behaviour to reflect their needs throughout the year by varying

trip duration, distance, frequency, and timing, they adjust their home range size and spatial

distribution, which leads to patterns of seasonal variability. Yellow-eyed penguins are known to

use consistent foraging routes or revisit productive feeding areas on consecutive trips and over

multiple seasons and years (Mattern et al., 2007, 2013; Moore, 1999), which could reduce

seasonal variation in their home range. However, seasonal variation has been observed in the

dive behaviour of yellow-eyed penguins (Mattern, 2006; Moore et al., 1991; Moore, 1999;

Muller et al., 2020b). This suggests that their distribution will also vary seasonally and is likely

a response to changing prey availability and abundance, physiological requirements, and

parental care responsibilities.

Variation in home range size, distribution, and habitat use would also be observed if foraging

behaviours were sex-specific. For instance, females and males might require different diets due

to different energy costs during egg production (Welcker et al., 2009), while defending territory

(Pichegru et al., 2013; Weimerskirch et al., 2009), and prior to the moult, and might forage in

different locations and have different habitat preferences (González-Solís et al., 2000; van

Heezik, 1990b; Young et al., 2020). Additionally, males and females could have different chick

rearing responsibilities and nest attendance patterns (Weimerskirch et al., 2009), which might

affect foraging trip duration and distance. Moreover, physiological limitations might restrict dive

depth or travel distance (Botha et al., 2017; Phillips et al., 2004) particularly for sexually

dimorphic seabirds (Botha et al., 2017; González-Solís et al., 2000; Ludynia et al., 2013;

Weimerskirch et al., 2009). Yellow-eyed penguin males are on average slightly larger than

females based on head and foot measurements, with males having a larger mean head length of

c. 6.4 mm and foot length of c. 5.1 mm (Setiawan et al., 2004); however, sex-specific differences
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in parental investment (Edge et al., 1999; Schuster & Darby, 2000) and foraging behaviours

(Chilvers et al., 2014; Mattern et al., 2007; Moore, 1999) have not been found. This would

suggest a lack of sexual segregation in their home range as well.

Yellow-eyed penguins are specialised benthic foragers, typically diving to depths less than 120

m, but up to 160 m (Mattern et al., 2017; Seddon et al., 2013). They are limited to foraging on

the continental shelf off the coast of New Zealand (Moore, 1999). Individuals from the same

breeding site undoubtedly forage in similar areas and show similar diving behaviours. To cope

with the geographical variation in the spatial distribution of productive benthic habitats on the

continental shelf, particularly in relation to seafloor depth and sediment type, yellow-eyed

penguins likely rely on the higher predictability of prey at the seafloor (Lidgard et al., 2020;

Mattern et al., 2013) and maximise their foraging success while minimising effort by returning

to the same foraging areas (Mattern et al., 2007, 2013; Moore, 1999). Even so, the spatial

variability of benthic habitats off the South Island coast results in varying diving behaviour

between individuals from different breeding areas (Chilvers et al., 2014; Mattern, 2006, 2020;

Mattern et al., 2007) so it is likely that home ranges will reflect this variation. Furthermore,

when penguins find productive feeding grounds, they increase benthic dive frequency and

efficiency in these areas (Mattern et al., 2007). Foraging hotspots can be distinguished by

differentiating areas used exclusively for benthic foraging dives.

In this study, I estimated yellow-eyed penguin home ranges from marine foraging locations

collected using GPS dive loggers across seven breeding sites. I created individual-and

population-level home ranges for each season (premoult, winter, breeding) and compared the

spatial overlap between seasonal and male/female population distributions. Finally, I

differentiated areas where yellow-eyed penguins perform benthic dives and non-benthic dives to

determine if these behaviours are associated with specific marine areas.

Considering the observed spatial and temporal variation in foraging behaviour and distribution

(e.g., Mattern et al., 2007, 2013; Mattern, 2020), I hypothesise that(i) breeding site is a predictor

of individual home ranges size, (ii) season is a predictor of individual home range size, but (iii)

sex is not a predictor of individual home range size due to the lack of sex-specific foraging

behaviour and only slight size dimorphism (Mattern et al., 2007, 2013). Based on this reasoning,

I further hypothesise that (iv) population-level distributions do not vary in size between males
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and females due to significantly overlapping ranges but do vary in size and overlap between (v)

breeding sites and (vi) seasons. Finally, I predict that (vii) there is significant overlap between

areas of predominantly benthic diving and areas of pelagic diving due to the use of benthic dives

for travelling and foraging (Mattern et al., 2007). Using both an individual- and

population-based approach to determine yellow-eyed penguin marine home range and space use

patterns, I identified key foraging areas and assessed certain assumptions about the distribution

and range of yellow-eyed penguins at sea.

3.2 Methods

3.2.1 Study area

Fieldwork was conducted during the breeding (October to March), premoult (February to April),

and winter (April to September) seasons between February 2017 and August 2020 at seven sites

in the South Island of New Zealand, shown in Figure 3.1: Bobbys Head and Aramoana in the

greater Dunedin area north of the Otago Peninsula (referred to as North Otago); Alfred &

Cicely, and Papanui on the Otago Peninsula; Long Point, Penguin Bay, and Nugget Point in the

Catlins (see Table 3.1 for coordinates). Sites were chosen based on the number of resident

penguins and/or breeding pairs, with the individuals used in this study representative of the

wider population (Fourcade et al., 2014).

3.2.2 GPS-TDR logger deployments

Yellow-eyed penguins were caught by hand at their nest or as they were returning to their nesting

areas after a foraging trip. Each penguin was weighed in a cloth bag to the nearest 50 g using a

Pesola scale and checked for Passive Integrated Transponders (PIT tags; 23 mm ISO standard;

Allflex, Palmerston North, New Zealand). Unmarked individuals were marked, although known

individuals were targeted to increase the chances of device retrieval. Following the methodology

of Setiawan et al. (2004), sex was determined from head and foot measurements taken using a

osteometric board. Global Positioning System loggers combined with time-depth recorders in

one unit (GPS-TDR loggers; Axy-Trek, Technosmart, Italy) were attached to the dorsal feathers

at the penguin’s lower back using waterproof Tesa tape (No. 4651, Beiersdorf AG, Hamburg,
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Figure 3.1 – Population adaptive local convex hull (a-LoCoH; dark colours) and fixed kernel
density (KDE; light, semi-transparent colours) 95% foraging distributions (PFD) for
yellow-eyed penguin breeding populations (n = 7). Both were calculated using all location points
from all individuals across all seasons. Bathymetry contour lines (grey lines) are in increments
of 25 m from 0 to -100 m and then in increments of 100 m until -800 m (Mitchell et al., 2012).
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Germany) following Wilson et al. (1997). For some longer deployments post-2019, cable ties

were inserted under the feathers and tightened around the device to further secure the logger, and

a rubber-based glue was spread across the top of the logger over the tape and cable ties

(Ropert-Coudert et al., 2002). Upon completion of the attachment process, the penguin was

released within one metre of the nest or at the site of capture. Total handling time for each

penguin during deployment was 10-20 minutes. Loggers were removed 6-20 days after

deployment by catching birds by hand at their nest or on their return after a foraging trip.

Recovery of the device could be achieved without plumage damage as tape was removed from

under the feathers; each penguin was weighed and then released within 10 minutes after capture.

The GPS-TDR loggers were programmed to record the geographical position of the penguin at

1-minute intervals. Pressure and temperature were recorded at 1-second intervals, and tri-axial

accelerometer data were recorded at 25 Hz. To conserve battery life, positions were recorded at

15-minute intervals overnight from 23:00 – 06:00 when diving frequency and depth is reduced

(data unpubl.), and fixes were not recorded when the penguin was sitting motionless on its nest,

which was determined using movement thresholds recorded by the accelerometer. From

pressure, the depth of the penguin was converted using proprietary software by Technosmart.

Since yellow-eyed penguins consistently dive to forage for prey, it is important to collect dive

data in addition to GPS locations to relate both horizontal and vertical movement and to

determine the diving behaviour of the penguin at a certain location. These devices are archival,

requiring retrieval from the penguin to download data using proprietary software (Technosmart,

Italy). Loggers were pressure tested and waterproof up to 300 m, which is nearly twice the

maximum dive depth of yellow-eyed penguins (Mattern, pers. comm.). GPS-TDR loggers

varied in size (L x W x H = 65 x 39 x 14 mm or 69 x 40 x 14 mm) and mass (46-59 g)

depending on the type of battery. For a yellow-eyed penguin weighing a mean mass of 5.5 kg, a

59 g logger constitutes 1.1% of its body weight. Only penguins weighing over 4.5 kg were fitted

with GPS loggers. The frontal area of the loggers is less than 2.0% of a yellow-eyed penguins

cross-sectional area (Mattern et al., 2007, 2013). To reduce drag, the streamlined devices were

positioned low on the back (Bannasch et al., 1994; Ropert-Coudert et al., 2002). No effect of

logger deployment on lifetime reproductive success (Stein et al., 2017a), nest attendance,

breeding success (Mattern et al., 2007), or foraging capabilities (Mattern et al., 2018a) have been

found in yellow-eyed penguins.
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Table 3.1 – Mean and standard deviation (SD) of individual yellow-eyed penguin 95% home
range and 50% core area estimates (km2) using an adaptive local convex hull (a-LoCoH)
estimator for each breeding site (n = 7), season (n = 3), year (n = 4), and sex (n = 2).
Coordinates (World Geodetic System 1984) for each breeding site, the number of penguins
(nind), and the number of foraging trips (ntrip) used for the analyses are presented. Penguins
tracked over multiple years are considered as unique individuals. The total number of penguins,
total number of trips, and the mean (SD) home range and core area sizes was also calculated
across all individuals.

3.2.3 Data processing

I conducted all data processing using R 4.0.3 (R Core Team, 2021). I used several packages

associated with tidyverse (Wickham et al., 2019) and the raster package (v. 3.3-13; Hijmans,

2020) for general geographic data analysis.
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I collated tracking data collected for several research projects (Mattern, 2021; Young et al.,

2022). I filtered location data consisting of latitude and longitude coordinates. I then removed

any points that were on land or had a groundspeed greater than or equal to 7.4 m/s (based on

data and expert knowledge). A GPS device determines a geographical position based on signal

acquisition from at least three satellites, and the accuracy of a fix is theoretically proportional to

the number of satellites (Recio et al., 2011a; Shimada et al., 2012). Thus, I removed any points

that communicated with fewer than three satellites (e.g., Lonergan et al., 2009; Shimada et al.,

2012). I differentiated individual foraging trips if the time interval between successive GPS

points was greater than six hours and calculated the total number of trips per logger deployment

(Mattern, 2006). Although GPS loggers were programmed to attempt a location fix at regular

intervals, a fix can only be obtained when the penguin is at the surface of the water and able to

receive GPS signals. To account for the resulting irregular fix frequencies as well as possible

differences in sample rate depending on the GPS settings, I linearly interpolated all GPS points

per trip to one-minute intervals using the adehabitatLT package (v3.25; Calenge, 2006). I

omitted points which were interpolated between two GPS fixes with a temporal gap exceeding 1

hour to reduce unrealistic fixes.

Next, I analysed dive depth data recorded at 1-second intervals using the diveMove package

(v1.5.2; Luque, 2007). I identified individual dive events and performed a zero-offset correction

of dive depth to account for potential drift in pressure sensors (Luque & Fried, 2011). Only dive

events that reached depths greater than 3 m were accepted, following Mattern et al. (2007) and

Mattern et al. (2013). A smoothing spline was applied to each dive event to identify descent,

bottom, and ascent phases and calculate various temporal and depth metrics using DiveMove

(Luque, 2007; Luque & Fried, 2011). For each dive, I extracted the start and end time of each

dive phase and the maximum dive depth (m). I then determined a geographic coordinate for each

dive by combining interpolated GPS points with dive data using their associated timestamps,

formatted using the lubridate package (v1.7.9; Grolemund & Wickham, 2011). The timestamp

for each dive was the mean time between the beginning of descent and the end of ascent. For

each dive, I then extracted the approximate water depth using 250 m resolution gridded

bathymetry data obtained from the National Institute of Water and Atmospheric Research

(Mitchell et al., 2012) and calculated the distance from land and distance to the respective

individual’s breeding area.
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I characterised each dive as benthic or non-benthic based on bottom time and the relative dive

depth (RDD). Relative dive depth was the ratio between the dive depth and bathymetric water

depth and accounted for the variation in dive depths and possible inaccuracies in bathymetry

data (e.g., Camprasse et al., 2017; Kokubun et al., 2010; Rodary et al., 2000). For instance, a

dive that reached 90 m in waters 100 m deep had an RDD of 90% (the dive was within 10% of

the seafloor). I classified a dive as benthic if it reached within 10% of the maximum seafloor

depth (RDD > 90%). If the bottom time of a benthic dive was greater than 15 seconds and the

maximum depth was greater than 20 m, I considered these u-shaped benthic dives, because they

had a descent, travel along the seafloor, and ascent phases. If a benthic dive reached a maximum

depth less than 20 m, I considered these shallow benthic dives instead. If dive depth was greater

than water depth due to inaccuracies of the bathymetry layer, I considered RDD to be 100%. I

classified all other dives that did not meet these criteria as non-benthic, with a subet of these

identified as shallow non-benthic dives which had a maximum depth of less than 20 m. I also

visually examined the classification of a subset of dives to ensure this method was accurate.

3.2.4 Home range analyses

I created marine home ranges for 44 yellow-eyed penguins that were tracked at sea over 68

deployments from 2017-2020; some individuals were tracked in the same season over multiple

years. This resulted in 336 separate foraging trips (Table 3.1). I estimated penguin home ranges

and identified utilisation distributions (UD), which represent the distribution of different

frequencies of space use within a home range quantified from densities of location points of

tracked individual animals (Kernohan et al., 2001; Millspaugh et al., 2004; Soanes et al., 2013a;

Worton, 1989). Utilisation distribution isopleths are commonly used to estimate and differentiate

areas of different intensity of use within a home range and of interest for the research objectives

(Millspaugh et al., 2004). Therefore, as the most common practice in home range studies (e.g.,

Botha et al., 2017; Cleasby et al., 2015; Poupart et al., 2017; Recio & Seddon, 2013), I

considered the 95% UD isopleth to define a home range, which removes outliers of unrealistic

positions that may persist after the data filtering process. I used the 50% UD isopleth to indicate

the core areas (i.e., “centre of activity”; Hayne, 1949) of the most intensive space use within a

home range (Kernohan et al., 2001).
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3.2.4.1 Individual home range size

I calculated home ranges for each individual penguin using non-parametric adaptive local

convex hull UD (a-LoCoH; Getz & Wilmers, 2004) using the adehabitatHR package (v3.25;

Calenge, 2006). The a-LoCoH method is more appropriate for GPS data and works particularly

well at excluding unused areas and adjusting for barriers such as coastlines, making it a

preferred method for estimating home ranges and UD (Getz et al., 2007; Getz & Wilmers,

2004). A UD is estimated using local hulls for each GPS point and its “nearest neighbours”

(Getz & Wilmers, 2004). Density isopleths are then created by sorting and merging hulls based

on the percentage of total points enclosed in the hull as an indicator of intensity of utilisation

(Getz et al., 2007). I considered the maximum distance between any two location points in the

respective dataset as the most suitable a value required for this estimator.

I estimated three separate a-LoCoHs, encompassing an individual’s entire home range (using all

dives), benthic foraging range (using only benthic dives), and non-benthic foraging range (using

only non-benthic dives). For individuals with missing dive data, benthic/non-benthic

classification and subsequent UD could not be constructed. I considered individual penguins

tracked during multiple seasons or years separately. I also calculated UD for each individual

rather than for each foraging trip to reduce pseudo-replication due to the unequal number of trips

recorded for each penguin (Osborne et al., 2020). To obtain a sufficient sample size, I used both

complete and incomplete trips.

Using the lme4 package (v1.1-27; Bates et al., 2015), I fitted linear mixed-effects models (LMM)

to evaluate individual a-LoCoH 95% home range (referred to as home range or HR) and 50%

core area (referred to as core area or CA) size in response to sex, season, and their interaction, as

well as the total number of foraging trips used in the estimations; breeding site was included as a

random effect. I square root-transformed UD area to meet the assumptions of normality, which I

verified with a Shapiro-Wilk’s test. I visually inspected residuals for homoscedasticity,

normality, and overdispersion and verified model assumptions by plotting residuals against the

fitted values using quantile–quantile plots. I constructed a full model containing all probable

variables and then ranked this model and all of its possible derivatives using the MuMIn package

(v1.43.17; Barton, 2020). The most parsimonious and plausible model had the lowest sample

size-adjusted Akaike Information Criterion score (AICc). Finally, I determined if there was a
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significant difference in mean individual 95% home range and 50% core area size between

benthic dives and non-benthic dives for all individuals using a two-sided paired t-test.

3.2.4.2 Population distribution

Similarly to individual home ranges, I calculated population distributions based on

population-level a-LoCoH UD for each of the seven yellow-eyed penguin breeding sites

(DeCesare et al., 2012). I aggregated GPS fixes from an equal number of randomly sampled

female and male foraging trips (Botha & Pistorius, 2018; Börger et al., 2006; Soanes et al.,

2013b). Hereafter, these UD are referred to as breeding site population foraging distributions

(PFD) and population core areas (PCA) and represent the 95% and 50% isopleths, respectively.

Due to the small sample size of tracked individuals within years, seasonal comparisons include

tracks from all years. I estimated three separate home ranges encompassing the benthic,

non-benthic, and total foraging range of males and females. I repeated this for males and

females per breeding, winter, and premoult season, and for all seasons combined. I could not

complete benthic/non-benthic classification for some trips due to missing dive data. To prevent

the underestimation of home range size, I included trips without dive data in UD calculations for

all dives but excluded them from UD calculations for benthic/non-benthic dives.

3.2.4.3 Home range overlap

Since I was interested in comparing the spatial overlap of population home ranges as opposed to

overlap between individuals, I calculated population fixed kernel densities (KDE) for each site

using the adehabitatHR package (v3.25; Calenge, 2006). Kernel density is a frequently used

home range and UD estimator, so it allows for comparisons to previous studies (Mattern, 2020;

Moore, 1999). Moreover, shared space-use of a population is often measured by quantifying

kernel density overlap (Fieberg & Kochanny, 2005; Getz et al., 2007; Thomas et al., 2011). I

estimated 95% PFD and 50% PCA KDE for each season, sex, and dive type over a constant grid

with a cell size of 500 m2 (Botha & Pistorius, 2018; Lyver et al., 2011; Thomas et al., 2011;

Worton, 1989), using an equal number of trips for females and males in all calculations.

I calculated population-level utilisation distribution overlap indices (UDOI) between sexes,

seasons, and dive type for both PFD and PCA KDE (Fieberg & Kochanny, 2005). The UDOI
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ranges from 1 (complete overlap and uniformly distributed) and 0 (no overlap). A UDOI > 1

indicates a high percentage of overlap but a non-uniform distribution (diverging probability of

use in the overlap area; Fieberg & Kochanny, 2005). I then used a randomised approach to test

the null hypothesis that there was no difference in the spatial distribution between males and

females, between seasons, nor between areas of exclusively benthic or non-benthic dives (e.g.,

Botha et al., 2017; Breed et al., 2006; Cleasby et al., 2015; Thomas et al., 2011). I randomly

assigned a sex or season to each trip or a dive type to each dive location and then calculated

kernel UD and UDOI pairwise over 200 iterations. The null hypothesis cannot be rejected if the

degree of observed overlap from the original dataset is not significantly different than the

overlaps from the randomised dataset. For this one-tailed hypothesis test, I derived a p-value for

each pair from the proportion of random overlaps that were smaller than the observed overlap, a

measure of the probability that observed overlaps were significantly different than overlaps

occurring by chance (Botha et al., 2017; Breed et al., 2006; Cleasby et al., 2015). For pairs

where the observed overlap was significantly smaller than all randomised overlaps, the p-value

was less than 0.05.

I used the ggplot2 (v3.3.3; Wickham, 2016) and ggpubr (v0.4.0; Kassambara, 2020) packages to

create all figures and the flextable (v0.5.11; Gohel, 2020) and magick (v2.5.1; Ooms, 2020)

packages to create all tables. All maps are shown in the New Zealand Transverse Mercator 2000

projection, with the Topo50 coastline sourced from Land Information NZ (LINZ, 2020) and

bathymetry data sourced from the National Institute of Water and Atmospheric Research

(Mitchell et al., 2012).

3.3 Results

All distribution and home range sizes are reported as mean ± standard deviation, where

appropriate or otherwise noted. Sample sizes are reported as the number of individuals (nind),

with penguins tracked in the same season over multiple years counted as separate individuals

(Table 3.1). For brevity, tables of complete a-LoCoH and fixed kernel density PFD and PCA

sizes are presented in Appendix A Tables A.1 and A.2. Complimentary to the HR and PFD

figures which I discuss in detail, figures for CA and PCA can be found in Appendix A.
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3.3.1 Predictors of individual home range size

The mean of all individual yellow-eyed penguin (nind = 68) 95% a-LoCoH home range (HR)

size was 41 ± 35 km2 and 50% a-LoCoH core area (CA) size was 10 ± 8 km2 across all sites,

years, seasons, and sexes (Table 3.1). Sex and the total number of foraging trips were the only

significant, and positive, predictors of individual HR and CA size (conditional R2 = 0.6 and 0.5,

respectively; see Table 3.2 for model selection and Table 3.3 for full and final LMM results).

Males had significantly larger HRs (β males = 1.3, 95% confidence interval (CI)[0.4-2.3]) and

CAs (β males = 0.7, CI[0.2-1.2]) than females. As trip number increased, HR (β trip.no = 0.5,

CI[0.3-0.6]) and CA (β trip.no = 0.2, CI[0.1-0.3]) size significantly increased as well. Season was

not a significant predictor of range size and was not retained in the final models. Breeding site,

the random effect, explained more than a quarter of the total variance in HR and CA size

(marginal R2 = 0.37 and 0.26, respectively).

Table 3.2 – Linear mixed model selection for individual yellow-eyed penguin adaptive local
convex hull (a-LoCoH) 95% home range and 50% core area estimates (km2; n = 68) as a
function of sex, season, trip number, and the interaction between sex and season. Breeding site
is the random effect. The top five models are ordered by sample size corrected Akaike
Information Criterion (AICc), with the most parsimonious model at the top in bold.
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Table 3.3 – Coefficients (± standard error; SE) and confidence intervals (CI) for the full and
final linear mixed model of individual yellow-eyed penguin (n = 68) adaptive local convex hull
(a-LoCoH) 95% home range and 50% core area size (km2). The full model includes trip
number, sex, season, and their interactions as predictors, with breeding site included as a random
factor. The final model was chosen based on a sample size corrected Akaike Information
Criterion (AICc) model selection procedure.

3.3.2 Breeding site home range

Mean individual HR size was largest for penguins from Penguin Bay in the Catlins (92 ± 33

km2, nind = 5), whereas penguins from Long Point (Catlins, nind = 5), Papanui (Otago Peninsula,

nind = 13), and Aramoana (North Otago, nind = 13) had comparable HR sizes ranging from 46 to

53 km2. Alfred & Cicely penguins on the Otago Peninsula had the smallest mean HRs (18 ± 20

km2; nind = 15). Nugget Point (Catlins, nind = 8) and Bobbys Head penguins (North Otago, nind

= 9) also had similarly small HRs of 29 ± 26 km2 and 30 ± 23 km2, respectively (Table 3.1).

