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Abstract
The yellow-eyed penguin (Megadyptes antipodes), or hoiho, is an endemic and endangered
species of conservation importance in New Zealand. A primary management strategy for the
conservation of the hoiho population along its South Island range is the restoration of coastal
habitats that are thought to be traditionally preferred by the species and therefore most
suitable for nesting. Improving the knowledge and understanding of the factors that influence
the nesting habitat selection of hoiho at different scales would increase the effectiveness of
habitat restoration initiatives and other habitat-related management activities. Hoiho are
considered non-colonial breeders as nest sites in a breeding area are usually well concealed
and spaced 20m apart from each other on average. This solitary nesting behaviour may be
due to a requirement for adequate protection from insolation. However, it has been suggested
that the visual isolation of a nest site from neighbouring conspecific nests is important for
hoiho. This study aimed to determine the relative importance of these and other potentially
significant factors affecting the selection of nest sites by hoiho and their distribution in
breeding areas with different nesting habitats. To determine the importance of visual isolation
relative to protection from insolation, the distance from which nest sites were visible, and the
extent of nest site cover, were compared with that of random sites in flax, scrub and forest
nesting habitats. Results indicated that visual isolation of nest sites is likely a consequence of
hoiho selecting sites comprised of micro-habitat features that provide a high level of
protection from insolation. Subsequently, the distribution of nest sites within the three
different nesting habitats appeared to be influenced by spatial variation in the micro-habitat
features that provided the nesting conditions preferred by hoiho. In addition to micro-habitat
features, the selection of nesting habitats by hoiho, and their distribution within a breeding
area may be influenced by factors operating at a broader, landscape level. To examine the
potential influence of landscape features such as slope and the distance of nesting habitats
from the shore, a geographic information system was used to construct simple spatial nesting
habitat selection models for two hoiho breeding areas on the Otago Peninsula. The model
indicated that the distribution of nesting habitats selected by hoiho in the two study areas
appeared to be influenced primarily by a combination of the slope and the habitat types (i.e.
vegetation cover) that contained the micro-habitat features preferred by hoiho. The models
contribute to improving the understanding of hoiho nesting habitat selection, and can provide
a rigorous basis for determining where habitat management activities should be focussed in a
breeding area to achieve optimal results.
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Chapter 1- General Introduction
1.1 The importance of understanding habitat selection
A thorough understanding of the factors and processes that influence where different species
live in the environment is vital for the successful conservation management of wildlife. The
study of the factors and processes that influence a species' selection for certain locations, or
habitats in an environment has always been a central focus of ecological and wildlife
conservation research (Partridge 1978; Johnson 1980; Cody 1985; Klopfer & Ganzhom 1985;
Morrison et al. 1998; Guisan & Zimmermann 2000; Manly et al. 2002). The general theory
of habitat selection assumes that a species is present in the habitat(s) for which it is currently
best adapted to for optimal survival and reproduction (Cody 1985; Klopfer & Ganzhom
1985; Morrison et al. 1998). There are, however, many violations of this assumption as
habitat selection often encompasses a multitude of interacting factors that may operate at
different scales (Partridge 1978; Johnson 1980; Cody 1985; Klopfer & Ganzhom 1985;
Morrison et al. 1998; Manly et al. 2002). In addition, the apparent selection for a certain type
of habitat or habitat feature does not necessarily infer its quality or suitability for a species
(Kristan 2003; Shochat et al. 2005).
As a consequence of human induced habitat loss and modification, many species may be
subject to selecting habitats known as ecological traps (Schlaepfer et al. 2002; Kristan 2003;
Shochat et al. 2005). An ecological trap often appears physically similar to a habitat
traditionally selected by a species, yet is typically of lower quality and can negatively affect
long term survival and fitness (Schlaepfer et al. 2002; Kristan 2003; Shochat et al. 2005). The
concept of an ecological trap may be a challenge for the effective restoration of habitats for
wildlife species, which is a common conservation management strategy. Overcoming this
challenge therefore necessitates a thorough understanding of the specific habitat
requirements, and the features of the habitat that provide them, for the species of concern.
To fully understand the components and the process of habitat selection for a particular
species, it may be necessary to examine how the effects of different factors change and
interact at different scales. Generally, at the broadest scale, the distribution and range of a
particular species is influenced primarily by environmental variables such as climate, and
also the distribution of key resources (e.g. food and shelter) (Johnson 1980; Morrison et al.