Penguins from Aramoana had the largest variation in HR size (Figure 3.2). Core area sizes

followed similar trends to HR sizes across breeding sites, although penguins from Penguin Bay

and Long Point had the largest variation in CA size (Table 3.1, Appendix Figure A.1).

Estimated for all individuals from each breeding site, the a-LoCoH PFD ranged from 200 km2

(Bobbys Head) to 393 km2 (Penguin Bay), with a mean of 265 ± 67 km2 (Figure 3.2).
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Figure 3.2 – Boxplots of individual yellow-eyed penguin adaptive local convex hull (a-LoCoH)
95% home range (km2) at each breeding site (n = 7). The thick line in each box is the median
home range size, lower and upper boundaries are 25th and 75th quartiles, respectively, and lower
and upper error bars are the minimum and maximum, respectively. The 95% a-LoCoH
population foraging distributions (PFD; km2), calculated by combining all location points from
all respective individuals from a given breeding site, are indicated as points (X).

Aramoana had the largest a-LoCoH PCA (63 km2) compared with all other breeding sites which

had similarly sized PCAs (36-46 km2; Appendix Figure A.1). Figure 3.1 shows a-LoCoH PFD

and kernel density PFD for each breeding site, constructed from all individuals across all

seasons. Penguins from Bobbys Head travelled east/southeast. They foraged in similar areas to

Aramoana penguins, which foraged over a larger area to the north/northeast. On the Otago

Peninsula, Papanui penguins remained inshore along the narrow continental shelf. Penguins

from Alfred & Cicely used the wider continental shelf to the south of the peninsula and parallel

to the seafloor depth contours. Due to the narrow continental shelf off the coast of the Catlins,

Nugget Point and Penguin Bay penguins ranged north/northeast of their breeding sites, also

following -50 to -75 seafloor depth contours, although Penguin Bay penguins foraged in deeper

water up to 120 m. Long Point penguins mostly foraged inshore south/southeast in similar water

depths (Figure 3.1). See Appendix Figure A.2 for the a-LoCoH PCA map.
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3.3.3 Male and female home range

Males (nind = 38) had larger mean HRs (49 ± 39 km2) and CAs (11 ± 9 km2) than females (nind

= 30; HR 31 ± 27 km2; CA 7 ± 7 km2; Table 3.1 and Figure 3.3). Males also had a larger mean

a-LoCoH PFD (n = 7; 194 ± 50 km2) and PCA (37 ± 13 km2) than females (PFD 160 ± 46

km2; PCA 26 ± 9 km2), which was consistent across the breeding, premoult, and winter seasons

(Figure 3.4, Appendix Figure A.3). During premoult, males had the largest mean a-LoCoH PFD

(120 ± 63 km2; nind = 17), while females had the smallest mean a-LoCoH PFD across all

seasons (41 ± 20 km2; nind = 10). Premoult data for both sexes were not available for Long

Point and premoult data for females were not available for Aramoana and Papanui, however.

Even though mean male and female winter a-LoCoH PFD and PCA sizes were smaller than

breeding distributions, when males and females are combined, the mean winter distribution was

larger than the breeding season (Figure 3.4).

For males and females from Bobbys Head, Nugget Point, Penguin Bay, Alfred & Cicely, and

Papanui, the utilisation distribution overlap index (UDOI) of kernel densities (KDE) PFDs was

less than 0.42 (Table 3.4). Only male/female PFDs from Penguin Bay, Alfred & Cicely, and

Papanui overlapped significantly less than expected by chance (Figure 3.5), which indicates

differences in spatial distributions between sexes at these breeding sites (Figure 3.6). Penguin

Bay and Papanui males and females exhibited significantly different KDE PCAs, with a UDOI

≤ 0.03 (Table 3.4, Appendix Figure A.4).
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Figure 3.3 – Boxplots of individual yellow-eyed penguin adaptive local convex hull (a-LoCoH)
95% home range and 50% core area sizes (km2) for each sex (a, d), season (b, e), and dive type
(c, f). Sample sizes can be found in Table 3.1. Thick line inside each box is the median home
range size, lower and upper boundaries of the box are 25th and 75th quartiles, respectively, and
lower and upper error bars are the minimum and maximum, respectively.

Figure 3.4 – Mean population (n = 7) adaptive local convex hull (a-LoCoH) 95% foraging
distribution size (PFD; km2) for all individuals (dark grey bars), females (grey bars), and males
(light grey bars) during all seasons and each breeding, premoult, and winter season. PFD sizes
for each breeding site used to calculate the mean are indicated by the filled circles. Error bars are
± standard deviation.
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Table 3.4 – Sex, season, and dive type observed and randomised utilisation distribution overlap
index (UDOI) for population fixed kernel density (KDE) 95% foraging distribution (PFD) and
50% core area (PCA) estimates. The standard deviation for all randomised UDOI (mean over
200 iterations) ≤ 0.02. Significant p-values ≤ 0.05 (*) were determined from the one-tailed
hypothesis test if the proportion of random overlaps was smaller than the observed overlap.
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Figure 3.6 – Population fixed kernel density (KDE) 95% foraging distributions (PFD) for
yellow-eyed penguin males (light, semi-transparent colours) and females (dark colours) for all
seasons combined at each breeding site (n = 7). Breeding sites where utilisation distribution
overlap index (UDOI) between males and females was significantly different than the
randomised UDOI (a) are compared to breeding sites where (b) the UDOI was not significantly
different. Bathymetry contour lines (grey lines) are in increments of 25 m from 0 to -100 m and
then in increments of 100 m until -800 m (Mitchell et al., 2012).

3.3.4 Seasonal home range

Although individual HR and CA size was not significantly different between seasons (Table 3.3),

mean HR size was largest during the breeding season (52 ± 26 km2; nind= 13), followed by

premoult (46 ± 47 km2; nind = 26) and winter (31 ± 24 km2; nind = 29)(Table 3.1, Figure 3.3b).

This trend was observed for mean CA as well (Table 3.1, Figure 3.3e). However, mean a-LoCoH

PFD size across all breeding sites (n = 7) was largest during premoult (162 ± 76 km2), followed

by the winter (113 ± 52 km2) and breeding seasons (84 ±67 km2; Figure 3.4). This was also

seen in mean a-LoCoH PCA sizes (Appendix Figure A.3) and indicates more spatial variation

between individual penguin distributions during premoult and use of a more consistent area

during the breeding season.
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Seasonal overlap comparisons using UDOI did not conclusively determine if KDE PFDs and

PCAs differed significantly between seasons (Table 3.4). As shown in Figure 3.5, Bobbys Head,

Alfred & Cicely, Papanui, and Penguin Bay were the only breeding sites where the overlap

between at least one seasonal pair was significantly less than expected by chance. Penguins from

each breeding site exhibited varying levels of foraging site fidelity (Figure 3.7). For sites such as

Bobbys Head, different sample sizes likely resulted in underestimated PFDs (e.g., breeding nind

= 1, winter nind = 5) which in turn biased UDOI overlap comparisons. Nevertheless, the

randomised approach comparing observed PFD and PCA overlaps to randomly assigned

seasonal overlaps preserved sample sizes and indicated that penguins exhibited more

site-specific foraging behaviours than a generalised pattern in seasonal variation. See Appendix

Figure A.5 and A.6 for similar trends in PCA UDOI comparisons, with the addition of Long

Point showing significantly different overlap between the breeding and premoult seasons.

3.3.5 Benthic foraging home range

There was no significant difference between benthic and non-benthic mean HR size (t(52) = 1.3,

p = 0.19) and mean CA size (t(52) = 0.7, p = 0.52), although there was greater variation in

non-benthic HR and CA size (Figure 3.3c, f). However, benthic and non-benthic PFD and PCA

KDE spatial overlap for every breeding site population showed significantly less overlap (p ≤

0.05) than would be expected if dive type was assigned to each point at random (Table 3.4,

Figure 3.5). When visually comparing KDE PFDs and PCAs (Figure 3.8 and Appendix Figure

A.7, respectively), there was large overlap and little difference between dive type ranges.
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Figure 3.7 – Yellow-eyed penguin population adaptive local convex hull (a-LoCoH; dark
colours) and fixed kernel density (KDE; light, semi-transparent colours) 95% foraging
distributions (PFD) for the (a) breeding, (b) premoult, and (c) winter seasons. Bathymetry
contour lines (grey lines) are in increments of 25 m from 0 to -100 m and then in increments of
100 m until -800 m (Mitchell et al., 2012).
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Figure 3.8 – Yellow-eyed penguin population adaptive local convex hull (a-LoCoH; dark
colours) and fixed kernel density (KDE; light, semi-transparent colours) 95% foraging
distributions (PFD) for (a) benthic and (b) non-benthic dives. Bathymetry contour lines (grey
lines) are in increments of 25 m from 0 to -100 m and then in increments of 100 m until -800 m
(Mitchell et al., 2012).
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3.4 Discussion

3.4.1 Home range variability between breeding sites

All home ranges and population distributions estimated in this study represent the minimum

foraging range or yellow-eyed penguins off the mainland of New Zealand. Breeding site

explained a large percentage of the variability between individual home range and core area size,

which supports the first hypothesis that breeding site is an important predictor of range size. In

accordance with the second hypothesis, there was high variability in population distributions

between breeding sites as well. The diverse physical characteristics of the marine environment

likely dictate penguin behaviour and, ultimately, their distribution. For instance, the narrower

continental shelf to the east of the Otago Peninsula limits how far penguins can disperse (e.g.,

smaller ranges of Papanui penguins) and forces a more northerly or southerly trajectory (e.g.,

Alfred & Cicely penguins). On average, penguins from the Otago Peninsula dive to maximum

depths of 80-95 m over gravel/sand beds (Mattern, 2020; Mattern & Wilson, 2018).

The first kernel density home ranges constructed for yellow-eyed penguins on the Otago

Peninsula found similar patterns of distributions (Moore, 1999). From 1990 to 1993, penguins

from Boulder Beach, a breeding site that at one time had the largest number of breeding pairs in

the South Island, also foraged south of the Otago Peninsula over the mid-shelf at depths of 50-90

m, and ranges were of similar shape and size to those constructed in this study. Furthermore, the

similarities between current population HRs and foraging ranges from Moore (1999) persist for

penguins from Long Point and Long Point in the Catlins. Both ranges, also of similar shape and

size, extend in the same trajectory, south of the breeding site and concentrate over the flatter,

narrow region of the continental shelf in deeper water 75-120 m deep. The consistency in the

foraging ranges of yellow-eyed penguins over time in Otago and the Catlins suggests that

penguins from the same breeding area are likely to have similar foraging behaviours and

overlapping foraging ranges. On the other hand, although they tended to exhibit movement

trajectories parallel to the coast that follow depth contours, penguins from different breeding

areas exhibited considerably different behaviours due to varying seafloor depths and benthic

habitats. For example, the continental shelf in the Catlins becomes considerably deeper much
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closer to shore compared to Otago, so penguins dive deeper, over 100m to reach their demersal

prey, and range further north/south to compensate (Mattern, 2020; Moore et al., 1995).

For yellow-eyed penguins, population core areas did not overlap, indicating a separation of

foraging hotspots. Spatial segregation could be a means to reduce intraspecific competition or

dietary overlap, which occurs in other penguin species including little (Pelletier et al., 2014;

Eudyptula minor; Sánchez et al., 2018), rockhopper (Eudyptes chrysocome), gentoo (Pygoscelis

papua), and Magellanic (Spheniscus magellanicus) penguins (Masello et al., 2010). Masello et

al. (2010) found spatial separation at sea of different colonies of gentoo penguins, who use a

similar benthic foraging strategy to yellow-eyed penguins, although they attributed this

segregation to physical barriers, predator avoidance, and optimal foraging behaviours. Individual

and population home ranges of yellow-eyed penguins, however, overlapped with at least one

other population distribution, so competitive exclusion is probably not occurring. Furthermore,

yellow-eyed penguins have a small population, are reliant on a predictable prey source at the

seafloor, and switch to pelagic foraging if the opportunity arises (Mattern, 2020) or if

environmental conditions render benthic diving no longer possible (Mattern & Ellenberg, 2018),

which would all reduce or eliminate intraspecific competition. Shared space-use indicates patchy

prey availability and abundance (Harris et al., 2020; Masello et al., 2010; van Heezik, 1990b;

Young et al., 2020), so environmental differences such as seafloor depth or continental shelf

width (Berlincourt & Arnould, 2015; Masello et al., 2010; Mattern, 2020) likely play a large role

in determining foraging areas of yellow-eyed penguins, ultimately shaping their home ranges.

3.4.2 Home range variability between sexes

Contrary to my first hypothesis, model selection yielded the most parsimonious model which

included sex as a significant predictor, and males had larger individual home ranges and core

areas than females. Males are physically larger than females (Setiawan et al., 2004), albeit

slightly, and this body size dimorphism could limit dive depth and duration in females, as seen in

macaroni penguins (E. chrysolophus; Green et al., 2005) and southern rockhopper penguins (E.

chrysocome; Pütz et al., 2006). Fewer foraging areas within their maximum dive capabilities

would then be available for female yellow-eyed penguins, ultimately restricting their range sizes.

Previous studies, however, have not found any significant difference in diving and foraging
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metrics, including depth, bottom time, and distance, between male and female yellow-eyed

penguins (Chilvers et al., 2014; Elley, 2022; Mattern, 2006; Mattern et al., 2007, 2013; Moore,

1999). An alternative explanation is that the home range of a female is concentrated in areas with

suitable prey of a certain size and type and, by proxy, specific benthic habitats. Smaller females

are more confined in prey choice and quantity (Young et al., 2020) which would also restrict the

spatial areas where enough or preferred prey would be accessible. These limitations may be

contributing to a possible higher mortality rate in females, perpetuating the population decline.

Similarly, the second hypothesis predicted that sex would not significantly influence the

population distributions of yellow-eyed penguins, but rather males and females would use

similar sized and overlapping foraging areas due to their similar diving behaviours. On the

contrary, male population foraging distributions and core areas were larger than females for the

majority of breeding sites, except for Long Point and Alfred & Cicely. When comparing the

overlap between sexes, male and female penguins from Alfred & Cicely, Papanui, and Penguin

Bay overlapped significantly less than would be expected by chance, indicating greater spatial

variation. However, a conclusive population-level inference cannot be made due to this

site-specific variation. During the breeding season, when it is more likely to observe differences

in HR size between males and females if sexual segregation is occurring, individual HR and

mean population distributions were remarkably similar in size and overlap between males and

females. The equality of parental investment in yellow-eyed penguins (Edge et al., 1999;

Schuster & Darby, 2000) supports this finding. However, five sites had a lack of breeding season

data for at least one sex, which prevents further comparisons.

Retrieval of GPS devices was selective to those individuals that returned to the breeding site and

retained their device. This may have resulted in underestimated home ranges, since those

penguins that did not return or lost their device may have represented a sub-population that have

large foraging ranges. However, based on this long-term dataset there is no indication that the

home ranges of these penguins would differ greatly from the general population. Moreover,

although population foraging distributions were created using equal numbers of foraging trips

from males and females, an underlying bias may be inherent in all the home range estimations in

this study. Additionally, if greater individual variation in foraging range exists for one sex, it is

possible that the spatial extent over which they forage could be larger, so the overlap between

individual foraging ranges would be smaller. For example, male penguins from Alfred & Cicely,
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Papanui, and Penguin Bay (sites where male and female HRs were significantly different than

expected at random) could have very similar HR or CA sizes to females but use more spatially

distinct foraging areas (little overlap between individuals). When combined into a population

distribution, their space use is then larger.

The finding that individual home range sizes were significantly larger for males than females

diminishes this bias and validates some sex-segregation in yellow-eyed penguin distributions.

This also means that male penguins from Aramoana, Bobbys Head, Nugget Point, and Long, all

sites where segregation was not occurring, showed more shared space use even though they had

larger home ranges than females. Ultimately, individual variation in foraging behaviour

regardless of sex and the differing sample sizes used to estimate population distributions is

probably more responsible for sex-specific spatial segregation of home ranges in yellow-eyed

penguins.

3.4.3 Home range variability between seasons

During the breeding season, penguins have higher energy demands than during the winter,

because they are laying/incubating eggs or provisioning their growing offspring as well as

themselves. They also have high energy demands as they prepare for the moult, a process that is

energetically and physiologically costly (Croxall, 1999). Yellow-eyed penguins are solely

self-provisioning outside of the breeding season so are not limited to single day trips or trips

within a certain distance of their breeding site (Young, 2022). Thus, I predicted that winter,

premoult, and breeding ranges would be significantly different in size and space use, and that

home ranges would be more constrained during the breeding season. I confirmed this at a

population level, where on average the mean PFD size across all sites was smallest during the

breeding season. Yellow-eyed penguins are limited in the distance and timing of foraging trips

while provisioning young. The further they forage means an increase in adult energy demand

and time between prey intake and feeding their chicks (Ropert-Coudert et al., 2004).

Additionally, yellow-eyed penguins increase their meal sizes during the breeding season to offset

lower trip frequency due to parental care responsibilities (van Heezik, 1990b, 1990a). They also

moderate trip distance and duration by performing half-day or evening trips of intensive foraging

in addition to full day or multiday trips during chick-rearing (Browne et al., 2011; Mattern et al.,
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2007; Moore et al., 1995), which Ropert-Coudert et al. (2004) found to be a strategy of Adélie

penguins (Pygoscelis adeliae) to maintain adult fitness while maximising chick growth.

The mean PFD size across all sites was largest during premoult. Yellow-eyed penguins require

an excess of food to sustain them on land during the moult period (van Heezik, 1990b), so they

may travel further or for extended, overnight trips to find sufficient prey (Young, unpublished).

Yellow-eyed penguins are believed to primarily forage individually (although several

cooperative foraging trips have been observed; Hickcox, data unpublished), and it is possible

that they also adapt their foraging range to limit intraspecific competition (Ramírez et al., 2014).

Adults and juveniles are all at sea during the day during winter and premoult periods as opposed

to during the breeding season when half the breeding population is on land incubating eggs or

guarding chicks. If competitive exclusion was occurring, we would expect less spatial overlap

between breeding and premoult/winter PFD as penguins use more space and spread their

distribution. For most breeding sites, the spatial overlap (UDOI) in PFD between seasons was

high and not significantly different, so penguins foraged in more similar locations than would be

expected at random. Rather, it is more likely that individuals have preferences for foraging areas

or prey and return to known locations of predictable and abundant prey regardless of season due

to their benthic foraging strategy. Adult yellow-eyed penguins remain central place foragers

throughout the year and return frequently to their nesting areas, unlike other penguin species that

have large, non-breeding dispersals or greatly alter their foraging grounds during non-breeding

months (e.g., Harris et al., 2020; Mattern et al., 2018b; Pütz et al., 2000; Trivelpiece et al.,

2007). This is further supported because season was not a predictor of individual home range

size in the final linear mixed model, and the negative relationship between breeding season

(reference level) and premoult/winter seasons coefficients in the full model actually indicates

individual HR and CA size are largest during the breeding season.

3.4.4 Distinguishing benthic foraging ranges

During a foraging trip, penguins perform various types of dives depending on the stage of the

trip. Mattern et al. (2007) saw patterns in behaviour while yellow-eyed penguins were travelling

from the coast (outgoing), actively foraging (midday), or travelling back to the breeding area

(incoming). Penguins maintain a directional trajectory with an increase in pelagic diving during
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the outgoing and especially the incoming stages. After an individual reaches a productive area, it

frequently changes course and undertakes a period of intense benthic diving or area- restricted

search. Periods of rest and surface drifting are scattered throughout the foraging trip. These

commuting, foraging, or resting behaviours, as seen in most penguin species including African

penguins (S. demersus; Petersen et al., 2006) and little penguins (Zhang et al., 2015), however,

are not confined to one part of a foraging trip. For example, yellow-eyed penguins are not only

travelling during the outgoing stage but are also searching for prey while performing a mixture

of benthic and pelagic dives, resulting in a higher search effort compared to the incoming stage

(Mattern et al., 2007).

Based on their benthic foraging strategy, foraging distributions where yellow-eyed penguins

perform exclusively benthic dives should be able to be distinguished from non-foraging ranges

where they perform mostly pelagic dives using behaviourally-classified dives. While these

results confirmed this, mean individual benthic HR and CA sizes were not significantly different

than non-benthic ranges. Benthic foraging areas spanned both inshore and offshore areas,

supporting the idea that benthic diving is also used when travelling or searching for prey

(Ellenberg & Mattern, 2012; Mattern et al., 2018a; Mattern & Ellenberg, 2018). In this study, I

assumed benthic dives to be active foraging dives during which the penguin is searching for or

pursuing prey, while considering non-benthic dives as travelling dives or dives occurring

between benthic foraging bouts. However, some prey pursuits require a penguin to perform a

series of pelagic dives to successfully consume certain benthic prey items, such as blue cod

(Parapercis colias; Mattern et al., 2018a). They are also known to switch to pelagic foraging in

times of low visibility (Mattern & Wilson, 2018) or if pelagic prey is readily available (Muller et

al., 2020b). Estimating benthic and non-benthic home ranges and interpreting them as foraging

and non-foraging events, respectively, is an oversimplification. Considering the method used to

classify dives as well, the dive type home ranges may also include dives that were classified

incorrectly due to atypical behaviour.

Despite differentiating benthic and non-benthic home ranges, I predicted in my final hypothesis

that there would be significant overlap in these ranges because both dive types are dispersed

throughout a foraging trip. At the population-level, the overlap between benthic and non-benthic

areas was significantly different for penguins at all breeding sites, indicating that they use certain

areas solely for foraging. However, when visually comparing areas of benthic foraging with the
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entire HR of that individual or population, there is little difference and large overlap. Despite

this, the differentiation between dive types can elucidate areas where yellow-eyed penguins are

interacting with the seafloor rather than the water column, and identify areas where they may be

at a higher risk of encountering set nets or trawls (Crawford et al., 2017; Ellenberg & Mattern,

2012). Future studies can also measure the impact of habitat disturbance and degradation on prey

species in these key foraging areas and in turn the yellow-eyed penguins which forage there.

3.4.5 Conclusions

This study provides a broad view of marine home ranges and spatial distributions of populations

of yellow-eyed penguins across their South Island range. As they cope with a highly variable

marine environment by employing a benthic foraging strategy, penguins adapt their home ranges

to maximise prey encounters. Temporal and sex-specific variation in individual home ranges and

population distributions are not ubiquitous across the seven breeding sites. Rather, individuals

respond independently, likely to factors such as prey availability, inter- and intra-specific

population structuring, and marine habitat. This results in high variability in the overall

distribution of the species throughout the marine environment. Additionally, dive behaviour can

be used to differentiate areas of primarily benthic foraging dives. The population-level

inferences in this study can be used to inform and focus conservation management to hotspot

marine areas, as long as it recognised that these are estimates of a minimum foraging range. It

can also provide a baseline for long-term marine monitoring and spatial planning and distinguish

natural temporal and spatial variability in yellow-eyed penguin foraging distribution from that

caused by anthropogenic activities (e.g., fisheries interactions, climate change, habitat

degradation). Understanding home range variation between individuals and across populations

can explain underlying mechanisms and processes which affect the distribution of a species,

such as joint space use, habitat preference, inter- and intra-specific interactions, and prey

availability or preference.
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Chapter 4

Staying close to home: Modelling marine spatial
distributions to predict the foraging habitat

selection of yellow-eyed penguins

Abstract

Endangered yellow-eyed penguins (Megadyptes antipodes) are central-place, benthic-diving

foragers that search for prey in the productive marine areas off the coast of the South Island,

New Zealand. Like other seabirds, they target specific, reliable areas of high prey abundance,

which are often associated with oceanographic characteristics such as bathymetry, seafloor

sediment type, and sea surface temperature. Employing 19 years of GPS tracking data, I created

species distribution models using maximum entropy modelling (Maxent) to determine foraging

space use and habitat suitability for yellow-eyed penguins across their South Island range and

within five distinct subpopulations. I quantified the importance of environmental variables for

predicting foraging site selection during and outside the breeding season. Significant regional

variation existed in predicted probability of presence, and proximity to the nearest breeding area

was a key predictor of suitable foraging habitat. When distance was not included in the models,

dissolved oxygen concentration was the most important predictor in the South Island model and

the North Otago, Otago Peninsula, and the Catlins subpopulation models, whereas water current

speed and mean monthly turbidity were most important in Banks Peninsula and Stewart Island

subpopulation models, respectively. Dynamic variables related to prey availability were often

the most important variables in model predictions of the habitat selection of yellow-eyed

penguins. Visualisations and findings from this study, particularly of the observed interactions

between penguins and their marine habitat, can be used to direct conservation and resources

during marine spatial planning and species management.
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4.1 Introduction

Penguins are central-place foragers that depend on the ocean and the land for survival. At sea

they require a predictable and reliable prey source, and their space use is frequently associated

with prey abundance (Ropert-Coudert et al., 2019). Penguins target productive areas often

associated with particular oceanographic features, such as frontal zones, shelf edges, or

upwelling areas (Bost et al., 2009; Kowalczyk et al., 2015; Weimerskirch, 2007; Wilson et al.,

2001), while also responding to resource access, geography, environmental variability, and

intra/interspecific competition (Harris et al., 2020; Masello et al., 2010). By relating

environmental variables and foraging areas, it is possible to identify and predict key foraging

hotspots of increased utilisation and habitat suitability, quantify tolerances or selection in

relation to environmental gradients, and explore the effects of environmental change. After

identifying potentially suitable foraging areas, targeted site-specific conservation measures can

be implemented to protect declining and threatened species such as penguins.

The main drivers of the ongoing yellow-eyed penguin population decline in New

Zealand/Aotearoa are attributed to the marine environment (Mattern et al., 2017). However, only

recently have there been studies documenting their at-sea behaviour, specifically their foraging

ranges (Mattern, 2006, 2020; Mattern et al., 2007, 2013; Moore et al., 1991, 1995; Moore, 1999)

and diving behaviour (Chilvers et al., 2014; Elley, 2022; Mattern, 2006; Mattern et al., 2007,

2013, 2018a; Muller et al., 2020b; Seddon, 1990; Young et al., 2022). These studies suggest that

the birds use individually consistent foraging routes (Elley, 2022; Mattern et al., 2007) and retain

particular foraging behaviours such as range from the coast and length between trips and years

(Moore, 1999), resulting in inter-individual variation in foraging ranges and behaviours (Chapter

3). In addition, preliminary spatial modelling by Mattern (2020) acknowledged variation in

space use between penguins from different geographic regions, or subpopulations, based on

environmental variation in seafloor sediment type and bathymetry. In this study, I aimed to

predict the current yellow-eyed penguin foraging distribution over the entire South Island of

New Zealand to understand environmental predictors driving species occurrences and to identify

differences across geographic and environmental space.

A number of environmental predictors are likely to influence at-sea space use and are considered

important for penguin foraging success. Specifically, several studies have hypothesised that
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bathymetry (Mattern et al., 2007; Mattern, 2020; Moore et al., 1995; Moore, 1999), seafloor

sediment type (Mattern et al., 2013, 2018a; Mattern, 2020; Mattern & Ellenberg, 2018), distance

to nest site (Mattern, 2020), water properties such as salinity and currents (Moore et al., 1995),

and seafloor structures (Mattern et al., 2013, 2018a) influence yellow-eyed penguin distribution

or their breeding success and population dynamics. Sea surface temperatures also relate to adult

survival and breeding success (Mattern et al., 2017; Peacock et al., 2000). As central-place

foragers, yellow-eyed penguins are limited to foraging areas that are in proximity to nesting sites

(hereafter referred to as colonies, although typically consisting of few, e.g., 1-10, breeding

pairs). The foraging distribution of the species, particularly during the breeding season, is thus

restricted when distance to each colony is considered. For times outside of the breeding season

when the central-place foraging strategy is more loosely employed, their range is not likely to be

similarly bounded by distance to their breeding sites (Mattern, 2020).

As specialised benthic foragers, yellow-eyed penguins exploit the predictability of prey at the

seafloor (Lidgard et al., 2020; Mattern et al., 2013). The composition of seafloor substrate

determines prey assemblages, which in turn influences the behaviour and presence of

yellow-eyed penguins (Mattern et al., 2013, 2018a). Penguins’ eastward dispersal from the coast

is also bounded by the continental shelf and the shelf break, which occurs at approximate depths

of 125-150 m (Carter et al., 1985; Gorman et al., 2013; Stevens et al., 2019; Sutton, 2003; Wood

& Probert, 2013). Seafloor depth in the outer shelf region coincides with the physiological dive

capabilities of yellow-eyed penguins; the maximum dive depth in this study was -156.2 m, with

a theoretical maximum depth of -200 m and -180 m for males and females, respectively,

following Wilson et al. (1997) and using mean premoult mass. Bathymetry has been linked to

productivity and diving behaviour in other penguin species as well, including little penguins

(Eudyptula minor; Chiaradia et al., 2007), African penguins (Spheniscus demersus; Sutton et al.,

2020), and Fiordland penguins (Eudyptes pachyrhynchus; Mattern et al., 2018b).

Current systems and frontal zones have been associated with penguin foraging behaviour. For

instance, royal (E. schlegeli) and king penguins (Aptenodytes patagonicus) breeding on

Macquarie Island exploited the productive Polar Frontal Zone (Bost et al., 2009; Hull et al.,

1997) while Fiordland penguins foraged along the Subantarctic and Subtropical fronts outside

the breeding season (Mattern et al., 2018b). Magellanic penguins (S. magellanicus; Boersma &

Rebstock, 2009) travelled to productive fronts both inshore and offshore of Argentina. While the
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thermoclines, haloclines, primary productivity, upwellings/downwellings, currents, and other

hydrographic and physical parameters which characterise frontal systems can have a direct effect

on penguins (e.g., temperature tolerances, directed movement following a current), it is more

probable that they affect prey species assemblages and hence, indirectly affect penguins (e.g.,

Chiaradia et al., 2007; Hull et al., 1997). In New Zealand, the northward flowing Southland

Current is bounded by the Subtropical Front where Subtropical and Subantarctic waters meet,

creating a highly dynamic and productive environment (Gorman et al., 2013; Stephenson et al.,

2020; Stevens et al., 2019). The marine distribution of mainland yellow-eyed penguins is likely

a bottom-up response to variable oceanic conditions adjacent to the Otago coast. This study is

the first to consider how these variables combined affect penguin foraging behaviour over a large

spatial and temporal scale.

Species distribution models (SDMs; also called ecological niche or habitat suitability models,

among others) are frequently used to extrapolate potential species distributions or quantify the

niche of a species over time and space (Araújo & Luoto, 2007; Elith et al., 2011; Elith &

Graham, 2009; Franklin & Miller, 2009; Phillips et al., 2006; Robinson et al., 2011). Depending

on the objectives of a study and the data used to fit the models, SDMs have a variety of

applications. They can predict habitat suitability or a current spatial distribution to delineate

conservation areas or map biodiversity (e.g., Araújo et al., 2019; Elith et al., 2011), or they can

be projected or transferred to novel environments, alternative areas, or different time periods to

quantify range shifts due to climate change, expansion potential, or reintroduction suitability

(e.g., Boria et al., 2017; Recio et al., 2018). In this study, I used Maxent, a machine-learning,

presence-only approach, which follows the theory of maximum entropy to approximate a

probability of occurrence and the environmental niche of a species (Phillips et al., 2006; Phillips,

2017). I used GPS tracking data and ten marine physical, spatial, and climatic environmental

features to: (i) predict the probability of current yellow-eyed penguin presence during the

breeding and non-breeding seasons across their South Island extent to estimate marine space

use; (ii) identify the importance of certain environmental predictors to penguin foraging; (iii)

evaluate how central-place foraging behaviour represented by distance to the nearest breeding

colony influenced model predictions; and (iv) compare habitat suitability (environmental space)

and distribution (geographic space) across five distinct subpopulations of penguins spanning the

South Island. Considering previous research that independently identified the importance of
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distance to the nearest colony, bathymetry, and sediment type on the foraging behaviour of

yellow-eyed penguins (Elley, 2022; Mattern et al., 2018a; Mattern, 2020), I hypothesise that

these variables will similarly have a high importance among all other variables used in the

SDMs. I expect significant differences in foraging range between subpopulations as well

considering the variability of the marine environment across their range. Finally, assuming that

distance to colony is the main limiting factor which restricts movement during the breeding

season and that excluding distance is equivalent to a non-breeding distribution, I also predict that

areas of high probability of presence would be congruent between seasons, even though overall

space use would extend over a larger area outside of the breeding season.

This study aims to provide a comprehensive understanding of the environmental drivers shaping

the marine distribution and space use of yellow-eyed penguins. In light of ongoing efforts to

implement a marine protected area network off the Otago coast, originally proposed in 2018 by

the South-East Marine Protection Forum/Roopu Manaaki ki te Toka (South-East Marine

Protection Forum, 2018), knowing the current range of yellow-eyed penguins is critical for

evidence-based conservation management that considers the current and potential anthropogenic

risks and threats at sea. Moreover, it is likely that there is a high variation in marine distribution

across subpopulations. To effectively apply these models to monitoring, research, and marine

spatial planning, it cannot be assumed that the same patterns of space use and environmental

conditions apply to the mainland population of yellow-eyed penguins.

4.2 Methods

4.2.1 GPS-TDR logger deployments

Yellow-eyed penguins were tracked at sea using Global Positioning System loggers and

time-depth recorders (GPS-TDR loggers). Tracking was conducted from 2003-2021 as part of

several projects and collated for the purpose of this research (Ellenberg & Mattern, 2012;

Mattern, 2006, 2020, 2021; Mattern et al., 2007, 2013; Young et al., 2022). Fieldwork was

conducted at 23 colonies across the South Island, New Zealand, including Stewart Island and

Codfish Island/Whenua Hou (Figure 4.1). Data collection occurred during the breeding (October

to March), premoult (February to April), and winter (April to September) seasons over multiple
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years beginning in 2006. Colonies were chosen based on several considerations, the foremost

being the number of resident penguins and/or breeding pairs, with the individuals used in this

study regarded as representative of the wider population (Fourcade et al., 2014).

For all device deployments, yellow-eyed penguins were intercepted at their nest or as they

returned to their colonies after a foraging trip. Each penguin was weighed in a cloth bag to the

nearest 50 g using a Pesola scale. Only penguins weighing greater than 4.5 kg were fitted with a

logger. Following the methodology of Setiawan et al. (2004), sex was determined from head and

foot measurements taken using an osteometric board. Each penguin was checked for or fitted

with a transponder (23 mm ISO standard Passive Integrated Transponder PIT; Allflex,

Palmerston North, New Zealand). Known individuals were targeted to increase the chances of

device retrieval. Using waterproof Tesa tape (No. 4651, Beiersdorf AG, Hamburg, Germany), a

GPS dive logger was attached to the dorsal feathers at the penguin’s lower back following the

methodology of Wilson et al. (1997). For some longer deployments post-2019, cable ties were

inserted under the feathers and tightened around the device for additional attachment security

(Ropert-Coudert et al., 2002). A rubber-based glue was spread over the top of the tape and cable

ties (Mattern et al., 2007, 2013). After a total handling time of 10-20 minutes, the penguin was

then released at the site of capture or within one metre of the nest. After 6-20 days, the loggers

were retrieved in a manner that prevented plumage damage, and each penguin was weighed.

Recovery handling time was around 5-10 minutes.

Several types of GPS-TDR loggers were used over the course of several studies. For data

collected before 2016 (i.e., Mattern, 2006; Mattern et al., 2007, 2013), GPS-TDlog devices were

used (earth & OCEAN Technology, Kiel, Germany; dimensions: L x W x H = 100 x 48 x 24

mm, mass: ca. 70 g). For data collected after 2016 (Elley, 2022; Mattern, 2021; Young et al.,

2022), Axy-Trek marine GPS-TDR loggers were used (Technosmart, Rome, Italy). The

Axy-Trek loggers varied in size (L x W x H = 65 x 39 x 14 mm or 69 x 40 x 14 mm) and mass

(46-59 g) depending on the type of battery. A 59 g GPS logger constitutes 1.1% of the body

mass of a 5.5 kg yellow-eyed penguin (average mass). The frontal area of the loggers is less than

2.0% of a yellow-eyed penguins cross-sectional area (Mattern et al., 2007, 2013). The devices

were streamlined and positioned low on the back to reduce drag (Bannasch et al., 1994;

Ropert-Coudert et al., 2002). No effect of logger deployment on lifetime reproductive success
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Figure 4.1 – Distribution of breeding colonies across the South Island and Stewart Island, New
Zealand and the GPS foraging trip data used in this study. Tracks and colony locations are
coloured by region/subpopulation: Banks Peninsula, blue; North Otago, purple; Otago
Peninsula, green; Catlins, yellow; Stewart Island, red. White circles denote colonies with at least
one confirmed nest since 2003 but with no GPS tracking data. The grey area is the study extent
used for environmental predictor variables.
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(Stein et al., 2017b), nest attendance, breeding success (Mattern et al., 2007), nor on foraging

capabilities (Mattern et al., 2018a) has been found in yellow-eyed penguins.

The loggers were programmed to record a geographical position at 30-second or 1-minute

intervals during the day, with a 15-minute interval overnight from 23:00 – 06:00 to conserve

battery when diving frequency and depth is reduced (data unpubl.). Pressure and temperature

were recorded at 1-second intervals, and tri-axial acceleration data (Axy-trek loggers) were

recorded at 25 Hz. See Mattern (2006), Mattern et al. (2007), and Mattern et al. (2013) for

further details about GPS-TDlogs used pre-2016.

4.2.2 Occurrence data

Data collected before 2016 were processed prior to this study with custom-written code

(Mattern, unpublished). The supplied data included the GPS coordinates of each dive,

timestamp, foraging trip number, maximum dive depth, and dive type (benthic or pelagic)

classification (refer to Mattern, 2006 for a full detailed methodology).

I processed all data collected from 2016 onwards and conducted data analyses using R 4.0.3 (R

Core Team, 2021). Due to its broad, open-source functionality, I used R as an comprehensive

programme capable of being a GIS, performing statistical and modelling computations, and

creating reproducible graphs, figures, and tables. I followed the same methods described in

Chapter 3 to process data. First, I removed any GPS points on land or indicating groundspeed

greater than or equal to 7.4 m/s (based on preliminary data exploration and expert knowledge). I

removed any points derived from communications with fewer than three satellites. I

differentiated individual foraging trips if the time interval between successive GPS points was

greater than six hours. To account for irregular fix frequencies that occurred due to the limited

surface time between dives, as well as possible differences in sample rate depending on the GPS

settings, I linearly interpolated all GPS points per trip to 60-second intervals using the

adehabitatLT package (v3.25; Calenge, 2006). I also omitted points that were interpolated

between two GPS fixes if the temporal gap exceeded one hour to reduce unrealistic fixes.

I identified individual dive events from the depth, temperature, and accelerometer data recorded

at 1-second intervals. I zero-offset corrected each dive to account for potential drift in pressure
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sensors Using the diveMove package (v1.5.2; Luque, 2020; Luque & Fried, 2011). Following

Mattern et al. (2007) and Mattern et al. (2013), I accepted only dive events that exceeded 3 m.

Penguins from Groper Island, considered part of Stewart Island, performed an abundance of

shallow foraging dives less than 1 m deep (verified via camera deployment; Elley, 2022), so

dives exceeding 0.5 m were accepted for Groper Island penguins. To determine a geographic

coordinate for each dive, I combined interpolated GPS points with dive data using the mean time

between the beginning of descent and beginning of ascent and equivalent GPS timestamps,

formatted using the lubridate package (v1.7.9; Grolemund & Wickham, 2011).

I further sub-sampled one valid dive event per hour (first point/hour) for each foraging trip from

135 individuals tracked over 164 deployments to reduce temporal redundancy and spatial

clustering (Hartel et al., 2020). I chose this method over other methods (e.g., distance sampling,

random sampling) because it increased spatial and temporal independence while mitigating

sampling differences (Boria et al., 2014). I split this final dataset into subsets according to

subpopulation See Table 4.1 for a summary of the sample sizes of individuals by sex, season,

and breeding colony per subpopulation I used several packages associated with tidyverse

(Wickham et al., 2019), sp (v1.4-5; Bivand et al., 2013; Pebesma & Bivand, 2005), and the

raster package (v.3.3-13; Hijmans, 2020) for general geographic data analyses.
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Table 4.1 – Sample sizes of GPS-tracked, adult yellow-eyed penguins from each breeding
colony and geographic region/subpopulation according to sex (female-F, male-M) and season
(breeding-BR, premoult-PM, winter-WI). The total number of individual penguins is
differentiated from the total number of deployments due to repeated tracking of some
individuals over multiple years and/or seasons. Coordinates for each breeding site (WGS84
coordinate system) were used for all distance measurements.
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4.2.3 Environmental data

I initially considered 19 high-resolution gridded environmental predictors relating to water

properties, physical marine terrain features, hydrographic features, and distance measures (Table

4.2) that have been hypothesised or found to be important to yellow-eyed penguin foraging

behaviour (e.g., Mattern, 2006, 2020; Mattern et al., 2007, 2013, 2017, 2018a; Moore, 1999;

Peacock et al., 2000). See Chapter 2 for general information about each predictor. Due to their

benthic diving behaviour and prey pursuits, yellow-eyed penguin foraging distribution is more

likely influenced by water properties at the seafloor rather than throughout the entire water

column. Therefore, I considered the long-term, annual average seafloor concentrations of

dissolved oxygen (sf_do), salinity (sf_salinity), nitrogen (sf_nitrogen; CSIRO, 2009; Ridgway et

al., 2002), aragonite (sf_aragonite; Davies & Guinotte, 2011; Orr et al., 2005), silicate

(sf_silicate; Davies & Guinotte, 2011; Garcia et al., 2006), and seafloor temperature (CSIRO,

2009; Ridgway et al., 2002). In addition, I used long-term (2002-2018) mean (maximum and

minimum) annual sea surface temperature (sst_mean) and chlorophyll a concentrations (chla),

both derived from monthly MODIS-Aqua satellite imagery as described by Pinkerton et al.

(2018). I also included turbidity (turb_mean), calculated using the same methods as sea surface

temperature, and tidal current speed (currents; Stephenson et al., 2020; Walters et al., 2001) as

predictors that facilitate visual foraging and affect foraging effort/prey presence, respectively.

Physical terrain features included seafloor sediment type percentages (mud, sand, gravel,

carbonate; Bostock et al., 2019) and bathymetry (Mitchell et al., 2012). Sediment at the seafloor

is known to aggregate specific prey types and bathymetry determines dive behaviour and

influences many environmental properties. Additionally, I considered several distance layers as

proxies for dispersal and geographic limitations. I created all distance layers using the

“Euclidean Distance” tool in ArcGIS Pro (v2.7.0; ESRI Inc., 2019), which calculates the

shortest Euclidean distance between the cell centres of an empty raster grid (500 m cell size;

referred to as a fishnet raster) and the nearest feature of reference. I calculated distance to (i) the

nearest breeding colony with at least one nest since 2003 (distcolonyall) and to (ii) the nearest

breeding colony where penguins were tracked (distcolony) using coordinates and nest counts

queried from the Yellow-eyed Penguin Database (Department of Conservation, 2021).
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I also used the coastline of the South Island and Stewart Island, based on the Topo50 NZ

Coastlines and Islands Polygons layer from the Toitū Te Whenua Land Information New

Zealand Data Service (LINZ, 2020; https://data.linz.govt.nz) to delineate (iii) distance to land

(distland) and the 500m contour line derived from the bathymetry layer to represent the (iv)

continental shelf break (dist500m).

I processed all candidate environmental predictors by first cropping them to a buffered area of 75

km off the coastline of the South Island and Stewart Island (using the Topo50 coastline layer).

See Figure 4.1 for the geographic extent, which was chosen based on expert knowledge, mean

maximum foraging distance (Hickcox, data unpubl.), and the location of the continental shelf.

Due to resolution and projection differences between predictor layers, I extracted the raster data

to the extent of the empty fishnet raster that was used to derive the distance layers, rescaled to

500 m grid cells, and re-projected to the New Zealand Transverse Mercator 2000 coordinate

system. For source layers that had a cell size greater than 500 m (e.g., sediment type), I used

bilinear interpolation to calculate values for each fishnet cell. For source layers that had a cell

size less than 500 m (e.g., bathymetry), I used the mean value of all source layer cells that

occurred within the same fishnet cell. Although multicollinearity is acceptable in Maxent, I

aimed to reduce the number of predictors to minimise correlations and improve predictive

accuracy (Dormann et al., 2013; Elith et al., 2011; Merow et al., 2013; Recio et al., 2018;

Stephenson et al., 2020). Initially, I used the usdm package (v1.1-18; Naimi et al., 2014) which

identified collinear predictors with Spearman’s correlation coefficients greater than 0.7 and then

removed stepwise the predictors with the highest variable inflation factors (VIF > 10) until no

correlation coefficients exceeded this threshold (Dormann et al., 2013; Naimi et al., 2014). See

Appendix Figure B.1 for the correlation matrix and Appendix Table B.1 for VIF values of all

candidate predictors. However, this method excluded variables which are considered highly

important for penguin distribution (e.g., bathymetry, seafloor sediment type), so I subjectively

retained these layers for modelling despite their multicollinearity. A final dataset of ten

predictors was used for modelling (shown in Figure 4.2): bathymetry, distance to colony, current

speed, mud, gravel, sand, carbon, dissolved oxygen (sf_do), sea surface temperature (sst_mean),

and turbidity (turb_mean).