1998; Guisan & Zimmermann 2000). Within a species' range, its abundance and distribution
(i.e. sub-populations) may vary with local variation.s in climate and key resources (e.g. the
general habitat type typically selected by the species). Additional factors that may affect
habitat selection at this scale include the presence and density of conspecifics, inter-specific
competitors, and/or predators (Partridge 1978; Cody 1985; Klopfer & Ganzhorn 1985;
Morrison et al. 1998). Variation in these factors and the addition of new variables can occur
at a finer scale, often termed the micro-habitat scale (Klopfer & Ganzhorn 1985; Seddon &
Davis 1989). At this scale, a small group (e.g. a colony) or an individual may select specific
micro-habitat features (i.e. features within a single breeding area or patch of habitat), which
may provide conditions that promote survival and reproductive success (e.g. a suitable microclimate or protection from predators) (Partridge 1978; Johnson 1980; Cody 1985; Klopfer &
Ganzhorn 1985). These specific features often correlate with physical characteristics of a
habitat (e.g. vegetation types and structure, and/or topographical features), which may serve
as visual cues of their suitability (Cody 1985; Klopfer & Ganzhorn 1985; Morrison et al.
1998; Kristan 2003).
A detailed understanding of habitat selection at the micro-habitat scale may be the most
relevant for effective wildlife conservation management, particularly since species of
conservation concern often exist only in one to a few relatively small, fragmented, and
intensively managed areas (e.g. wildlife reserves or parks). Subsequently, recent research on
habitat selection has focused primarily on improving our understanding of the importance of
different factors operating at the micro-habitat scale (Manly et al. 2002; Gibson et al. 2004;
Michel 2006).

1.2 The utility of GIS and spatial models in understanding habitat selection
A current important focus in ecological and wildlife conservation research is the application
and utility of geographic information systems (GIS) for improving our understanding of the
spatial (or geographical) aspects of habitat selection (Morrison et al. 1998; Guisan &
Zimmermann 2000; Manly et al. 2002; Harvey & Hill 2003; Gibson et al. 2004; Greaves et
al. 2006). A GIS can enable managers and researchers to rapidly develop accurate and

comprehensive digital maps and spatial models of species' distributions and habitat selection
patterns. These GIS outputs can generate new insights on the variables and spatial