To compare distributions between geographic subpopulations, I created a 500 m resolution

fishnet grid of five spatially distinct regional extents: (from north to south) Banks Peninsula,

https://data.linz.govt.nz
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Figure 4.2 – Environmental predictors (a-j) used in the final Maxent models. Study extent is a
75 km buffer off the east coast of the South Island, New Zealand. Abbreviations and units
correspond to those in Table 4.2. Colour gradients range from high/maximum (red) to
low/minimum (blue). Rivers are shown in (a), from north to south: Waitaki, Taieri, Clutha
Rivers.
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North Otago, Otago Peninsula, Catlins, and Stewart Island. I based the extents off expert

knowledge and previous studies that found differences in foraging behaviour between penguins

from geographically distant areas (Ellenberg & Mattern, 2012; Mattern et al., 2013; Mattern,

2020, 2021; Moore, 1999). For each regional fishnet, I extracted each of the final predictors to

all of the cell centroids and rasterised all layers.

To visualise the differences in environmental space use of the five subpopulations (Ludynia et

al., 2013), I performed a Principal Component Analysis to transform the ten environmental

predictors into a two-dimensional representation of the environmental niche of yellow-eyed

penguins (e.g., Carlos-Júnior et al., 2015; Cavalcante et al., 2020; Ludynia et al., 2013; Warren

et al., 2008) using the FactoMineR (v2.4; Lê et al., 2008) and factoextra (v1.0.7; Kassambara,

2020) packages. I used the two principal components with the largest eigenvalues to summarise

the environmental relationships between subpopulations (Warren et al., 2008).

4.2.4 Model implementation

I modelled the potential distribution of yellow-eyed penguins using Maxent, a commonly used,

machine-learning SDM method (Phillips et al., 2006). The maximum entropy approach was

chosen because it predicts a probability distribution based on presence-only species location

points. It is suitable for high frequency tracking data (Elith et al., 2011; Phillips et al., 2006) and

has been shown to handle temporally or spatially correlated data (Afán et al., 2014; Boria et al.,

2017; Hunter-Ayad et al., 2021; Ramírez et al., 2014; Recio et al., 2018). Maxent first assumes a

uniform probability distribution for a species in space, and then applies environmental variable

constraints or features as functions to the points to choose a potential probability distribution

that best fits the data (Phillips et al., 2006). Maxent is similar to a inhomogenous Poisson point

process and gives an estimate of the intensity of occurrence records at or near a grid cell centroid

which can be scaled to probability of presence using a complementary log-log link function (see

Phillips et al., 2017).

I repeated the following model validation and evaluation procedures using subsets of presence

points to yield a South Island (SI) model and five subpopulations models for Banks Peninsula,

North Otago, Otago Peninsula (referred to as the Otago model), Catlins, and Stewart Island. See
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Figure 4.3 for a diagram showing the modelling process. The SI model used the complete

dataset of one yellow-eyed penguin foraging dive location per hour, a commonly accepted

background sample of 10,000 random points (Barbet-Massin et al., 2012), and environmental

predictor data spanning the entire South Island extent. The five subpopulations models included

foraging locations only from penguins originating from the specific region (see Table 4.1 for a

summary of colonies per region) and were fitted using a random sample of 5,000 background

points and the environmental predictor datasets for each regional extent.

4.2.4.1 Model optimisation and selection

Maxent requires an input of several parameters or settings that affect model complexity and

prediction accuracy (Merow et al., 2013; Phillips & Dudík, 2008; Radosavljevic & Anderson,

2014). In many cases, the default settings may not be appropriate for all data and tuning or

optimisation should be done to avoid overfitting (Radosavljevic & Anderson, 2014). Therefore,

for each combination of 20 regularisation multipliers (1-15 in 0.5 increments) and five feature

classes (L, LQ, LQH, LQHP, LQHPT, where L = linear, Q = quadratic, H = hinge, P = product, T

= threshold functions; see Elith et al. (2011) for descriptions of each class), I fitted 100 candidate

models for the SI and each subpopulation, or 600 models in total, using the ENMeval package

(v0.3.1; Muscarella et al., 2014). I selected the optimal, final model (best combination of

regularisation multiplier and feature class) for the SI and each region that minimised the sample

size corrected Akaike Information Criterion (AICc). The AICc is a frequently used measure of

fit and complexity (Li et al., 2020; Radosavljevic & Anderson, 2014; Warren & Seifert, 2011).

4.2.4.2 Model evaluation

I employed k-fold cross-validation to evaluate model performance. I partitioned occurrence data

into training and testing data using the “checkerboard2” sampling method (Muscarella et al.,

2014) in ENMeval. This divides occurrences into 4 folds (k folds) of approximately equal size of

geographical space as described in Muscarella et al. (2014). As a type of “masked

geographically structured” data partitioning (Radosavljevic & Anderson, 2014), this method

lessens inherent environmental biases and spatial autocorrelation and is most appropriate when

model transferability across space is not required (Radosavljevic & Anderson, 2014). The k-fold
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Figure 4.3 – Methodology flowchart showing data preparation, optimisation of the tuning
parameters used in all Maxent species distribution models (SDM), model selection, k-fold cross
validation, and final model prediction processes.
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cross-validation procedure fits k models, each iteratively trained with k-1 folds and tested with

the remained fold until each fold has been withheld for testing once. The results are averaged,

from which a single evaluation measure can be estimated (Radosavljevic & Anderson, 2014). To

ensure the validation data was spatially independent, background points that occurred in the

same geographic area as the testing data were not used for training (Muscarella et al., 2014;

Radosavljevic & Anderson, 2014).

I evaluated the final models based on the following three metrics. The Area Under the receiver

operating characteristic Curve (AUC) is a threshold-independent metric of model performance

that quantifies the probability that a random occurrence is ranked higher than a random

background point (Phillips et al., 2006; Radosavljevic & Anderson, 2014). The AUC is averaged

across all k iterations for training and testing data and ranges from 0.5 (no discrimination

between presence and background point) to 1 (complete discrimination). As a measure of

over-fitting, the difference between training and testing AUC values (AUCdiff) will be high for

models which have been over-fitted to the training data (Li et al., 2020; Warren & Seifert, 2011).

Two additional threshold-dependent metrics were calculated based on Omission Rates (OR)

exceeding a certain threshold. The ORMTP is a proportion of testing points that have a suitability

value (relative occurrence rate) that is lower than the lowest-ranking training point (minimum

training presence). An ORMTP of greater than 0 indicates model over-fitting. An OR10 is a

proportion of testing points that have a suitability value that is lower than the lowest-ranking

training point excluding the lowest 10% of training points. An OR10 greater than 10% indicates

model over-fitting (Muscarella et al., 2014; Radosavljevic & Anderson, 2014). Cross-validation

was performed, and evaluation metrics were determined for all candidate models.

4.2.4.3 Model predictions

I fitted the final SI and subpopulation models using all available presence points and the optimal

regularisation multiplier and feature class combination, and then predicted them to geographic

space using the dismo package (v1.3-3; Hijmans et al., 2020). I used a cloglog output for all

prediction maps, which is the most appropriate measure for estimating a probability of presence

(Hartel et al., 2020; La Manna et al., 2020; Phillips, 2017; Zarzo-Arias et al., 2019). While

distance to tracked colony (distcolony) was using in model optimisation and evaluation, I used
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distance to any breeding colony (distcolonyall) as the distance predictor in final model fitting

while keeping the geographic extent and all other predictors the same, so that I could extrapolate

the potential distribution of all yellow-eyed penguins breeding in the South Island.

Predictions which considered distance closely represent a breeding season distribution, as

penguins are constrained to central-place foraging at this time. To account for times outside of

the breeding season when the central-place foraging strategy is more loosely employed and their

range is not bounded by distance from their colony, I also fitted SI and subpopulation models

with the same input setting and presences but excluded the distance to colony predictor (referred

to as non-breeding or “nb” models), following a similar procedure to Mattern (2020). Due to the

lack of consistent seasonal differences in home range (see Chapter 3), I used the same

occurrence data to enable comparisons between distance and no distance model prediction maps.

To present a visualisation of habitat suitability which is often more useful in conservation

management, I converted the South Island model predictions into a binary environmental

suitability map (Freeman & Moisen, 2008; Liu et al., 2016). I used a threshold method, which

assumes that all areas with a predicted probability of presence that is equal to or greater than a

certain threshold have environmental conditions which are suitable for occurrence while a

species will not occur in unsuitable areas that are below the threshold (Hunter-Ayad et al., 2021;

Ludynia et al., 2013). I chose a threshold using a commonly accepted metric that maximises the

sum of sensitivity (true positive rate) and specificity (true negative rate), such that positive

presences are just as likely to be incorrect as background points (Freeman & Moisen, 2008;

Hunter-Ayad et al., 2021; Liu et al., 2016), using the dismo package. The threshold was 0.30 and

0.35 for the SI and SI (nb) models, respectively.

I plotted response curves for each environmental variable and ran a jackknife analysis of variable

importance for all 12 final SI and subpopulation models to identify which environmental

variables were most important for predicting yellow-eyed penguin marine distribution. During

each iteration of the model-fitting process, environmental variable coefficients are modified

according to the increase in model gain, similar to deviance Phillips (2017). Values are

normalised to percent contributions (PC) and are dependent upon the specific path used by

Maxent. Permutation importance (PI) is determined by randomly permuting environmental

variable values for the training points and normalising the resulting decrease in training AUC. I
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used ggplot2 (v3.3.3; Wickham, 2016) and ggpubr (v0.4.0; Kassambara, 2020) packages to

create all figures and flextable (v0.5.11; Gohel, 2020) and magick (v2.5.1; Ooms, 2020)

packages to create all tables. All maps are shown in the New Zealand Transverse Mercator 2000

projection with the Topo50 coastline (LINZ, 2020).

4.3 Results

During model evaluation, the following feature classes and regularisation multipliers were found

to minimise AICc: SI model- LQHP 7.5; Banks Peninsula – LQ 4.0; North Otago – LQ 5.0;

Otago Peninsula – LQHPT 7.0; Catlins – LQ 1; Stewart Island – LQH 12.5 (see Appendix

Figures B.2-B.7, respectively, for evaluation metric comparisons for each SI and subpopulation

model).

4.3.1 South Island (SI) models

The 135 yellow-eyed penguins tracked over 164 deployments from 23 colonies (Table 4.1) are

distributed non-uniformly across their South Island marine range from Banks Peninsula to

Stewart Island (Figure 4.4a). They searched for prey over the continental shelf and had a high

probability of foraging inshore (<20 km). The SI breeding season Maxent model indicated that

distance to the nearest breeding colony was the most important predictor (Table 4.3) and this

predictor had a negative relationship to yellow-eyed penguin marine presence (Figure 4.5c); as

the distance to the nearest colony increased, the probability of presence decreased. Dissolved

oxygen concentrations at depth (DO) had a permutation importance (PI) of 13.4% while all

other variables were less than 2.5%.

For times outside of the breeding season, Maxent predicted that yellow-eyed penguins forage

over a larger area when colony distance was not a limiting factor, with areas excluded from the

SI model now having a higher predicted probability of presence (Figure 4.4b); for example, the

Canterbury Bight and north of the Taieri River mouth, referred to as the Taieri Bight (Figure 4.1;

(Carter & Carter, 1986). The resulting SI (nb) model also indicated a larger area of high space

use intensity outside of the breeding season, inferred from a threshold of high predicted

probability of presence (>0.3). DO concentration was the most important predictor (PI 45.9%;
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Table 4.3), confirmed by a positive relationship with probability of presence (Figure 4.6g). Mean

turbidity had a PI of 29.7% followed by the percentage of seafloor mud with a PI of 16.0%. Both

variables had a negative relationship with probability of presence (Figure 4.6i, d respectively).

All other variables had a permutation importance of less than 2.5%.

Table 4.3 – Percent contribution and permutation importance for the environmental variables
used in the South Island and each subpopulation Maxent model that include and exclude (nb)
distance to colony as a predictor. The percent contribution is based on the normalised increase in
regularisation gain for each environmental variable and is calculated iteratively during model
training. The permutation importance is the decrease in AUC (area under the receiver operating
characteristic curve) when each variable is randomly permuted on the training points of the final
model. The highest variable percentages are in bold.
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Figure 4.4 – Predicted distribution of yellow-eyed penguins in New Zealand across their South
Island marine range. The left maps (a, c) depict the predicted probability of presence from 0 to 1
(cloglog). Binary environmental suitability maps are shown on the right (b, d), with red areas
predicted to be suitable habitat for penguins. The top two maps (a, b) include distance to nearest
colony as a predictor variable (SI model), while the bottom maps (c, d) do not include distance
to colony as a predictor (SI model (nb)).
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4.3.2 Regional/subpopulation models

As shown in Figure 4.7, the first principal component explained 31.4% of the environmental

variance and was highly correlated with seafloor dissolved oxygen concentration (correlation

coefficient = 0.82), current speed (0.72), and seafloor sediment type, including gravel (-0.69),

carbonate (0.67), and sand (0.62). Due to the indirect effects of these predictors on penguins but

direct effects on penguins’ prey, this component can be interpreted as a proxy for prey

availability. The second principal component explained 24.2% of the variance and was

positively correlated with sea surface temperature (0.80), turbidity (0.78), and bathymetry

(0.65), all of which directly affect yellow-eyed penguin dive behaviour. All five subpopulations

had distributions of occurrences which overlapped greatly in environmental space. Stewart

Island penguins had the largest environmental niche while Banks Peninsula penguins had the

smallest niche. These subpopulations are at the southern and northern periphery of the mainland

distribution of yellow-eyed penguins, respectively, and penguin presence was more correlated

with dynamic physical water properties (PC2).

4.3.2.1 Banks Peninsula

The marine distribution of penguins breeding on Banks Peninsula (n = 4 penguins) extended

east-southeast over the relatively wide continental shelf (Figure 4.8a). Distance to the nearest

colony was the most important variable (PI 94.5%; Table 4.3), which resulted in a highly

restricted, inshore distribution with probabilities greater than 0.5 ranging up to 30 km off the

coast. Habitat suitability decreased north or south of Banks Peninsula (Figure 4.8). The Banks

Peninsula (nb) model predicted a high probability of presence (≥ 0.75) where current speeds

were greater than 0.25 m/s (Figure 4.6).The concentration of DO (PI 23.2%) was positively

related to presence, while similar response curves with a negative relationship between all four

sediment types suggests penguins search for prey over a more mixed seafloor substrate (Figure

4.6c-f) particularly as the percentage of sand or carbonate material increased (PI 4.4% and

10.9% respectively). All penguin dives occurred in areas with greater than 47.6% sand and less

than 50% gravel, mud, or carbonate (Appendix Table B.2).
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Figure 4.7 – Principal component analysis (a) biplot of the subpopulation variation in the
marine environmental niche of yellow-eyed penguins. Vector arrows indicate the direction and
strength of each variable to the overall distribution. Coloured ellipses encompass 95% of the
points per subpopulation. The (b) correlation coefficients, eigenvalues, and total explained
variance are shown for the top five principal components (PC).
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4.3.2.2 North Otago

Yellow-eyed penguins breeding in North Otago (n = 13) foraged east over the wide and shallow

continental shelf (Figure 4.9a). Bathymetry and distance to the nearest colony were the most

important predictor variables (42.2% and 40.4%, respectively). Response curves showed a

positive relationship between habitat suitability and bathymetry (Figure 4.5a), particularly at

depths less than 150 m, and a negative relationship with distance to colony, which was similar to

the Banks Peninsula response curve (Figure 4.5c). Without distance, the North Otago model

(nb) predicted centres of foraging activity further offshore in slightly deeper water, although the

overall north-south distribution remained the same (Figure 4.9b). Some areas of the Canterbury

Bight (Figure 4.1) are included in the nb model, albeit with a probability less than 0.5. The most

important variables to North Otago penguin non-breeding habitat selection were DO

concentration (PI 64.3%, Table 4.3), bathymetry (PI 17.7%), and current strength (PI 13.1%),

with all other variables having an PI less than 3.5%. The mean depth at all dive locations in this

region was the shallowest (34.8 ± 15.2 m) compared to other regions, with a maximum depth of

only 88.8 m (Appendix Table B.2).

4.3.2.3 Otago Peninsula

The Otago Peninsula Maxent model predicted that penguins were more likely to forage

(probability >0.5) up to approximately 35 km north, 20 km east, and 41 km south of the Otago

Peninsula (n = 50; Figure 4.10a). Penguins were predicted to be present in areas where North

Otago and Catlins penguins were also predicted to occur, a trend not seen in other subpopulation

models. Similar to the Banks Peninsula model, distance to the nearest colony was the primary

predictor (PI 73.0%, Table 4.3), with PI of all others less than 7%. Compared to other regions,

penguins from the Otago Peninsula foraged closest to their colonies, with a maximum distance

extracted to all dives of 33 km from their colony (mean 9 ± 6 km; Appendix Table B.2). In

non-breeding models, all remaining predictors had a PI ranging from 22.3% (DO) to 5.7% (SST)

(Table 4.3). More sand or carbonate sediment indicated more suitable habitat (Figure 4.6e, f).

About 25 km southwest of the Otago Peninsula, a distinct area adjacent to the coast at the mouth

of the Taieri River was predicted to be less suitable habitat for yellow-eyed penguins in both

models (Figure 4.10).
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4.3.2.4 Catlins

The continental shelf off the Catlins coast is narrow, so coastal waters are considerably deeper

closer to shore. As a result, penguins (n = 37) foraged in deeper water (mean depth 77.7 ± 34.0

m; Appendix Table B.2) with key areas concentrated inshore (Figure 4.11); however, bathymetry

was not a significant predictor variable. Rather, response curves showed similar relationships

between environmental variables and the probability of presence as the South Island model,

particularly for distance to the colony (PI 59.8%, Table 4.3) and DO (PI 22.9%). When distance

was not considered, DO (PI 33.6%), mean current speed (PI 23.3%), and SST (PI 22.1%) were

similarly important to the model. Concentration of DO and SST had positive relationships with

probability of presence (Figure 4.6g, h), reflecting Banks Peninsula trends, although Catlins

penguins were more likely to forage in cooler water (mean SST 12.0 ± 0.5°C; Appendix Table

B.2). Models predicted a high probability of foraging in an area approximately 37 km from the

Clutha River mouth (Figure 4.11), even though the Otago model predicted Otago Peninsula

penguins do not forage here. Both models predicted high probability of presence north of Nugget

Point in a distinct region of predominantly gravel sediment (>70% gravel and <30% sand), an

area known to have small reefs and rock formations (Jones et al., 2016). However, the model

also predicts a high probability of presence in areas of predominantly sand (Figure 4.6c, e).

4.3.2.5 Stewart Island

Penguins from Stewart Island displayed significant variation in dive behaviours across the

colonies (n = 41). They foraged within 3.75 km of Port Pegasus and within Paterson Inlet but

ranged further north of Codfish Island (Figure 4.12a). Like the other subpopulation models,

distance to colony was the most important predictor (PI 61.4%; Table 4.3), followed by mean

turbidity (PI 16.2%) and percent carbonate seafloor substrate (PI 15.0%). All other variables had

a PI less than 4%, corroborated by flat response curves (Figure 4.5). In models without distance,

penguin distribution expanded further into Foveaux Strait (Figure 4.12b). Mean turbidity had a

large PI of 73.8%, although Stewart Island penguins foraged in the least turbid waters compared

to other regions (mean 0.5 ± 0.3 ntu; Appendix Table B.2). Response curves were similar to the

SI model, except for turbidity which indicated a negative correlation with penguin presence

when greater than 0.15 ntu (Figure 4.6i).
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4.4 Discussion

This study is the first to compare the regional marine distributions of yellow-eyed penguins and

to determine environmental predictor importance and general spatial patterns of habitat

suitability across regions. All Maxent models confirmed that suitable foraging conditions for

yellow-eyed penguins occur in the neritic zone over the continental shelf in waters less than

120-150 m deep. Distance to the nearest breeding colony was the most important determinants

of yellow-eyed penguin foraging distribution and habitat selection, and factors relating to prey

availability and foraging success, such as dissolved oxygen concentration and turbidity, were

typically more important than bathymetry and seafloor sediment type, contrary to my first

hypothesis. General spatial patterns were variable across subpopulations and when compared to

the SI model (second hypothesis), and there was considerably congruency between breeding and

non-breeding predictions (last hypothesis).

4.4.1 Environmental drivers of penguin distribution

4.4.1.1 Distance to nearest breeding colony

Distance to the nearest colony was by far the most important predictor variable of yellow-eyed

penguin foraging distribution. This is to be expected for central-place foragers. Distance is a

primary predictor used in other seabird habitat models including gentoo penguins (Pygoscelis

papua; Harris et al., 2020), chinstrap penguins (P. antarcticus; Warwick-Evans et al., 2018),

Scopoli’s shearwaters (Calonectris Diomedea), and Cory’s shearwater (C. borealis; Afán et al.,

2014). The high permutation importance of distance for all subpopulation and SI models,

ranging from 40.4% (North Otago) to 94.5% (Banks Peninsula), indicates that suitable foraging

areas are based more on how close penguins are to their nest sites rather than on specific

environmental conditions or prey availability. This is evident in the predictive maps as well,

particularly for the SI model, which showed a relatively constrained distribution with probability

of presence decreasing as distance to a colony increased.

Outside of the breeding season, penguins have no obligation to return regularly to their colony

and are known to travel greater distances and for longer periods of time, which is supported by

observed differences in dive behaviour and dispersal (Hickcox, data unpublished; Mattern, 2020,
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2021; Young et al., 2022). To determine potential space use of penguins while not breeding, I

excluded distance to the nearest colony from the model. As hypothesised, probability of

occurrence was mostly congruent between seasons, although the models predicted a more

wide-spread distribution of suitable habitat along the entire South Island coast outside the

breeding season. This slight variability between models with and without distance to colony

reinforces the influence that central-place foraging has on the marine occurrence of yellow-eyed

penguins. All models that exclude distance could represent a breeding penguin’s potential

distribution during the premoult and winter periods. Alternatively, they could predict an annual

(breeding and non-breeding) distribution of yellow-eyed penguins at any life stage including

non-breeders and juveniles, especially because these models do not predict unreasonable areas

for penguins to occur at any time of year (i.e., all areas are on the shelf in depths less than

approximately 200 m deep).

The SI (nb) model predicts average probability of presence (0.4-0.75) in the Canterbury Bight.

The Canterbury Bight is a relatively shallow region (<-100 m depth) which once had large

stocks of red cod and small tarakihi (Nemadactylus macropterus), both important prey species

for yellow-eyed penguins (van Heezik, 1990b; Young et al., 2020). Recent tracking has shown

that this is a main foraging area for juvenile yellow-eyed penguins (Young et al., 2022). Over the

critical post-fledging stage, juvenile penguins disperse over large areas and spend months

learning how to forage and locate productive prey patches (Pütz et al., 2014). Possibly they

develop prey-type preferences, identify productive habitat, or hone specialised foraging

behaviours during this period (Thiebot et al., 2011, 2013). Despite adult yellow-eyed penguins

rarely travelling to the Canterbury Bight, the inclusion of this area in the SI (nb) model means

this model could be representative of a juvenile distribution if their foraging strategies and space

use selection are similar to that of adults. Inexperience during this initial dispersal period likely

results in distinct foraging behaviours in juveniles, as seen in juvenile king penguins whose

foraging efficiency was lower than adults. Over time, however, the efficiency improves for

surviving juveniles and foraging behaviour and distribution become similar to that of adults

(Enstipp et al., 2021; Orgeret et al., 2016, 2019; Pütz et al., 2014). During the perceived

ontogenetic behavioural shift from juvenile to adult (Orgeret et al., 2016), juvenile yellow-eyed

penguins might associate early foraging success in the Canterbury Bight with oceanographic

features and prey patches, thus predisposing that individual to search for specific prey species in
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certain environments as an adult, even if other areas are equally or more profitable (Enstipp et

al., 2021). Mattern et al. (2007) hypothesised that adult yellow-eyed penguins learn to

deliberately target areas of predictable prey abundance and use seafloor structures such as reefs

to navigate based on patterns of consistent foraging behaviour by adults (i.e., revisiting the same

areas, little variation in trip distances). I hypothesise that the months following juvenile dispersal

are the learning period during which an individual’s foraging strategy is developed and all future

consistent foraging behaviour is a result. However, habitat modelling of juvenile distributions

and more tracking over the transition period from juvenile to adult is required to test this

hypothesis.

4.4.1.2 Turbidity and dissolved oxygen

Yellow-eyed penguins foraged in less turbid waters (<1 ntu) with moderate concentrations of

dissolved oxygen (5.9 – 6.3 ml/l). Turbidity or dissolved oxygen had large permutation

importance in all models (nb). As visual predators, penguins rely on sight to identify, pursue,

and capture prey (Agnew, 2014; Boersma & Rebstock, 2009; Mattern et al., 2018a). At the

seafloor, light levels are diminished compared to higher in the water column, so penguins can

forage benthically only if visibility is high. While low turbidity facilitates foraging, increased

turbidity due to increased water movement from coastal tides, currents, upwellings, or

wind-driven waves can be an indication of nutrient mixing, sediment transport, or algal blooms

(Bostock et al., 2019; Stevens et al., 2019). These conditions yield higher productivity and could

support a higher abundance of prey species. As turbidity increases, the ability of organisms to

photosynthesise at depth decreases (Davies-Colley & Smith, 2001), creating a finite range of

acceptable turbidity levels which allow successful benthic foraging (i.e., ‘Goldilocks’ zone of

suitable conditions).

When photosynthesis occurring by organisms at depth and in highly turbulent waters is impeded,

the concentration of by-products such as DO is reduced at the seafloor (Mahaffey et al., 2020).

Therefore, penguins foraging in less turbid waters would also be foraging in areas of high

concentrations of DO. The saturation of oxygen in water is also dependent on temperature, water

density, salinity, and other physical processes (Mahaffey et al., 2020). Prey availability is

correlated with dissolved oxygen because fish and other organisms require oxygen for
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respiration. Thus, associations between yellow-eyed penguin distribution and DO are indirect.

Moreover, the observed, global effects of climate change on dynamic water properties, including

decreased DO and increased temperatures, will have broad impacts not only on ocean

productivity and nutrient cycling but also on prey and penguin occurrence and survival

(Grémillet & Boulinier, 2009; Mahaffey et al., 2020).

4.4.1.3 Bathymetry

Based on previous studies of the dive behaviour of yellow-eyed penguins, which showed a

consistent and specialised benthic foraging strategy (e.g., Mattern et al., 2007), I hypothesised

that seafloor depth would have a major influence on yellow-eyed penguin marine space use.

Maximum dive depth is determined by local bathymetry, and bathymetric ranges vary

throughout the five subpopulations considered in this study. For example, penguins dive to

maximum depths of 38.4 to 41.1 m off the coast of North Otago where mean seafloor depth is

only -34.8 m (Mattern, 2006; Mattern et al., 2007). In the Catlins where the seafloor is

significantly deeper (mean depth -77.7 m), maximum dive depths of 156.2 m were achieved

(Ellenberg & Mattern, 2012; Moore et al., 1995). Despite the importance of bathymetry to dive

behaviour and evidence of its significance in some regional habitat models (Mattern, 2020), in

most of the models bathymetry showed a low importance, with dynamic parameters such as

seafloor DO concentrations often ranked as being more significant. However, these predictors

are in some part affected by bathymetry (Schmidtko et al., 2017). For instance, the water

temperature decreases as depth increases and causes a decrease in DO concentration as well.

Seafloor depth and geomorphological features such as canyons or shelf breaks also affect

horizontal and vertical water circulation and facilitate upwellings of nutrients (Cox et al., 2018;

Scheffer et al., 2016). Penguins might indirectly rely on seafloor depth to target these areas of

high productivity for aggregations of prey.

Bathymetry is more of a binary predictor because it determines maximum but not minimum

depth. In other words, yellow-eyed penguins dive to all depths within their physiological

capabilities, so bathymetry dictates that foraging takes place in depths less than approximately

150 m, while areas with depths greater than 150 m are not used. This range 0-150 m denotes the
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continental shelf, so other continuous predictors which are also related to the continental shelf,

such as DO and current strength, outweigh the importance of bathymetry in these models.

4.4.1.4 Seafloor sediment type

Compared to pelagic fish, the abundance of benthic fish is influenced more by bottom features,

such as reefs or gravel outcrops, and substrate (Morrison et al., 2014 and references therein) than

by dynamic processes such as the strength of currents or SST (Jones et al., 2018; Mattern et al.,

2007). However, seafloor sediment type (mud, sand, gravel, and carbonate material) was not as

important to predict yellow-eyed penguin foraging distribution as originally hypothesised. Of all

regions, sediment type affected the Otago Peninsula penguin range the most but had little impact

on the North Otago and Stewart Island models. If individuals exhibit foraging site fidelity and

prey type preferences but the variability across the population is high, the importance of seafloor

sediment type would diminish as a predictor variable. For example, one penguin from the

Catlins might target mainly blue cod (Parapercis colias) on a biogenic reef, while another

penguin might preferentially prey on opalfish (Hemerocoetes sp.) in areas of gravel/coarse sand

(Mattern et al., 2018a). Relatively few prey species comprise the majority of a yellow-eyed

penguin’s diet (van Heezik, 1990b, 1990a; Young et al., 2020), with a mean of 7.8 fish taxa

identified from faecal samples by DNA metabarcoding (Young et al., 2020). These key species,

however, are both pelagic and demersal, and the demersal prey can be found in diverse seafloor

habitats; blue cod in disturbed, sandy or rocky benthic sediments (Morrison et al., 2014), red cod

(Pseudophycis bachus) occur on sandy or muddy seafloors (van Heezik, 1990a), and sprat

(Sprattus sp.) can be found schooling midwater and occasionally at the seafloor (van Heezik,

1990b). If seafloor sediment type is correlated with prey presence, then the weak relationship

between yellow-eyed penguin presence and sediment type could be a result of the variation in

diet. Areas of specific seafloor sediment or geomorphology such as reefs, rock outcrops, or trawl

furrows might be cues for consistently productive prey patches, or be used as orientation or

navigational aids to individual penguins (Mattern et al., 2013; van Eeden et al., 2016). The

fine-scale information required to inform on the use of such features was not captured due to the

scale used in these SDMs.
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4.4.1.5 Current and frontal systems

Along the east coast of the South Island, the northward flowing Southland Current determines

local marine conditions (Stevens et al., 2019; Sutton, 2003). The Southland Current centers

between -100 m and -40 m isobaths and is the global Subtropical Front convergence zone of

inshore, warm, salty Subtropical Water and offshore, cold Subantarctic Water (Carter et al.,

1985; Stevens et al., 2019; Sutton, 2003). Yellow-eyed penguins are associated with a productive

frontal system, as are king penguins (e.g., Bost et al., 2009), Magellanic penguins (Boersma &

Rebstock, 2009), Fiordland penguins (Mattern et al., 2018b), royal penguins (Hull et al., 1997),

and most other penguin species. It is unknown whether this association is deliberate and

penguins exploit productive prey patches aggregated by the front (most likely) or simply that

colonies are in proximity to the front. In conjunction with the continental shelf, however, the

Southland Current is a boundary delineating selected foraging areas (Bost et al., 2009).

4.4.2 Spatial patterns of distribution

As hypothesised, there is considerable difference in both variable importance and distribution

between subpopulations of yellow-eyed penguins. According to the South Island and

subpopulation models, areas of high probability of occurrence around Banks Peninsula and

Stewart Island are concentrated to areas adjacent to current colonies, suggesting a more restricted

foraging distribution. Both subpopulations currently have the fewest breeding pairs, so the

predictions reflect actual yellow-eyed penguin population size. Banks Peninsula is considered a

sink population where mortality rates are greater than local reproduction rates (Pulliam, 1988),

with only one breeding pair successfully fledging two chicks out of the five confirmed breeding

attempts by three pairs since 2017 (Department of Conservation, 2021). This population is

sustained by immigration from nearby source populations; Banks Peninsula breeders are

typically identified via transponder as penguins originating from the Otago Peninsula (Young,

pers. comm.). It is probable that yellow-eyed penguin juveniles, whose post-fledging dispersal

follows the Southland Current north (Young et al., 2022), make landfall on Banks Peninsula and

bolster the sink population by remaining there as breeders instead of returning to their natal

colonies to moult and breed. The Banks Peninsula (nb) model indicates that yellow-eyed

penguins forage east of the coast, dispersing to mid-shelf zones up to 120 m deep.
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Both Stewart Island models predicted low probabilities along the north-eastern Anglem Coast.

Over the past two decades, the local population has been declining; in 2016, 14 breeding pairs

were recorded, and only two pairs were found in 2020 (Department of Conservation, 2021).

Penguins were opportunistically tracked in Stewart Island, so it is possible that the penguins we

tracked represent a biased, remnant sample of the exceptional few that have survived in part

because they do not forage along the Anglem Coast. The population decline has been attributed

to many factors, including disease, starvation due to a lower quality and a less diverse diet

(Browne et al., 2011), significant fisheries bycatch, and habitat degradation due to oyster

dredging and aquaculture (Ellenberg & Mattern, 2012). In conjunction with model predictions

of low probability of occurrence, it seems most likely that the decline is due to a combination of

factors, especially human activities.

Both Otago Peninsula models indicate low probability of presence for a circular area south of

the Otago Peninsula. This area is called the Taieri Bight, where the Taieri River plume mixes

with oceanic waters (Carter et al., 1985). Significant sedimentation occurs in these plumes, and

turbidity is often higher here due to increased suspension of sediment in the water column

(Bostock et al., 2019). River outflows are highly dynamic over small temporal scales (especially

at the top of the water column) and are impacted by terrestrial, coastal, and weather systems

(Bostock et al., 2019; Stevens et al., 2019). Little penguins are known to forage pelagically

around river outflows to improve foraging efficiency and exploit the high productivity

(Kowalczyk et al., 2015). In contrast, the avoidance of the Taieri Bight by yellow-eyed penguins

suggests that the river plume is not as influential to the demersal ecosystem (i.e., nutrient

increase and prey clustering are constrained to the upper water column; Stevens et al., 2019), but

rather high rates of sedimentation and the unpredictable changes in benthic communities deter

penguins.

The validity of SDMs is dependent on the data used to fit the model and based on a

species-environment relationship. The lack of additional factors that constrain or facilitate

dispersal, such as prey distributions, competition, conspecific or interspecific interactions, life

stage, and anthropogenic pressures are rarely considered in SDMs due to their complexity or

data deficiencies (Robinson et al., 2011) and because these factors are more mechanistic and not

easily represented in geographic space (Kearney & Porter, 2009). Moreover, correlative species

distribution models do not model the mechanisms behind the tolerance gradients for
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environmental predictors nor do they capture dynamic processes or temporal variability (e.g.,

after extreme weather events, El Niño Southern Oscillation). Climate change and the continued,

anthropogenic exploitation of resources is irrevocably affecting marine ecosystems. As a result,

top marine predators such as the yellow-eyed penguin are contending with prey depletion,

marine habitat change and disturbance, bycatch risks, and increasingly unpredictable marine and

terrestrial environments, but also disease and starvation, which are likely exacerbated by a

poor-quality diet. As they respond to these pressures, so must ongoing marine spatial planning.

Most SDMs, including the ones in this study, are intended to be used for species conservation

planning, particularly when designing marine protected areas, quantifying responses to

anthropogenic threats, evaluating translocations, and assessing the impacts of climate change

(Franklin, 2013; Guisan et al., 2013).

One major aspect of the current recovery strategy for yellow-eyed penguins is reducing

starvation and the incidental mortality from fishing (Te Runanga o Ngai Tahu et al., 2019).

Understanding the spatial and temporal interactions between penguins, prey, and fisheries is

paramount to accomplish this. I acknowledge the models in this study do not consider prey

abundance due to a lack of quality data. Despite several studies analysing the effects of

commercial fisheries on the mainland yellow-eyed penguin population (e.g., Richard et al.,

2020), the overall risk from fisheries interactions (e.g., overfishing, bycatch) is largely unknown

as well. Lack of consistent reporting of bycatch and publicly available, high quality spatial

information of trawling and gill net activities preclude these data from being considered in or

compared to these models, and obtaining these data will require the involvement and willing

collaboration between many stakeholders, especially the commercial fishing industry and

governmental agencies.

4.4.3 Conclusions

This study predicts the marine foraging distribution of yellow-eyed penguins in New Zealand for

the first time using all available GPS tracking data and relevant marine environmental variables.

The resulting Maxent species distribution models indicated high-use areas limited by the

distance to current breeding colonies. A non-breeding distribution indicated suitable foraging

habitat spanning the continental shelf along the coast of the South Island. Dynamic predictors
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were often the most important predictor to the models. Subpopulation models for Banks

Peninsula, North Otago, Otago Peninsula, the Catlins, and Stewart Island indicated a

heterogenous marine environment, reinforcing the need for comprehensive or modifiable

conservation actions that account for the spatial variability in their foraging range. The

conservation of this endangered seabird depends on modelling studies such as these to identify

critically important marine habitat to assess risks, threats, and to inform management decisions.
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Chapter 5

Risks, resources, and refugia: application of
yellow-eyed penguin distribution modelling to

inform marine spatial planning

Abstract

Yellow-eyed penguins (Megadyptes antipodes) are endangered and at risk of localised extinction

from the mainland of New Zealand in the next few decades. While current conservation efforts

are aimed at managing terrestrial threats, little is being done to understand and prevent marine

threats, such as commercial fisheries bycatch, habitat degradation, and starvation. For instance,

it is unknown whether yellow-eyed penguins exhibit significant spatial overlap with the

distribution of their prey or if a mismatch in occurrence is contributing to high incidences of

starvation. Additionally, little research has been done to determine specific geographic areas

where penguins and commercial fisheries are more likely to interact or where fisheries-related

mortalities may occur. Although marine protected areas (MPAs) are one primary method used in

marine spatial planning (MSP) to mitigate some of these threats, it is also unknown if

yellow-eyed penguins are actually foraging within MPAs. Thus, I examined the spatial overlap

between yellow-eyed penguin distribution with resources (i.e., prey), risks (i.e., fisheries

interactions), and areas of refugia (i.e., MPAs). First I determined if suitable penguin foraging

habitat, predicted by maximum entropy or Maxent species distribution models (SDMs), also

supports a high diversity of seven key prey species using stacked Maxent SDMs. Then I created

a novel index to predict areas of likely interactions between penguins and commercial

gillnet/trawl fisheries. Lastly, I established a baseline measure of overlap between penguin

foraging distribution, current MPAs, and the proposed South-East Marine Protected Area

(SEMPA) network. In general, areas along the middle of the continental shelf had the highest
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prey diversity and probability of penguin presence. Penguins are most at risk from gillnet

fisheries over this midshelf region and around Stewart Island and from trawl fisheries inshore

along much of the South Island coast and north of the Otago Peninsula. However, less than 1%

of the total range of yellow-eyed penguins overlaps with a marine reserve or MPA, and the

proposed SEMPA network will only protect 3.6% of their range. Current conservation efforts

will not be sufficient to prevent further population declines, but findings from this study show

how species distribution models and spatial analyses can and should be used to inform urgently

required marine spatial planning and adaptive ecosystem management.

5.1 Introduction

Penguins are one of the most threatened groups of seabirds due to the combined impacts of

direct and indirect, terrestrial and marine, and anthropogenic and natural threats (Hickcox et al.,

2019; Ropert-Coudert et al., 2019). Therefore, conservation actions are necessary to improve

penguin population sizes and their resilience to threats (Boersma et al., 2019; García-Borboroglu

& Boersma, 2013; Pichegru et al., 2010; Ropert-Coudert et al., 2019). The creation and

implementation of adaptive and evidence-based management plans through marine spatial

planning (MSP) is the highest conservation priority for penguins (Boersma et al., 2019). Marine

spatial planning is an ecosystem-based, management approach to conservation that considers the

interactions between species, threats, services, stakeholders, and other factors when making

decisions and instituting management tools in areas of biological significance (Frazão Santos et

al., 2019). The majority of a penguin’s life is spent at sea, where their main objective is to

consume prey while avoiding predators, humans, human activities, and other threats to their

survival (Trathan et al., 2015). Therefore, this study is a comprehensive analysis that examines

the spatial overlap between the endangered yellow-eyed penguin and their environment,

resources (i.e., prey), risks (i.e., fisheries interactions), and areas of refugia (i.e., marine

protected areas) in New Zealand/Aotearoa.

Yellow-eyed penguins are central-place foragers (Mattern, 2006; Mattern et al., 2007) that target

benthic communities of abundant and diverse prey species in coastal waters over the continental

shelf to adequately provision themselves and their offspring (Mattern et al., 2018a; Young et al.,

2020). Most of the time, they employ a benthic foraging strategy, which can be advantageous to
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finding more predictable prey aggregations associated with oceanographic systems such as

fronts, or physical seafloor structures such as biogenic reefs or certain seafloor sediment patches

(Mattern et al., 2007). This behaviour is further supported by their consistency in movements at

sea and their fidelity to specific foraging areas (Mattern et al., 2007; Moore, 1999).

Prey distribution and abundance are heterogenous and patchy over time and space (Carroll et al.,

2017; Weimerskirch, 2007). Penguins must adapt their foraging behaviours accordingly by

changing either their vertical (benthic to pelagic; Mattern et al., 2018a; Mattern & Ellenberg,

2018) or horizontal distributions. Yellow-eyed penguins are known to switch from benthic to

pelagic diving when bottom foraging conditions are poor (e.g., reduced water clarity), thus

changing their target prey species (Mattern & Wilson, 2018). Between 26-43 fish, cephalopods,

and crustacea species have been identified in the collective diet of yellow-eyed penguins (Moore

& Wakelin, 1997; e.g., van Heezik, 1990b; Young et al., 2020); however, recent research using

DNA metabarcoding has found a dietary shift in yellow-eyed penguins over the past 35 years

(Young et al., 2020). The cause of this shift is unknown, but it is likely to be a response to a

change in prey availability, distribution, or abundance. The most important predictors of

yellow-eyed penguin distribution in New Zealand can be linked to prey abundance and

availability (i.e., dissolved oxygen, current strength, and sea surface temperature) and foraging

success (i.e., water turbidity; see Chapter 4). While predator-prey interactions shape the

distributional patterns of a species (Wisz et al., 2013), it is unknown whether yellow-eyed

penguins exhibit significant spatial overlap with the distribution of their prey.

The importance of abundant, high-quality prey to the survival of yellow-eyed penguins is clear.

Over the past decade, mortality due to starvation has contributed significantly to their population

decline (Webster, 2018). Several reviews on the status of yellow-eyed penguins over the past 20

years (e.g., Couch-Lewis et al., 2016; Ellenberg & Mattern, 2012; Mattern & Wilson, 2018;

McKinlay, 2001; Seddon et al., 2013; Webster, 2018) and recent research on their marine

ecology (Elley, 2022; Mattern et al., 2007, 2013, 2017, 2018a; Mattern, 2020; Young et al.,

2022) suggest that climate change, anthropogenic interactions at sea, and fisheries impacts

including bycatch and overfishing are the most significant threats to yellow-eyed penguins, and

penguin species in general, besides acute nutritional stress. Moreover, Ropert-Coudert et al.

(2019) found that the New Zealand mainland is experiencing severe coastal and marine impacts

from human activities which can directly affect penguins. However, the extent of these pressures
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on yellow-eyed penguins is unknown primarily due to a lack of high-quality, temporally

consistent, and publicly available fisheries data (e.g., bycatch reporting, commercial fishing

intensity, and effort).

Yellow-eyed penguins are most vulnerable in areas where there is high overlap with fisheries due

to the risk of accidental bycatch, the impacts of reduced prey availability and foraging efficiency,

seafloor habitat degradation caused by trawling and dredging, and other indirect threats (e.g.,

pollution). Commercial trawl, longline, and gillnet/set net fisheries were found to pose a

medium to extreme risk to the mainland/Stewart Island subpopulation of yellow-eyed penguins

(Richard et al., 2020; Rowe, 2013), with bottom set nets responsible for more than 100 known

penguin deaths over the past twenty years (Rowe, 2013). Moreover, fisheries influence the

spatial distribution and density of prey, leading to altered trophic cascades and ultimately

affecting the entire marine ecosystem (Planque et al., 2010). Some of the key prey species

consumed by yellow-eyed penguins are also targeted or have been targeted by commercial

fisheries, primarily blue cod (Parapercis colias), red cod (Pseudophycis bachus), and arrow

squid (Nototodarus spp.); however, penguins usually choose smaller or juvenile fish while

fisheries take larger, mature fish (Moore & Wakelin, 1997; van Heezik, 1990b; Webster, 2018).

Increased fishing pressure on adult fish and spawning stocks reduces juvenile prey availability

for yellow-eyed penguins. Additionally, bottom-contact fishing (e.g., trawling, dredging) causes

benthic habitat degradation, increased sedimentation, destruction of biogenic reefs and bryozoan

thickets, and altered fish populations and community assemblages (Carbines et al., 2004; Thrush

& Dayton, 2002), which in turn likely negatively impact penguin foraging and reproductive

success (Browne et al., 2011; Ellenberg & Mattern, 2012; Mattern et al., 2007). Despite the

cumulative effects of commercial fisheries, only one study has directly investigated their risks to

yellow-eyed penguins. Young et al. (2020) found that juvenile penguin foraging hotspots (which

cover a larger area than adult penguins) overlap by 52.0% with the extent of gillnet fishing

events. This is the first study to examine the overlap between fisheries and adult penguins.

Marine protected areas (MPAs) are one primary method used to mitigate some of the

marine-based and fisheries-related threats, particularly in areas where there is high fishing

intensity and co-occurrence with endangered animals (Grorud-Colvert et al., 2021). As part of

the New Zealand Biodiversity Strategy, the MPA Policy aims to protect marine biodiversity in

New Zealand using area-based management (Ministry of Fisheries & Department of
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Conservation, 2008). Three tools are used to achieve this objective: (i) marine reserves (type 1

MPAs), (ii) other MPAs (type 2 MPAs), and (iii) other marine protection tools. Type 1 MPAs are

established under the Marine Reserves Act 1971 and are no-take, meaning extraction of any

resource (e.g., fishing, dredging, oil extraction) is prohibited and activities (e.g., research,

tourism) are highly controlled and limited. Type 2 MPAs are typically established under the

Fisheries Act 1996 or other legislation (e.g., Marine Mammal Protection Act 1978, Resource

Management Act 1991) and impose restrictions on fishing methods which sufficiently protect

biodiversity according to the MPA Policy (Davies et al., 2018; Department of Conservation &

Fisheries New Zealand, 2020; Ministry of Fisheries & Department of Conservation, 2008).

Other marine protection tools, such as marine mammal sanctuaries, contribute to the protection

objectives of the MPA Policy but do not meet the definition of an MPA (Department of

Conservation & Ministry of Fisheries, 2011).

There are 44 type 1 and 19 type 2 MPAs that cover 12.3% of New Zealand’s territorial sea,

which extends up to 12 nautical miles from the coast (Department of Conservation et al., 2019).

However, MPAs protect only 0.4% of the waters off the mainland coast and less than 1% of New

Zealand’s exclusive economic zone (EEZ). In addition, the New Zealand government is

currently considering a 1,267 km2 network of six type 1 marine reserves and five type 2 MPAs

off the southeast coast of the South Island (Department of Conservation & Fisheries New

Zealand, 2020; South-East Marine Protection Forum, 2020). This network is one of two that

were designed by the South-East Marine Protection Forum/Roopu Manaaki ki te Toka (SEMPF),

a multi-stakeholder, government appointed group (South-East Marine Protection Forum, 2020).

After public consultation, recommendations from SEMPF, and advice from several agencies and

stakeholders which began in 2014, this proposed network is now waiting for Ministerial

approval and legislation. If implemented, the largest network of MPAs in the country would

partially overlap the distribution of yellow-eyed penguins from the Otago subpopulation. Part of

MPA design considers the representativeness and spatial inclusion of marine habitats and

organisms. The forum considered the distributions of key marine mammals and birds while

designing the proposed MPAs; however, there is no baseline information on the spatial overlap

between the proposed/established MPAs and the distribution of yellow-eyed penguins nor their

effectiveness at protecting the species.
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Past yellow-eyed penguin recovery plans (McKinlay, 2001), several reviews (e.g., (Couch-Lewis

et al., 2016; Ellenberg & Mattern, 2012; Webster, 2018), and the current species recovery

strategy Te Kaweka Takohaka mō te Hoiho (Te Runanga o Ngai Tahu et al., 2019) summarised

the marine-based threats to penguins and identified priorities and objectives for future research

and management. Here, this chapter aims to address several of those research objectives to

understand how prey, fisheries, and protected areas overlap with yellow-eyed penguin

distribution. This research illustrates the application of spatial distribution modelling (SDM) of

an endangered seabird to marine spatial planning and conservation management. First, I

determine the potential, predicted distribution of seven key prey species using SDMs and

calculate an index of co-occurrence or overlap with the known South Island foraging distribution

of yellow-eyed penguins. Then, I determine areas where penguins and fisheries are likely to

interact using the predicted distribution of penguins and spatial data for gillnet and trawl fishing

intensities. Finally, I assess the spatial overlap between current and proposed MPAs to determine

the extent to which these areas will confer marine protection to yellow-eyed penguins. I predict

that (i) the species richness of key prey species will be high in areas of high habitat suitability

for yellow-eyed penguins, (ii) the yellow-eyed penguin suitable habitat overlaps significantly

with all types of commercial fisheries but especially gillnet fisheries, and (iii) there is little

overlap between yellow-eyed penguin suitable habitat and established/proposed MPAs. This

research is the first comprehensive spatial analysis of how yellow-eyed penguins potentially

interact with abiotic and biotic factors within their marine environment.

5.2 Methods

I conducted all analyses in R software version 4.0.3 (R Core Team, 2021) and used the following

packages for the majority of data manipulation and visualisation; sp (v1.4-5; Bivand et al., 2013;

Pebesma & Bivand, 2005), raster (v.3.3-13; Hijmans, 2020), and packages associated with

tidyverse (Wickham et al., 2019). Refer to Figure 5.1 for an illustration of all methodologies

presented here.



Chapter 5 Risks, resources, and refugia 130

Figure 5.1 – Methodology overview for raster map multiplication, reclassification, and overlap
analyses for (a) prey distributions, (b) fishing intensity, and (c) marine protected areas (MPAs).
Refer to Methods sections for complete description.
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5.2.1 Yellow-eyed penguin distribution

For all analyses described henceforth, I used the final South Island/Stewart Island SDM for

yellow-eyed penguins produced in Chapter 4. I fitted the model with penguin dive locations and

nine environmental predictors (not including distance to colony) relating to marine water

properties, physical terrain features, and hydrographic variables. A map was derived from the

model illustrating the predicted probability of penguin presence (POP) ranging from pixel values

between 0 (low POP) to 1 (high POP). From this SDM map, I derived a binary environmental

suitability map by reclassifying the POP according to a threshold method that assumes that areas

where penguins are more likely to be present are more suitable habitat. I used the metric that

maximises the sum of sensitivity and specificity (Freeman & Moisen, 2008; Hunter-Ayad et al.,

2021; Liu et al., 2016) to determine a threshold of 0.35. Any grid cell where POP was greater

than this threshold was considered suitable habitat, while grid cells less than this threshold were

considered unsuitable/suboptimal habitat. I queried the Yellow-Eyed Penguin Database to obtain

nest counts (Department of Conservation, 2021), and any geographic location with at least one

confirmed nest since 2003 was considered a breeding colony. Most of these sites typically

consisting of few (1-10) breeding pairs.

5.2.2 Prey distribution

5.2.2.1 Prey species occurrences

I compiled a comprehensive dataset of presence coordinates for seven frequently detected finfish

species in the diet of yellow-eyed penguins (Young et al., 2020), including blue cod (rāwaru in

Te Reo Māori), opalfish (kohikohi; Hemerocoetes monopterygius), silverside (Argentina

elongata), common or blue warehou (warehou kahurangi; Seriolella brama), redbait

(Emmelichthys nitidus), red cod (hoka), and sprat (kupae; Sprattus antipodum and S. muelleri).

Blue cod, red cod, blue warehou, silverside, and opalfish are demersal species, while redbait and

sprat are benthopelagic and pelagic species, respectively (Anderson et al., 1998; McMillan et al.,

2011). I obtained presence records from the open-source Ocean Biogeographic Information

System repository (OBIS; http://www.obis.org) using the robis package (v2.6.1; Provost &

Bosch, 2021). Based on quality and collection methods, I retained points from the following

http://www.obis.org
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datasets (Table 5.1). For blue cod, I used occurrences from (dataset 1) the New Zealand research

tagging database (Ministry for Primary Industries, 2014a) released by the Ministry for Primary

Industries/Manatū Ahu Matua (MPI). For all species except sprat and opalfish, I obtained

occurrences from bottom and midwater trawls contained in the MPI and National Institute of

Water and Atmospheric Research/Taihoro Nukurangi (NIWA) Trawl database, which includes:

(dataset 2) New Zealand fish and squid distributions from research bottom trawls 1964-2008

(NIWA, 2014), (dataset 3) catch data from New Zealand research trawls since 2008 (Anderson et

al., 1998; SWPRON, 2017), and (dataset 4) Soviet trawl fishery data in New Zealand Waters

1964-1987 (Ministry for Primary Industries, 2014b). Dataset 2 is available in its entirety from

the New Zealand Ocean Data Network (http://nzodn.nz), which I used to supplement incomplete

or missing OBIS records for sprat and opalfish. Any data from MPI or NIWA is licensed for

re-use under the Creative Commons Attribution 4.0 New Zealand licence.

I removed points collected pre-1964 and those on land or outside of a 75 km buffer off the east

coast of the South Island. This buffer was based on maximum distances travelled by penguins

and matches the study extent used in the penguin SDMs (Figure 5.2). Then, I spatially thinned

each prey dataset to a minimum distance between points of 500 m using the spThin package

(v0.2.0; Aiello-Lammens et al., 2015). See Table 5.1 for dataset sample sizes for each species.

http://nzodn.nz
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5.2.2.2 Single-species distribution model

I modelled the potential distribution of seven key prey species using Maxent, a machine-learning

SDM method based on presence-only species location points (Phillips et al., 2006). Maxent was

also used for fitting the yellow-eyed penguin SDM (see Chapter 4). I considered the same initial

set of 11 high-resolution gridded environmental predictors which relate to water properties and

hydrographic features, all of which directly or indirectly impact availability and occurrence of

fish (Miloslavich et al., 2018). Seafloor environmental predictors were included because all

seven prey are primarily demersal dwellers, although all species have also been found midwater

(Anderson et al., 1998; McMillan et al., 2011). These seafloor properties include bathymetry

(bathymetry; Mitchell et al., 2012) and long-term, annual average concentrations at depth of

dissolved oxygen (sf_do; CSIRO, 2009; Ridgway et al., 2002), salinity (sf_salinity; CSIRO,

2009; Ridgway et al., 2002), nitrogen (sf_nitrogen; CSIRO, 2009; Ridgway et al., 2002),

aragonite (sf_aragonite; Davies & Guinotte, 2011; Orr et al., 2005), silicate (sf_silicate; Davies

& Guinotte, 2011; Garcia et al., 2006), and seafloor temperature (sf_temp; CSIRO, 2009;

Ridgway et al., 2002). In addition, I derived long-term (2002-2018) mean annual sea surface

temperature (sst) and chlorophyll a concentrations (chla) from monthly MODIS-Aqua satellite

imagery, as described by Pinkerton et al. (2018). I included turbidity (turb), calculated using the

same methods as for sst, and tidal current speed (currents; Stephenson et al., 2020; Walters et al.,

2001) as hydrographic predictors. All predictor descriptions and sources are included in Table

5.2. I followed the same methods of cropping, extracting, and projecting the environmental

variables as described in Chapter 4. A final dataset of seven predictors was used for modelling

(shown in Figure 5.3): bathymetry, current, sf_do, sf_salinity, chla_mean, sst_mean, and

turb_mean.

For each prey species, I fitted Maxent SDMs using the SSDM package (v0.2.8.9002; Schmitt et

al., 2017). I used default regularisation values, all possible feature classes (LQHPT, where L =

linear, Q = quadratic, H = hinge, P = product, T = threshold functions; see Elith et al. (2011) for

descriptions of each class), and 20,000 random pseudo-absence/background points chosen from

the entire study area. Each model was fitted using a training dataset (70% of the data) and

evaluated by implementing the holdout method of cross-validation using a testing dataset (30%

of the data). Cross-validation was repeated five times and model performance was determined

using the Area under the Receiver Operating Characteristic curve (AUC). AUC is a
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Figure 5.2 – Occurrence points for seven key prey species consumed by yellow-eyed penguins
off the east coast of the South Island. Data were sourced from National Institute of Water and
Atmospheric Research (NIWA) and Ministry for Primary Industries (MPI) and obtained from
the Ocean Biodiversity Information System database (Grassle, 2000; OBIS, 2021) and the New
Zealand Ocean Data Network (NZODN). Filled circles are the final points retained after filtering
and used for modelling, with open circles not retained for modelling. The greyscale base map
shows seafloor depth (m; Mitchell et al., 2012).
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threshold-independent metric of model performance that quantifies the probability that a random

occurrence point is ranked higher than a random background point (Phillips et al., 2006;

Radosavljevic & Anderson, 2014). It ranges from 0.5 (no discrimination between presence and

background points) to 1 (complete discrimination). Following recommendations from

Barbet-Massin et al. (2012) and the methodology used in the SSDM package, the entire

modelling procedure was repeated ten times with different, randomised background points and

then averaged to account for potential variability of random sampling. The final model was fitted

with all presence points. Model predictions are cloglog predictions.

Distribution maps created by NIWA for commercially caught fish species, which are publicly

available by MPI on the National Aquatic Biodiversity Information System (NABIS;

https://data-mpi.opendata.arcgis.com). They were derived from several databases and sources,

including the four datasets used in the Maxent models in this study (see NABIS for more

information on each prey distribution) and show the annual 100% full range, 90% normal range,

and hotpots of presence for each prey species. However, there were no distribution maps

available for silverside or sprat. Because these range maps are often used for marine spatial

planning and fisheries assessments, I visually compared them to the Maxent distributions for

each prey species and assessed the similarities to verify the accuracy of my model predictions.

https://data-mpi.opendata.arcgis.com
https://data-mpi.opendata.arcgis.com
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5.2.2.3 Multi-species assemblage

I combined species-level finfish distribution models into a community-level representation of

species richness using the SSDM package (Guisan & Rahbek, 2011; Schmitt et al., 2017). First,

I created an index of species diversity by summing or “stacking” all prey species continuous

probability of occurrence maps (Schmitt et al., 2017; Zurell et al., 2020). This method produces

a probability stacked species distribution model, or a pSSDM (D’Amen et al., 2015; Schmitt et

al., 2017) according to the following equation:

E
(
S j
)
=

K

∑
k=1

p j,k

where E(Sj) is the expected species richness (S) at site j, K is the number of species, and pj,k is

the occurrence probability prediction for species k at site j (Calabrese et al., 2014). Following

recommendations from the spatially explicit species assemblage modelling (SESAM)

framework and D’Amen et al. (2015), I applied the probability ranking rule (PRR) to the final

pSSDM, where for each grid cell, POP was summed in decreasing order for the number of

species equal to the predicted species richness. This method has been shown to improve

assemblage predictions and minimise over-prediction inherent in SSDMs (D’Amen et al., 2015;

Zurell et al., 2020). Another commonly used alternative stacking method to determine species

richness applies a specific threshold to the predicted occurrence probabilities for each species

and then sums these binary prediction layers to stack the SSDM. However, this method is known

to be biased and over-predict species richness (Calabrese et al., 2014), thus I have not used that

method here despite using binary maps to show individual species distributions.

The assemblage prediction was evaluated using several metrics: (i) the species richness error, or

the difference between the predicted and observed species richness, (ii) the prediction success,

or the proportion of correct predictions, (iii) the specificity, or the proportion of true negatives

where a species is both predicted and observed as being absent, and (iv) the sensitivity, or the

proportion of true positives where a species is both predicted and observed as being present.
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Figure 5.3 – Environmental predictors (a-g) used in the final Maxent models of prey species
distribution. Study extent is a 75 km buffer off the east coast of the South Island. Abbreviations
and units correspond to those in Table 5.2. Colour gradients range from high/maximum (red) to
low/minimum (blue).
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5.2.2.4 Index of co-occurrence

To determine the extent to which yellow-eyed penguin distribution overlaps with their prey’s

distribution, I calculated an index of resource co-occurrence by first multiplying the probability

of penguin presence by the prey species diversity for each 500 m grid cell and then reclassifying

these into three categories: 1- no/little likelihood of co-occurrence for values less than one; 2-

moderate co-occurrence for values from one to two; 3- high co-occurrence for values greater

than two (representing the top 5% of all grid cells). This index is thus commutative; for instance,

regardless if a grid cell has a high SR/low POP or a low SR/high POP, there is little

co-occurrence between predator and prey (Figure 5.1).

5.2.3 Fisheries overlap

5.2.3.1 Fisheries data

I obtained mean annual commercial fishing intensity (kg/ha) data from MPI and Fisheries New

Zealand/Tini a Tangaroa (Official Information Act OIA21-0221), which can also be obtained

from the MPI Open Geospatial Data Portal (https://data-mpi.opendata.arcgis.com) and is subject

to re-use under the Creative Commons Attribution 4.0 International licence. Briefly, fishing

intensity was estimated as an 11-year annual average of the total commercial catch per unit area

for (i) midwater/bottom trawling, (ii) gill, set, ring, or drift netting (henceforth referred to as

gillnetting or netting), and (iii) all fishing methods (including line, jig, and pot fishing) from 1

October 2007 – 30 September 2018. This data was reported by permitted commercial fishermen

to MPI in statutory catch and effort returns. The locations of fishing events were reported by

statistical area or as start coordinates (and end coordinates, where available), which are precise

to one (trawling) or two (netting) nautical miles. Grid cells equalled NA if there was data from

less than three commercial fishing permit holders or where fishing did not occur. See Ministry

for Primary Industries (2021a) for more information. The maps which I obtained from MPI

provided fishing intensity as ten classes from 1 (low) to 10 (high). The ‘all methods’ map was a

summation of commercial catch intensity across all fishing gear types. I clipped and resampled

these data as a raster layer to match the extent and 500 m resolution of the yellow-eyed penguin

SDM.

https://data-mpi.opendata.arcgis.com


Chapter 5 Risks, resources, and refugia 141

5.2.3.2 Fisheries-penguin interaction

For trawling, netting, and all methods, I calculated two measures of overlap between commercial

fishing activities and yellow-eyed penguin distribution (Figure 5.1). First, I estimated potential

interaction risk (e.g., Cuthbert et al., 2005; Dodino et al., 2021; Fossette et al., 2014; Fox et al.,

2021) by multiplying the probability of presence for yellow-eyed penguins (0 to 1) with fishing

intensity (10 classes). I standardised the output to range from 0 (no/minimal interaction) to 1

(high interaction). Second, I determined an index of overlap between fisheries and penguins. I

reclassified each fishing intensity layer into three categories, where (i) values less than or equal

to 1 were set to 1, (ii) values greater than 1 and less than or equal to 5 were set to 2, and (iii)

values greater than 5 were set to 3. These represent low, average, and high fishing intensity,

respectively. The high intensity category are the top 5% of cells, or the 95% quantile. I also

reclassified the yellow-eyed penguin binary environmental suitability map so that (i) low

suitability cells equal to 0 became 4, and (ii) high suitability cells equal to 1 became 5. I

multiplied the reclassified fishing intensity (FI) and binary penguin suitability (PES) rasters,

which resulted in six categories of overlap. To define distinct areas where fisheries and penguins

are likely to or not likely to overlap, I reduced these six categories further into four final

categories: (i) no/low FI, low PES; (ii) average/high FI, low PES; (iii) no/low FI, high PES; (iv)

average/high FI, high PES.

5.2.4 Marine protected areas overlap

I quantified the area and percentage overlap of yellow-eyed penguin distribution with the current

marine protected areas (MPAs) in New Zealand and the proposed South-East Marine Protected

Areas (SEMPA) network to assess how much of the yellow-eyed penguin marine range is and

will be protected from anthropogenic risks. First, I obtained spatial data for established type 1

marine reserves and type 2 MPAs from the Land Information New Zealand Data Service. This

marine reserves layer contained protected land and marine areas (type 1 and other areas), which

are administered mostly by the Department of Conservation (DOC). The type 2 MPA layer

contained just type 2 MPAs, which were not included in the marine reserves layer. I combined

(‘union’) and cropped (‘clip’) both layers to the study area in ArcGIS Pro (ESRI Inc., 2019),

which retained four type 1 MPAs, two type 2 MPAs, three marine mammal sanctuaries
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established under the Mammals Protection Act 1978, and four areas established under the

Kaikōura (Te Tai o Marokura) Marine Management Act 2014. I excluded MPAs in Cook Strait

to prevent over-estimations of overlap in areas not predicted to be suitable foraging habitat for

adult yellow-eyed penguins. Although not established to protect penguins directly, marine

mammal sanctuaries were included because they aim to reduce harmful anthropogenic impacts

on marine mammals through area-specific restrictions which might also benefit penguins, even

though they do not regulate fishing activities nor qualify as type a type 1 or 2 MPA (Department

of Conservation & Ministry of Fisheries, 2011).

Second, I obtained the spatial data for the SEMPA network of type 1 and type 2 MPAs from

SeaSketch (https://seasketch.doc.govt.nz) and converted this layer into a shapefile in ArcGIS

Pro. For this study, I included only MPAs which were considered in the public consultation

process. I excluded the Irihuka Marine Reserve, because it is being contested by stakeholders

and thus unlikely to be implemented. I also excluded kelp protection areas which are considered

an ‘other protection tool’ that does not meet higher protection standards (South-East Marine

Protection Forum, 2018).

In R, I grouped established and proposed MPA polygons by type (type 1, type 2, marine

mammal sanctuary, or other) and calculated the area of intersection between MPA types and the

yellow-eyed penguin distribution using the rgeos package (v0.5-5; Bivand & Rundel, 2020). I

derived the penguin distribution by converting the binary suitability raster into a single polygon

using the raster package. I determined two overlap indices for each MPA type. Penguin overlap,

or the proportion of the penguin range polygon that overlapped with the MPA polygons, was

defined as

Rp,m = Rp∩m/Rp

where Rp,m is the proportion of penguin range (Rp) that overlaps with MPAs (Rm). This is a

directional index in that Rp,m ̸= Rm,p, so MPA overlap, or Rm,p, was also calculated using Rm as

the denominator (Fox et al., 2021). I used ggplot2 (v3.3.3; Wickham, 2016) and ggpubr (v0.4.0;

Kassambara, 2020) packages to create all figures and flextable (v0.5.11; Gohel, 2020) and

magick (v2.5.1; Ooms, 2020) packages to create all tables. All maps are shown in the New

Zealand Transverse Mercator 2000 projection, with the Topo50 coastline sourced from LINZ

(LINZ, 2020) and bathymetry data sourced from NIWA (Mitchell et al., 2012).

https://seasketch.doc.govt.nz
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5.3 Results

5.3.1 Prey distribution

Individual prey species Maxent models had a median AUC score of 0.81 (range = 0.76-0.94;

Table 5.3). The number of occurrences used for each species were temporally and spatially

variable (Table 5.1); the most prey presence points existed for blue cod (n = 1976) with the

majority collected after 2008, whereas opalfish had the fewest points (n = 115), mostly recorded

between 1992 and 2001. While differences existed between the individual Maxent probability of

presence (POP) predictions and the publicly available range maps, there was substantial overlap

between the 90% and hotspot ranges for most species (Figure 5.4). Prey species richness derived

from the Maxent PRR-pSSDM (AUC = 0.83) was greatest in the south and southeast of the

Canterbury Bight along the outer continental shelf. Co-occurrence with penguins, however, was

highest in the north of the Bight and south of Banks Peninsula, the northernmost breeding range

of adult yellow-eyed penguin (Figure 5.5a). Prey richness and co-occurrence was lowest around

Stewart Island, particularly along the northern coast and in Foveaux Strait between Stewart

Island and the South Island (Figure 5.5b). This region is the southernmost foraging range of

mainland yellow-eyed penguins. From North Otago to the Catlins (Figure 5.2), species richness

was higher over the mid and outer continental shelf in waters 50-100 m deep (Figure 5.5c), in

close proximity to the largest subpopulations of yellow-eyed penguins on the Otago Peninsula

and Kātiki Point, North Otago. Likewise, co-occurrence was high in these areas and moderate in

waters less than 50 m deep.

Table 5.3 – Evaluation metrics for Maxent prey species distribution models and the stacked
PRR-pSSDM, including the AUC (area under the receiver operating characteristic curve), True
Skill Statistic threshold, sensitivity (proportion of true positives), and specificity (proportion of
true negatives).
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Figure 5.4 – The marine distribution of seven prey species consumed by yellow-eyed penguins.
The predicted probability of presence (a) was transformed into a binary map of environmental
suitability (b), where probabilities greater than the True Skill Statistic were suitable habitat (red).
The annual distribution (c) shows the full, normal, and hotpot ranges (available at
https://data-mpi.opendata.arcgis.com).

https://data-mpi.opendata.arcgis.com
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Figure 5.5 – The co-occurrence or overlap between yellow-eyed penguins and their prey in New
Zealand. Penguin predicted probability of presence from Maxent (a) ranges from 0 to 1. Prey
species richness or diversity (b) was estimated using a probability ranked, stacked Maxent
species distribution model (PRR-pSSDM) and ranges from 0 (no prey) to 5 (5 or more prey
species) per grid cell. An index of penguin/prey co-occurrence (c), or the product of the penguin
probability of occurrence and prey species richness, was reclassified as no/little co-occurrence
for values less than 1 (low), moderate likelihood of co-occurrence for values 1-2 (moderate), and
high co-occurrence for values greater than 2 (high, representing the top 5% of all grid cells).
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5.3.2 Fisheries overlap

For all fishing methods, 80.8% of the suitable habitat for penguins overlapped with areas of

average to high fishing intensity (Figure 5.6), while 33.4% and 61.2 % of suitable habitat

overlapped with areas of high netting (Figure 5.7) and trawling fishing intensity, (Figure 5.8),

respectively. While commercial fishing activities using any method overlap was high for the

majority of the yellow-eyed penguin’s range, areas of high overlap with gillnetting primarily

occurred over the mid continental shelf, particularly north of the Otago Peninsula, in North

Otago adjacent to the largest penguin colony on the South Island (Kātiki Point), in the Catlins

north of Nugget Point and south of Long Point, and around the northern coast of Stewart Island

and in Foveaux Strait. The four nautical mile gillnet ban off the entire east coast of the South

Island reduced the inshore overlap, although key interaction areas tended to occur along the

border of this prohibition zone (Figure 5.7). Areas of high overlap with commercial trawl

fisheries were generally geographically distributed similarly to netting fisheries, primarily north

of the Otago Peninsula and North Otago, although the observed overlap occurred more inshore

in the Catlins (Figure 5.8). Trawl fishing intensity was low north-northwest of Stewart Island.

Figure 5.6 – Spatial overlap between commercial fisheries (any gear type) and yellow-eyed
penguins, with (a) fishing intensity (FI) classified from low to high (MPI, 2021a), (b) interaction
score, or the product of penguin probability of occurrence and FI, ranging from 0 to 1 (no/low to
high interaction), and (c) categorical overlap, or the product of penguin environmental suitability
(PES) and FI. Yellow circles are breeding sites with at least one nest since 2003.
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Figure 5.7 – Spatial overlap between commercial gillnet fisheries and yellow-eyed penguins,
with (a) fishing intensity classified from low to high, (b) interaction score ranging from 0
(no/low interaction) to 1 (high interaction), and (c) four categories of overlap. Yellow circles are
breeding sites with at least one nest since 2003, and the netting prohibition area is 4 nm off the
coast.

Figure 5.8 – Spatial overlap between commercial trawl fisheries and yellow-eyed penguins, with
(a) fishing intensity classified from low to high, (b) interaction score ranging from 0 (no/low
interaction) to 1 (high interaction), and (c) four categories of overlap. Yellow circles are
breeding sites with at least one nest since 2003.
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5.3.3 Marine protected area overlap

Only 0.04% of the distributional range of yellow-eyed penguins (23,978 km2) is currently

protected by a type 1 or type 2 MPA which limit fishing activities (Table 5.5). The overlap

between marine mammal sanctuaries (Figure 5.9) and penguin distribution is 35.8%, although

there is no protection from fisheries interactions in this overlap. Once implemented, the SEMPA

network of 11 type 1 and type 2 MPAs will cover an area of 1,266 km2, which is 3.6% of the

yellow-eyed penguin mainland distribution; however, the overlap represents 67.6% of the total

SEMPA range (Table 5.5). Although the Moko-tere-a-torehu type 2 MPA, central to the study

extent north of Ōamaru (C in Figure 5.9), has the greatest overlap with the penguin distribution,

there are no adjacent colonies, so any adult penguins foraging here are likely to originate from

North Otago or be juveniles dispersing from further south. As shown in Figure 5.9, the Kaimata

type 2 MPA (H; largest proposed MPA), Papanui marine reserve (E), and Te Uma Koau marine

reserve (D) are the largest MPAs closest to penguin colonies and have the most overlap with

foraging penguins. There is only one proposed MPA in the Catlins, and it does not overlap with

the yellow-eyed penguin distribution.
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Table 5.4 – Marine protected areas (MPAs) off the east coast of the South Island and Stewart
Island, New Zealand. MPAs include those which have been established and the proposed
South-East Marine Protected Areas (SEMPA) which have not been established yet. MPAs are
managed under various legislation depending on the type of protected area (indicated with
superscripts). The area of each MPA is provided in square kilometres.
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Figure 5.9 – Overlap between yellow-eyed penguin distribution and marine protected areas
(MPAs) in New Zealand. Coloured by type, established MPAs are numbered with areas of
overlap with penguins shown in dark grey. Proposed (P) MPAs are lettered with areas of overlap
shown in black. See Table 5.4 for the full names of the referenced MPA IDs. The inset enlarges
MPAs around the Otago Peninsula. Blue circles are breeding sites with at least one nest since
2003.
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Table 5.5 – Area (km2) of established and proposed marine protected areas (MPAs) and their
overlap area with the distribution of yellow-eyed penguin in New Zealand. Area was summed
across each type of MPA and for all MPAs combined, with n equal to the number of individual
MPAs per type. Penguin overlap is the proportion of the estimated penguin distribution that
overlaps with each type of MPA, while MPA overlap is the proportion of each type of MPA that
overlaps with suitable penguin habitat. See Table 5.4 for the full names of the referenced MPA
IDs.

5.4 Discussion

5.4.1 Prey

For an endangered seabird such as the yellow-eyed penguin, at-sea interactions with resources,

risks, and areas of refuge will be directly related to their survival and must be considered in

marine spatial planning. This study is a practical application of predictive species distribution

modelling intended to inform future conservation management decisions. As would be expected,

there is considerable spatial overlap between penguins and areas of high prey species richness.

The Canterbury Bight and along the midshelf from the Catlins to North Otago had the highest

prey diversity, the highest probability of penguin presence, and consequently were key areas of

high, predicted prey-penguin co-occurrence. The spatial similarities between predator and prey
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distributions are reflected in the SDMs, which found primary predictors of penguin occurrence

were those that directly influenced prey (e.g., seafloor dissolved oxygen concentration, depth) or

foraging success (e.g., turbidity at depth).

Recent research by Young et al. (2020) suggested that the frequency and composition of

yellow-eyed penguin diet has changed since the first diet studies by van Heezik (1990a) and

Moore & Wakelin (1997). There has been a reduction in diversity of the prey species comprising

the yellow-eyed penguin diet, with blue cod replacing red cod as the dominant prey species.

Switching from a more diverse diet to one primarily consisting of blue cod could be a result of a

temporal and spatial shift in distribution or a decline in abundance of key prey species,

potentially due to climate change, overexploitation, or other factors (Sherley et al., 2017),

although future research is required to determine this. Although yellow-eyed penguins might

have modified their foraging ranges to align with their prey to compensate for a change in

availability (Fauchald, 2009), this is likely not the case as the current distribution, home range

size, and at-sea movement of yellow-eyed penguins in terms of distance travelled, trip frequency

and duration, and other metrics (Mattern, data unpublished) are comparable to those found by

Moore et al. (1995), Moore (1999), and Mattern (2006). Moreover, key prey species identified in

the 1990s are still present in the current diet of yellow-eyed penguins, albeit in lower frequencies

and abundance (Young et al., 2020), which indicates that a large distributional shift has not

occurred for either penguins or prey. Rather, yellow-eyed penguins have likely maintained their

general foraging distribution but altered their diet in response to a decrease in prey abundance,

especially for red cod on the Otago shelf as commercial fishing pressures have increased over

time (Morrison et al., 2014). The diet shift has also occurred over a long period of time,

suggesting that something besides natural, seasonal, or inter-annual variation in penguin prey

selection or prey distributions is occurring (Fauchald, 2009). On visual inspection of the prey

presence points in the 1990s versus the 2010s, there was no apparent, large-scale change in fish

distribution over time, so I did not consider temporal changes in distribution or density in the

prey SDMs. More investigation of changes over time is required to fully determine the cause of

this apparent dietary shift.

The comparison between penguin and prey distributions shows low to moderate co-occurrence

inshore and adjacent to the breeding colonies. While these areas are most likely highly used by

penguins for travelling, foraging, and surface resting, prey species richness is relatively low.
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Foraging in areas of high prey diversity increases the chance of finding suitable prey which

ultimately maximises prey capture success. As a result, birds are travelling further offshore into

the midshelf regions where species richness is higher. However, penguins are restricted in their

foraging movements and show high fidelity to certain areas (Mattern et al., 2007; Moore, 1999).

For instance, adult penguins rarely travel to the Canterbury Bight, even though this area has a

high prey species richness. Considering that distance to breeding site was the most important

predictor in the Maxent SDM for penguin probability of presence (see Chapter 4), the

Canterbury Bight is simply too far for most penguins from most breeding sites to venture during

the breeding season. This also suggests that even if prey were to greatly alter their distributional

range to locations outside the current maximum penguin foraging range, yellow-eyed penguins

would most likely not alter their foraging behaviours (Mattern et al., 2007) and a spatial

mismatch in occurrence would emerge (Fauchald, 2009; Grémillet et al., 2008; Sherley et al.,

2017). It should be noted that the catch effort of the research trawls that collected these prey

occurrence data was skewed towards the Canterbury Bight, which might have resulted in the

high species richness in this region. There was also less information on prey assemblages

adjacent to Stewart Island and in Foveaux Strait, where species richness was low. Moreover,

these results are a long-term and large-scale estimation of spatial overlap due to the nature of

penguin and prey data, so future work is required to ascertain if temporal and spatial

distributional shifts are occurring at different scales.

5.4.2 Fisheries

Exposure to fisheries while foraging poses a significant threat to penguins, and the type of

fishery affects the extent of the impact (Crawford et al., 2017; Dodino et al., 2021; Pichegru et

al., 2009; Richard & Abraham, 2013). Penguins foraging in areas exploited by commercial

gillnets are most at risk of becoming bycatch due to entanglement in nets (Crawford et al.,

2017). Also, penguins foraging at the seafloor where trawling has occurred are most impacted

by benthic habitat degradation (Mattern et al., 2013), although there is a low risk of bycatch in

these fisheries as well (Webster, 2018). Yellow-eyed penguins are foraging in areas used by all

types of fisheries along the South Island’s eastern continental shelf. The overlap between high

commercial gillnet fishing intensity and the predicted distribution of penguins occurred

primarily over the midshelf from Banks Peninsula to the Catlins, with a significant amount of
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overlap off the northern coast of Stewart Island in Foveaux Strait. There is low overlap south of

Boulder Beach on the Otago Peninsula, which was one of the largest colonies of yellow-eyed

penguins from 1981-2012, but which has nearly disappeared over the past decade. Penguins are

not at risk of gillnet interactions close to shore because of a 4 nautical mile commercial and

recreational set net ban, which extends along most of the South Island’s east coast. This ban was

implemented in 2008 by the NZ Minister of Fisheries as a protection measure for Hector’s

dolphins (Cephalorhynchus hectori), although it also indirectly benefits penguins, particularly

inshore foragers (Gormley et al., 2012).

Richard et al. (2020) estimated 8-41 fisheries-related deaths of yellow-eyed penguins per year

due to gillnetting, with 15 penguins reported as gillnet bycatch by fisheries observers to MPI and

Fisheries NZ since 2004 (Ministry for Primary Industries, 2021b). Fisheries-related mortalities

of yellow-eyed penguins have been summarised in several papers, reports, and reviews (e.g.,

Crawford et al., 2017; Darby & Dawson, 2000; Webster, 2018). A commercial and recreational

fisheries risk assessment by Rowe (2013) found off-shore, bottom gillnets pose an “extreme

risk” to penguins and have been responsible for more than 100 known penguin deaths over the

past twenty years. More recently, Richard et al. (2020) found commercial gillnets, trawls, and

longline combined to be a “medium risk” to the mainland/Stewart Island population of

yellow-eyed penguins, although recent population declines were not considered in this risk

assessment. There are also discrepancies between the number of reported fisheries-related

mortalities of penguins across agencies and databases (Webster, 2018). Although reporting of

threatened species bycatch is mandatory for commercial and recreational fisheries, data are often

unreliable and inconsistent. Although positively correlated with the number of bycatch reports,

observer or camera coverage on fishing boats in the New Zealand EEZ is poor despite

improvements over the past few years (Crawford et al., 2017; Darby & Dawson, 2000; Ellenberg

& Mattern, 2012; Webster, 2018). Moreover, a lack of data on the intensity of recreational or

subsistence fisheries prevents further analysis of their effects on penguin mortality and fishery

overexploitation (Le Bot et al., 2018). Due to these factors, the estimated captures are likely to

be an underestimate and cryptic mortality largely unknown. A lack of precise data for the

location of penguin captures in nets or trawls prevents analyses on the spatial distribution of

bycaught penguins.
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The greatest interaction between penguins and trawl fisheries is likely to occur in the Canterbury

Bight, inshore in the Catlins region, north of the Otago Peninsula, and in eastern Foveaux Strait.

There is also high trawl intensity off the coast of Kātiki Point in North Otago, which would

suggest that most of the current yellow-eyed penguin population is foraging in disturbed or

degraded habitat. As benthic foragers, yellow-eyed penguins are likely to encounter bottom

trawl fishing gear while pursuing prey at the seafloor. Although bycatch is a risk, the effect of

trawling (and dredging, although this was not considered in this study) are more indirect and

long-term because of their impacts on seafloor features. Fisheries-related bottom disturbance

reduces habitat complexity, increases homogenisation by damaging seafloor structures such as

reefs or sand waves, removes organisms from the environment, and stirs up sediment, among

other effects (Mattern et al., 2013; Thrush et al., 1998; Thrush & Dayton, 2002). In regenerating

or recently disturbed benthic habitat, only tolerant fish species, often scavengers, can be found

(Baird et al., 2015). However, these species such as blue cod are present only for a finite time

after the trawl event in order to consume the dead, exposed, or damaged macrofauna until

depleted (Baird et al., 2015; Mattern et al., 2013; Thrush et al., 1998). Blue cod could be the

most abundant and available prey species for penguins foraging in areas of high trawling

intensity and frequency. Thus, an increase of blue cod in their diet (Young et al., 2020) might be

indicative of increased habitat degradation. Furthermore, some penguins appear to follow the

depressions in the seafloor made from trawl otter boards as indicators of, or navigational aids to,

more predictable sources of food (Mattern et al., 2013), and at least some birds return year after

year to the same areas of disturbed seafloor where they were previously successful at capturing

fish (Mattern et al., 2007, 2013; Moore, 1999).

Fishing activities also affect prey availability and abundance, and influence the foraging

behaviour of other species (Crawford et al., 2017; Fox et al., 2021; Mattern et al., 2013). Unlike

African penguins (Spheniscus demersus) which compete with commercial fisheries for anchovy

and sardine of the same size as those targeted by commercial fisheries (Pichegru et al., 2009),

fisheries and yellow-eyed penguins are unlikely to compete directly for the same resources. Of

the seven key prey species, the main commercially targeted species with significant takes are

blue cod and red cod, which must be larger than 33 and 25 cm, respectively, according to the

Fisheries (Commercial Fishing) Regulations (2001). On the other hand, yellow-eyed penguins

prefer smaller or juvenile prey typically 20-25 cm or smaller (Browne et al., 2011; Moore &
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Wakelin, 1997; van Heezik, 1990b). Past and current overfishing of red cod and blue cod,

respectively, has resulted in declines in total commercial catch for these species over the last five

years (Fisheries New Zealand, 2020; OPMCSA, 2021), most likely a reflection of a similar

decline in their abundance. The unsustainable removal of adult fish from a population is known

to greatly affect spawning stock, population structure, and recruitment over time (Planque et al.,

2010); in other words, the number of juvenile fish will decline in response to a declining adult

population. To this end, increased fishing pressure and overexploitation will ultimately have a

similar effect on yellow-eyed penguins.

This analysis relied on temporally analogous fisheries and penguin data (2007-2018 and

2006-2021, respectively) to establish a long-term interaction potential rather than identifying

specific instances of bycatch or areas of habitat degradation. More information and better

reporting of penguin bycatch is needed to understand more fully the effect fisheries are having

on penguin population sizes and the rates of survival, reproduction, and recruitment. Moreover,

further investigation is required to understand the indirect and direct risk of alternative fishing

methods such as dredging and other practices such as aquaculture which are known to have

profound impacts on the environment, especially in the Foveaux Strait (Browne et al., 2011;

Carbines et al., 2004; Mattern et al., 2018a; Thrush & Dayton, 2002).

Many stakeholders have a vested interest to reduce interactions between seabirds and fisheries,

including the fisheries themselves, because the capture of non-target organisms is costly and

detrimental to fishing efficiency (Le Bot et al., 2018). Despite the administration of a quota

management system, the requirement for vessel monitoring systems and electronic catch

reporting, and regulations for increased observer and camera coverage on inshore fishing vessels

(OPMCSA, 2021), current fisheries management practices are not sufficiently effective at

reducing protected species captures, prevent overfishing, and protect the marine environment.

Declining species such as yellow-eyed penguins will benefit from proposed initiatives and policy

changes only if they are instituted in a timely manner, which is currently not the case

(OPMCSA, 2021).
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5.4.3 Marine protected areas

The ongoing, intensive monitoring and rehabilitation of yellow-eyed penguins focuses on

managing terrestrial threats through disease management (Webster, 2018), pest control (Mattern

& Wilson, 2018; Webster, 2018), reduction of unregulated tourism and human disturbance (e.g.,

Bell et al., 2020; Ellenberg, 2009; McClung et al., 2004), habitat restoration, advocacy, and

general population monitoring (Seddon et al., 2013). However, threats at sea have been

suggested to be the main cause of their population decline over the years, particularly due to

starvation (e.g., Couch-Lewis et al., 2016; Mattern & Ellenberg, 2018; Mattern & Wilson, 2018;

McKinlay, 2001; Webster, 2018; Young et al., 2020). Marine protected areas are a key approach

to mitigating some of the anthropogenic threats and impacts at sea, particularly related to

fisheries (Davies et al., 2018). Current MPAs in New Zealand do not sufficiently contribute to

the marine conservation goals for yellow-eyed penguins; less than 1% of the penguins’ mainland

total predicted distributional range overlaps with a type 1 marine reserve or type 2 MPA.

Additionally, when implemented, the proposed Southeast Marine Protected Areas network will

only protect 3.6% of the penguins’ range.

One major aspect of MPAs is limiting commercial fishing activities to reduce the exploitation,

risk of bycatch, and other unintended consequences (Davies & Guinotte, 2011; Davies et al.,

2018; Department of Conservation et al., 2019; Grorud-Colvert et al., 2021). In terms of size,

the largest MPAs (including benthic protected areas and other area closures) occur offshore

within the EEZ boundary (Department of Conservation et al., 2019), despite widespread use of

mainland coastal and inshore waters by commercial fisheries particularly over the continental

shelf. Moreover, the 4 nm gillnet ban around the coast overlaps considerably with proposed

MPAs, making some MPAs redundant in the effectiveness at reducing gillnet-related seabird

mortality. Prey composition and abundance determines the attractiveness of an area to fisheries,

and this is likely the same reason that draws penguins and other marine animals to forage in

these locations. The high degree of overlap between fisheries, penguins, and prey supports this

idea. The costs of MPAs to fisheries are often considered over the cost to the environment. For

instance, as part of the SEMPA design and consultation process, “reasonable concessions” in the

interest of commercial fishing were made to minimise the adverse impacts of MPAs on fisheries

(South-East Marine Protection Forum, 2020), which ultimately resulted in the poorly structured,
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patchy, and small network that is under consideration. This action is in direct conflict with the

objectives of the network and MPAs in general to protect marine biodiversity and ecosystems

(Department of Conservation & Fisheries New Zealand, 2020; South-East Marine Protection

Forum, 2020). The proposed network will also be areas of already low fishing intensity. In

addition to SEMPA, considerations by the government to expand the MPA network in New

Zealand have been ongoing for many years, but little progress has yet been made. While the

current process of network design and implementation is inclusive of stakeholder opinions, the

time it takes to achieve these objectives is unreasonable and governance is often complex and

contradictory (Jarvis & Young, 2019).

Since MPAs are spatially explicit management tools, they require substantial geographic data,

like seabird tracking data and species distribution models (Domisch et al., 2019), to identify

areas of high biodiversity, important habitat, large populations of endangered species, or likely

conflict or exploitation zones (Thaxter et al., 2012). This also means that they can be scaled to

aid localised decision-making. There are some fundamental problems with MPAs, however,

such as enforcement/compliance, cross-national or cross-boundary connectivity, governance,

and effectiveness at protecting the marine environment (Frazão Santos et al., 2019; Katsanevakis

et al., 2020). Some of these problems are addressed when MPAs are considered within the

framework of marine spatial planning, although an imperfect system itself (Frazão Santos et al.,

2019). Habitat restoration, co-management of resources, permitting and consent systems,

customary use allowances, legislature, and adaptive management are additional tools that can be

implemented in holistic marine spatial plans (Scott, 2016). For instance, instead of designating a

year-round, no-take MPA, adaptive management would allow commercial fishing to commence

for a certain time period (e.g., outside of the penguin breeding season or just at night) or on a

smaller scale. Alternatively, continual assessments of the effects of commercial fishing in a

localised area could dictate the level of use and potential discontinuity of activities if certain

stock thresholds are reached (Scott, 2016). All of these methods require analyses to summarise,

quantify, and visualise certain aspects of the marine environment; annual studies of the

behaviour and movement of seabirds should determine when adaptive management would be

most effective, or home range analysis of marine animals compared with human activity

distribution should determine where priority areas are for both animals and ecosystem services

to support activity permitting, for example. With the considerable amount of research being
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done on New Zealand marine fauna, there is a great opportunity to integrate this information into

future MSPs and to reform the national approach of MSP in New Zealand so that international

standards and cultural values are met (OPMCSA, 2021; Scott, 2016).

5.4.4 Recommendations

This study examined the overlap of yellow-eyed penguins with resources, risks, and areas of

refuge at sea with the aim to improve our understanding of penguin-prey and penguin-fisheries

spatial interactions, while assessing the effectiveness of MPA protection. Analyses relied on

publicly available data that can be easily accessed to show how the data and species distribution

models can be applied to marine spatial planning and conservation management. The key threats

to yellow-eyed penguins are recognised (Mattern & Wilson, 2018; McKinlay, 2001; Webster,

2018), and actions need to be taken now in order to stabilise and reverse the population decline.

Many of these actions must take place at the government level (e.g., area closures and MPAs,

fisheries restrictions/prohibitions, mandatory observer or camera coverage on vessels).

Moreover, there needs to be improved policing and enforcement of these regulations. MPAs

alone, however, will not be enough for yellow-eyed penguins, and current marine conservation

methods are not working. Other tools need to be considered, such as using alternative or

traditional fishing methods, developing sustainable fisheries, establishing holistic and adaptive

ecosystem management plans, incentivising compliance, increasing education and public

awareness, and encouraging behaviour changes to mitigate anthropogenic overexploitation and

environmental change (Jarvis & Young, 2019). The current management of yellow-eyed

penguins needs to change in accordance with the threats they face in the marine environment.
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Chapter 6

General discussion

6.1 Summary

The foraging behaviour of seabirds such as penguins is a response to a dynamic and

heterogenous marine environment, largely influenced by environmental factors and the patchy

occurrence of prey aggregations. Marine tracking has provided the means to determine the

marine distribution of seabirds based on patterns of occurrence, home range, and habitat

selection. Identifying key foraging areas is fundamental to designing and implementing both

species-specific and general ecosystem conservation measures, such as marine protected areas

(MPAs), that are intended to protect those species from threats at sea. For an endangered species

such as the yellow-eyed penguin, it is even more critical to understand their temporal and spatial

at-sea movements to infer how prey availability and a variable marine environment may affect

individual and species survival . The work presented in this thesis used most of the available

tracking data from mainland breeding colonies since tracking began in the mid-2000s to quantify

individual and population level variation in home range (Chapter 3), to predict their spatial

distribution (Chapter 4), and to assess overlap with their prey, fisheries, and marine protected

areas (Chapter 5).

The common factor that determines yellow-eyed penguin foraging range and at-sea distribution,

and consequently the potential risk posed by commercial fisheries and humans, is their benthic

foraging strategy. Although pelagic foraging does occur, yellow-eyed penguins most often target

demersal prey while diving to and travelling along the seafloor. As central place foragers whose

home range is limited by the proximity to their breeding sites, yellow-eyed penguins adapt their

foraging range to balance energy expenditure with energy gain and maximise their fitness and
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offspring survival, according to optimal foraging theory (Orians & Pearson, 1979; Pyke, 1984).

In Chapter 3, I compared the home ranges of adult yellow-eyed penguins to assess the seasonal,

geographical, and sex-specific variability in range size and distribution that results from

differences in foraging behaviour. I determined not only the home range of individual birds but

also a population distribution of a generalised home range for penguins from the same breeding

site.

The variability in yellow-eyed penguin marine home range size and spatial overlap between

seasons and sexes was dependent upon breeding site, which is consistent with other studies

(Moore et al., 1995; Moore, 1999), although it complicated the generalisation of patterns in

range extent and size. While I observed significant seasonal variation in population distribution

size, which were smallest during breeding and largest during premoult, season was not a

significant predictor of individual home range size despite some evidence of seasonal differences

in foraging behaviour (Mattern, 2006; Moore et al., 1991; Moore, 1999; Muller et al., 2020b).

Data and tracking limitations prevented comparisons of foraging range for the same individual

across multiple seasons, however, which may have influenced this finding. On the contrary,

foraging behaviour has not been found to vary between males and females (Chilvers et al., 2014;

Mattern, 2006; Mattern et al., 2007, 2013; Moore, 1999), but my study indicated that sex was a

significant predictor of individual home range size and population distribution for some breeding

sites. Ultimately, variability in marine foraging home range size and spatial distribution was

highly site-specific, which is likely a response to the highly heterogeneous marine environment

across their geographic extent.

Since breeding site, or more specifically geographic location, influenced the home range size

and distribution of yellow-eyed penguins, I employed spatial distribution models (SDMs) in

Chapter 4 to further specify if this variability is due to different marine environments. As

hypothesised, significant regional variation existed in space use predictions and environmental

variables of importance. For the entire South Island, North Otago, Otago Peninsula, and the

Catlins, dissolved oxygen concentration was identified as the most important predictor, while

water current speed and mean monthly turbidity were most important for Banks Peninsula and

Stewart Island, respectively. Thus, yellow-eyed penguin foraging distribution can best be

predicted based on factors relating to prey availability. Other factors which were hypothesised to

be critical determinants of distribution, including bathymetry, sea surface temperature, and
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seafloor sediment, all had varying and marginal importance when predicting yellow-eyed

penguin spatial distribution. Yellow-eyed penguins forage over the continental shelf at all depths

less than approximately 150 m. While bathymetry is a good indication of foraging range when

considering areas past the shelf break as well, the extent at which I sampled background points

(75 km from the coast) mostly represented the shelf as well; thus, bathymetry has a marginal

importance at delineating suitable habitat. Additionally, the temporal scale of sea surface

temperature (mean from 2003-2018) did not account for annual or seasonal influences of

temperature change, which likely impact short-term foraging behaviour and has been found to

significantly correlate with the survival of adult penguins and fledglings (Mattern et al., 2017).

Rather than individual, short-term or fine-scale foraging patterns, this research focused on the

long-term and large-scale foraging distribution of the entire mainland population to estimate

habitat suitability and determine environmental tolerances of the species as a whole. As a

baseline, these findings can also be used in future studies to predict distributional changes due to

climate change and events such as El Niño or La Niña.

The regional specificity of the predicted marine distributions and home range sizes of

yellow-eyed penguins indicates that any changes in an already heterogenous and variable marine

environment are likely to affect subpopulations differently depending on breeding site.

Furthermore, predictions indicate that most of the suitable shelf habitat is likely currently being

used by foraging yellow-eyed penguins. The foraging distributions of yellow-eyed penguins do

not seem to have not changed significantly in the past 30 years based on early VHF radio

tracking (Moore et al., 1995; Moore, 1999, 2001) and more recent GPS/satellite tracking data

(Mattern et al., 2007, 2013; Mattern, 2020; Young et al., 2022). If ongoing changes in the

marine environment due to climate change and anthropogenic pressures such as commercial

fishing continue to negatively impact yellow-eyed penguins such that currently suitable habitat

becomes less suitable over time, they may not be able to expand their range beyond the

continental shelf or alter their sedentary behaviour in response.

While mortality due to starvation has contributed significantly to their population decline in

recent years (Webster, 2018), the underlying cause remains unknown (e.g., due to a lack of prey

or prey of a certain size/age, altered availability of prey patches, poor diet quality, and/or other

reasons). Since my models in Chapter 4 suggest that prey-related predictors are most important

to yellow-eyed penguin habitat selection, I examined the co-occurrence between penguins and
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their key prey species in Chapter 5. Using publicly available presence data for seven fish

species, I derived species richness by combining individual prey SDMs using a stacking method.

This was the first study to compare prey and yellow-eyed penguin overlap, which identified key

areas of high predicted prey-penguin co-occurrence along the midshelf from the Catlins to North

Otago. There does not appear to be a spatial mismatch between yellow-eyed penguins and their

prey. Similar to the home range and SDM analyses, this is an estimation of overlap over a long

time period, so there may be more significant, seasonal mismatches between penguins and prey

availability/distribution that are not evident and require future study.

Naturally, penguins, seabirds, marine mammals, and other predators are not the only animals to

target assemblages of abundant and diverse fish species. Commercial fishing operations also

target these areas, elevating the risk of bycatch, habitat destruction, disturbance, pollution, and

other threats. In Chapter 5, I also assessed the spatial overlap between the predicted probability

of penguin occurrence with commercial gillnet and trawl fishing intensity in New Zealand. I

created a novel index of overlap to identify hotspots where yellow-eyed penguins are most at

risk from fisheries and where better protection would be the most effective. Similar to the

overlap between penguins and prey, there is also a high degree of overlap between penguins and

current gillnet fisheries over the middle of the continental shelf (and around Stewart Island) and

trawl fisheries inshore and north of the Otago Peninsula. These areas should be priorities for

future conservation efforts, like MPAs, to mitigate the risks of bycatch, habitat destruction, and

food scarcity. However, less than 1% of yellow-eyed penguins’ total predicted mainland range

overlaps with a type 1 marine reserve or type 2 MPA and the proposed Southeast Marine

Protected Areas network will only protect 3.6% of the penguins’ range. The current and

proposed marine protected areas off the South Island coast are small, fragmented, and inadequate

to protect yellow-eyed penguins and many other threatened marine mammals and seabirds.

6.2 Future research and recommendations

This research has raised additional questions relating to the marine foraging behaviour and

distribution of yellow-eyed penguins. For instance, will the documented patterns of distribution

change over the longer-term, or are these patterns fixed and retained, even in a changing marine
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environment? Are there specific areas where penguins are more likely to forage pelagically?

How does individual preference, perhaps shaped by early experience, influence habitat selection?

Although I tried several additional methods of analysing GPS data, including Hidden Markov

Models, first passage time, and behavioural change point analysis, I found that the complex

benthic foraging strategy of yellow-eyed penguins increased the errors associated with

behavioural state detection. While I chose to classify dive type based on dive depth and seafloor

depth, I suggest that these methods be explored and developed further as it may help identify

patterns in their foraging behaviour, such as specific locations of frequent area-restricted

searching or the timing and behaviours associated with overnight or multi-day trips. I further

recommend that a population-wide study of the timing of foraging trips (i.e., day versus night)

could be used to advocate for changes in the timing of fishing events so that these do not take

place during peak penguin foraging hours. While I also tried to integrate both marine and

terrestrial variables in SDMs to determine the relationship between foraging location and

breeding site, new methods such as distance-based sampling SDMs (e.g., Bécares et al., 2015;

Häkkinen et al., 2021) look more promising and could fruitfully be explored using yellow-eyed

penguin data.

Tracking yellow-eyed penguins at sea should continue, with considerable focus on tracking the

same individual across different seasons in the same year and between years to compare

short-term and long-term variability in diving behaviour and distributions. It is important to

maintain the current dataset and to add to it new data, especially because this information is vital

to threat identification and successful population monitoring. Moreover, I suggest tracking

breeding pairs simultaneously, as group and pair foraging was observed at several breeding sites.

Although this behaviour has only been observed via GPS tracking relatively recently, it could be

a foraging strategy employed more frequently than initially thought.

We also need to track juveniles after they return to their natal breeding site (or future breeding

site, if they emigrate) but before they first breed, in addition to tracking them during their initial

dispersal period (Young et al., 2022; Young, 2022), to determine if first-year foraging behaviour

and distribution might shape or influence life-long behaviour and distribution. We can then

examine the extent of individual plasticity after that initial learning period. I also advocate for

more Subantarctic tracking, particularly on Campbell Island and mainland Auckland Islands, to
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compare the behaviour and at-sea distribution of Subantarctic yellow-eyed penguins with those

on the mainland, thereby determining if foraging strategy and environmental preferences are

comparable across the entire species.

There is little known about the effects of climate change and fishing pressure on the population

dynamics of fish species that are not only key prey for penguins but also for other marine

animals. Are prey populations shifting their ranges? How do seasonal climate events such as

storms and El Niño Southern Oscillation affect prey abundance, and do these events also

indirectly or directly affect yellow-eyed penguin foraging behaviour, distribution, and survival?

Finally, we need better estimates of the total number of yellow-eyed penguins caught as bycatch

each year. In addition to pertinent information related to the capture such as gear type and

targeted species (most of which is currently being collected), fishers and, most importantly,

agencies need to collect and make available to researchers and decision-makers the coordinate

data on specific locations of captures (rather than just the statistical area or start/end location of

the fishing event, which can be tens to hundreds of kilometers) to determine patterns in the

occurrence and frequency of bycatch. Despite efforts to minimise the impacts of fisheries, there

is little enforcement of the current policy for bycatch reporting, and there are few repercussions

for failing to report. Regulatory authorities need to be quicker at requiring and implementing

surveillance cameras on a larger percentage of fishing boats. In addition, more and larger marine

protected areas need to be created. Currently, the Government of New Zealand’s complex

negotiation process, that includes discussions between stakeholders, takes too long when action

is needed urgently to protect habitats and marine animals that are continuing to decline, possibly

to a point where MPAs will no longer be effective. I strongly recommend that the findings from

my research be considered in future conservation management and marine spatial planning, as

they provide vital information about the habitat use, range size, and distribution of yellow-eyed

penguins.
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Table A.1 – Population adaptive local convex hull (a-LoCoH) 95% foraging distribution (PFD)
and 50% core area (PCA) sizes (km2) for each yellow-eyed penguin breeding site (n = 7).
Distributions were calculated using all, benthic, and non-benthic dives during each season
(premoult, winter, breeding) and all seasons combined for males, females, and all penguins
combined. Classification of dives was not possible for trips with incomplete dive data, so they
were included in estimates for all dives but excluded for benthic/non-benthic dive estimates; the
sample size for benthic/non-benthic dives is in parenthesis. The number of foraging trips used
for ‘All’ calculations (n trips) is equal for males and females. Distribution sizes for all penguins
combined is equal to either female or male HRs when data from only one sex was available (*).
Mean and standard deviation of PFD for all sites are presented in the final table.
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Table A.2 – Population fixed kernel density (KDE) 95% foraging distribution (PFD) and 50%
core area (PCA) sizes (km2) for each yellow-eyed penguin breeding site (n = 7) using all dives
for each sex (male, female) during each season (premoult, winter, breeding) and for each dive
type (benthic, non-benthic dives). Dive type distributions included only points where dive type
could be classified. The randomised fixed kernel area is the mean (± standard deviation) over
200 iterations where each trip or location was randomly assigned a sex, season, or dive type (see
Methods for more details).
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Figure A.1 – Boxplots of individual yellow-eyed penguin adaptive local convex hull (a-LoCoH)
50% core area (km2) at each breeding site (n = 7). The thick line inside each box is the median
home range size and lower and upper boundaries of the box are 25th and 75th percentiles,
respectively. Lower and upper error bars are the minimum and maximum, respectively. The
population-level 50% a-LoCoH core areas (km2), calculated by combining all location points
from all individuals from a breeding site, are indicated as points (X).
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Figure A.2 – Population-level adaptive local convex hull (a-LoCoH; dark colours) and fixed
kernel density (KDE; light colours) 50% core areas (PCA) for yellow-eyed penguin breeding
populations (n = 7). Both were calculated using all location points from all individuals across all
seasons. Bathymetry contour lines (grey lines) are in increments of 25 m from 0 to -100 m and
then in increments of 100 m until -800 m (Mitchell et al., 2012).
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Figure A.3 – Mean population (n = 7) adaptive local convex hull (a-LoCoH) 50% core area
(PCA; km2) for all yellow-eyed penguins (dark gray bars), females (gray bars), and males (light
gray bars) during all seasons and each breeding, premoult, and winter season. Core areas used to
calculate the mean are indicated by the filled circles. Error bars are ± standard deviation.
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Figure A.6 – Yellow-eyed penguin population adaptive local convex hull (a-LoCoH; dark
colours) and fixed kernel density (KDE; light colours) 50% core areas (PCA) for the (a)
breeding, (b) premoult, and (c) winter seasons. Bathymetry contour lines (grey lines) are in
increments of 25 m from 0 to -100 m and then in increments of 100 m until -800 m (Mitchell et
al., 2012).



Appendix A Chapter 3 223

Figure A.7 – Yellow-eyed penguin population adaptive local convex hull (a-LoCoH; dark
colours) and fixed kernel density (KDE; light colours) 50% core areas (PCA) for (a) benthic and
(b) non-benthic dives. Bathymetry contour lines (grey lines) are in increments of 25 m from 0 to
-100 m and then in increments of 100 m until -800 m (Mitchell et al., 2012).
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Chapter 4: Staying close to home: Modelling
marine spatial distributions to predict the foraging

habitat selection of yellow-eyed penguins
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Table B.1 – Variable inflation factors (VIF) calculated for all candidate variables and then for
just the final variables (shaded grey) used in all of the models.
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Table B.2 – Summary statistics for all environmental variables used in each subpopulation and
South Island Maxent model. The mean (standard deviation), minimum, and maximum are
derived from values extracted to each filtered GPS dive points and subset according to region.
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Figure B.1 – Correlation matrix for candidate environmental variables. Red boxes are negative
correlations while blue boxes are positive correlations. The strength of the correlation increases
from light to dark colours. All variable abbreviations and descriptions can be found in Table 4.2.
Plot was created using the corrplot package (v0.84; Wei & Simko, 2017).
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Figure B.2 – Evaluation metrics for 120 candidate Maxent models of the marine distribution of
yellow-eyed penguins across the entire South Island. Each model is defined by a combination of
five feature types including linear (L), quadratic (Q), hinge (H), product (P), and threshold (T)
and a range of regularisation multipliers from 1 to 15. Evaluation metrics include (a) AICc
(Akaike Information Criterion corrected for small sample sizes), (b) average test AUC score
(Area Under the Receiving operator characteristic curve), (c) omission rate of testing points at a
minimum training threshold (ORMTP), and (d) omission rate of testing points at a 10% training
threshold (OR10).

Figure B.3 – Evaluation metrics for the Banks Peninsula subpopulation Maxent models.
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Figure B.4 – Evaluation metrics for the North Otago subpopulation Maxent models.

Figure B.5 – Evaluation metrics for the Otago Peninsula subpopulation Maxent models.
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Figure B.6 – Evaluation metrics for the Catlins subpopulation Maxent models.

Figure B.7 – Evaluation metrics for the Stewart Island subpopulation Maxent models.
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Journal articles, conferences, and presentations

Hickcox, R.P., van Heezik, Y., Mattern, T., Rodríguez Recio, M., Young, M. J., Seddon, P. J. (In

review). Staying close to home: marine habitat selection by foraging yellow-eyed penguins

using spatial distribution models.

Hickcox, R.P., van Heezik, Y., Mattern, T., Rodríguez Recio, M., Young, M. J., Seddon, P. J. (In

preparation). Risks, resources, and refugia: spatial overlap between yellow-eyed penguin

foraging distribution and prey, commercial fisheries, and marine protected areas.

Elley, T., Mattern, T., Ellenberg, U., Young, M. J., Hickcox, R.P., van Heezik, Y., Seddon, P. J.

(2022). Consistent site-specific foraging behaviours of hoiho/yellow-eyed penguins breeding on

Rakiura/Stewart Island, New Zealand. Biology, 11, 844. doi: 10.3390/biology11060844.

Young, M. J., Seddon, P.J., Pütz, K., Agnew, P., Mattern, T., Hickcox, R.P., Robertson, B. C.,

van Heezik, Y. (In press). Going solo: Conservation implications for post-fledging dispersal of

yellow-eyed penguins. Marine Ecology Progress Series.
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Conferences and presentations

Birds New Zealand Conference, Christchurch, NZ (Poster)

4-5 June 2022

Rachel P. Hickcox1, Yolanda van Heezik1, Thomas Mattern1, Melanie J. Young1, Mariano

Rodríguez Recio2, Philip J. Seddon1

1Department of Zoology, University of Otago, Dunedin, New Zealand
2 Biodiversity and Conservation Department, King Juan Carlos University, Madrid, Spain

While at sea, yellow-eyed penguins are most vulnerable to the risk of accidental bycatch, the

impacts of reduced prey availability and foraging efficiency, seafloor habitat degradation caused

by trawling and dredging, and other indirect threats in areas where they overlap with commercial

fisheries. Marine protected areas (MPAs) are one primary method used to mitigate some of these

threats that are likely contributing to the continued population decline of yellow-eyed penguins

on mainland New Zealand. It is therefore imperative to identify areas where MPAs would be the

most effective at protecting foraging penguins. We first created a novel index to assess the

spatial overlap between the projected distribution of penguins and commercial gillnet/trawl

fishing intensity. We then established a baseline measure of the overlap between the predicted

mainland foraging range of yellow-eyed penguins, current MPAs, and the proposed South-East

Marine Protected Area (SEMPA) network. Penguins are most at risk from gillnet fisheries over

the middle of the continental shelf and around Stewart Island and from trawl fisheries inshore

along much of the South Island coast and north of the Otago Peninsula. However, less than 1%

of their total range overlaps with a marine reserve or MPA, and the proposed SEMPA network

will only protect 3.6% of the penguins’ range. By assessing threats to yellow-eyed penguin

survival, these findings can be used to inform ongoing conservation management decisions and

marine spatial planning to prevent the predicted localised extinction of this endangered species.
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10th International Penguin Conference, Dunedin, NZ (Oral
Presentation)

24-28 August 2019

Environmental, climatic, and biological interactions influencing the marine distribution of

yellow-eyed penguins (Megadyptes antipodes)

Rachel P. Hickcox1, Yolanda van Heezik1, Thomas Mattern1, Melanie J. Young1, Mariano

Rodríguez Recio2, Philip J. Seddon1

1Department of Zoology, University of Otago, Dunedin, New Zealand
2 Biodiversity and Conservation Department, King Juan Carlos University, Madrid, Spain

The relationship between environmental predictors and the distribution of a species is a crucial

indicator of ecosystem resilience under the pressure of environmental change. As central place

foragers, penguins depend on the ocean to obtain food and the land for nesting. Understanding

which environmental factors determine or limit foraging sites is important for conservation

planning. We identify climatic, environmental, and anthropogenic factors that influence

yellow-eyed penguin (Megadyptes antipodes) foraging distribution off mainland New Zealand.

Using GPS foraging data from penguins breeding throughout Otago, we compare travelling and

foraging areas with environmental spatial data. By determining the environmental conditions

that yellow-eyed penguins require for foraging, we are able to highlight marine hotspot areas

that are critical to population persistence and vulnerable to anthropogenic activities (fishing,

mineral exploitation) and future environmental change.
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Oamaru Penguin Symposium 2021, Oamaru, NZ (Oral Presentation)

6 May 2021

Marine distribution of yellow-eyed penguins (Megadyptes antipodes): presence and

preference

Rachel P. Hickcox1, Yolanda van Heezik1, Thomas Mattern1, Melanie J. Young1, Mariano

Rodríguez Recio2, Philip J. Seddon1

1Department of Zoology, University of Otago, Dunedin, New Zealand
2 Biodiversity and Conservation Department, King Juan Carlos University, Madrid, Spain

The relationship between environmental predictors and the distribution of a species is a crucial

indicator of ecosystem resilience under the pressure of environmental change. As central place

foragers, penguins depend on the ocean to obtain food and the land for nesting. Understanding

which environmental factors determine or limit foraging sites is important for conservation

planning. We first determined if sex, season, dive type, or breeding site influenced yellow-eyed

penguin (Megadyptes antipodes; hoiho) marine home range size. We then employed spatial

distribution models (Maxent) to identify climatic, environmental, and anthropogenic factors that

affect their marine distribution off mainland New Zealand using environmental spatial data and

GPS foraging data from penguins breeding on Banks Peninsula, Otago, the Catlins, and Stewart

Island. By determining the range and environmental conditions that yellow-eyed penguins

require for foraging, we are able to highlight marine hotspot areas that are critical to population

persistence and vulnerable to anthropogenic activities (fishing, mineral exploitation) and future

environmental change.
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Annual Yellow-eyed Penguin Symposium 2018 (Oral Presentation)

4 August 2018

Environmental, climatic, and biological interactions influencing the marine distribution of

yellow-eyed penguins

Annual Yellow-eyed Penguin Symposium 2020 (Oral Presentation)

1 August 2020

Where and why? Marine mapping and modelling of yellow-eyed penguin presence and

preference

Other conferences attended or presentations given/accepted

New Zealand Bird Conference 2021 (Oral Presentation Accepted)

Not held due to Covid-19

3rd World Seabird Conference (Attended, held virtually)

4-8 October 2021

Birds NZ Otago (Guest speaker, held virtually)

27 October 2021

Annual Yellow-eyed Penguin Symposium 2021 (Attended)

7 August 2021

Annual Yellow-eyed Penguin Symposium 2019 (Attended)

3 August 2019
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