relationships influencing the habitat selection of a species, and can lead to relatively accurate
predictions of a species' abundance and distribution patterns, as well as predictions of the
availability and distribution of suitable habitats across different landscapes and at multiple
scales (Morrison et al. 1998; Guisan & Zimmermann 2000; Osborne et al. 2001; Austin
2002; Harvey & Hill 2003; Gibson et al. 2004; Greaves et al. 2006). The habitat selection
analysis capable in a GIS are especially beneficial where comprehensive, highly detailed field
studies may be logistically impractical, such as for the entire geographic range of a
population or species (Guisan & Zimmermann 2000; Osborne et al. 2001; Harvey & Hill
2003). GIS and spatial models can therefore help improve our understanding of the factors
that influence the habitat selection of a species a multiple scales, and may also be useful for
assessing the potential impacts of a particular change to a habitat, or a management action on
a species of concern (Morrison et al. 1998; Manel et al. 1999; Harvey & Hill2003; Gibson et
al. 2004; Mathieu et al. 2006).
In addition to GIS, the capacity to rapidly develop comprehensive digital maps and spatial
models of habitat selection has been facilitated by the accelerated development,
advancements and greater availability of global positioning systems (GPS) and remote
sensing techniques and software (Shaw & Atkinson 1990; Guisan and Zimmermann 2000;
Greaves et al. 2006; Mathieu et al. 2006). Together, these technologies enable managers and
researchers to rapidly and accurately derive information on topographical (e.g. elevation,
slope, and aspect) and land cover (e.g. vegetation) features that species distributions and
abundance are often closely correlated with (Guisan & Zimmermann 2000; Harvey & Hill
2003; Gibson et al. 2004; Mathieu et al. 2006). In addition, the locations and movements of
individuals, populations, or ecological entities (e.g. habitat types, communities or
ecosystems) can be easily and accurately mapped, interpolated and analysed (e.g. Shanahan
2004; Auge 2006).
With a greater accessibility and applicability of GIS, GPS and remote sensing technologies,
wildlife managers and researchers have been able to map, analyse and model the
distributions, movements and habitat selection patterns of a wide range of species. Some
examples include: bats (Greaves et al. 2006), saltwater crocodiles (Harvey & Hill 2003),
ferrets and hedgehogs (Shanahan 2004; Shanahan et al. 2007), sea lions (Auge 2006), and
many avian species (e.g. Shaw & Atkinson 1990; Osborne et al. 2001; Lawler & Edwards

2002; Matsuura et al. 2005; Gibson et al. 2004; Mathieu et al. 2006; Urios & MartinezAbrain 2006). Many of these and other studies that have utilised GIS and spatial models to
analyse habitat selection have generally focused on the entire range of a population (e.g.
Osborne et al. 2001; Gibson et al. 2004; Greaves et al. 2006; Mathieu et al. 2006). At this
scale, a coarse resolution of topographical and landscape data generally provides an adequate
and effective level of accuracy for mapping and modelling the abundance and distribution of
a species and its habitat (Osbome et al. 2001; Gibson et al. 2004; Mathieu et al. 2006).
Accurate and effective use of GIS for developing spatial habitat models at finer scales such as
the micro-habitat level often requires very fine or high resolution data, which may not be
available or may be difficult to obtain. Consequently, researchers often rely on conspicuous
and general landscape features that may only serve as proximate indicators of the microhabitat features that are important for the species of interest. However, the ability and
technology to acquire accurate high resolution data is improving, and studies are beginning to
explore the potential utility of GIS to develop spatial habitat models for the analysis of
habitat selection at micro-habitat scales (e.g. Auge 2006; Michel 2006; Urios & MartinezAbrain 2006; Shanahan et al. 2007).

1.3 A focus on the yellow-eyed penguin
The yellow-eyed penguin (Megadyptes antipodes), or hoiho, is a nationally threatened
(Hitchmough 2002) and globally endangered (Birdlife International 2007) species endemic to
New Zealand (Williams 1995). Evidence suggests that the breeding range of the hoiho
historically extended as far north as the coasts on either side of the Cook Strait (Worthy 1997;
Worthy & Holdaway 2002). However, the combined effects of habitat loss and predation
following the arrivals of Maori and European settlements largely contributed to the
contraction of the hoiho's breeding range and population decline (Darby & Seddon 1990;
Williams 1995). The current terrestrial range of the hoiho includes the southeast coast of the
South Island, Stewart Island, Codfish Island, and the sub-antarctic Auckland and Campbell
island groups (Williams 1995).
Similar to other penguin species at temperate and tropical latitudes, the hoiho establishes nest
sites in locations that are sheltered from sunlight in order to minimise the risk of heat stress
from insolation (Stonehouse 1970; Seddon & Davis 1989; Darby & Seddon 1990; Williams

1995). However, unlike other penguin species and seabirds in general, hoiho do not form true
breeding colonies as they typically establish nests that are relatively far apart and visually
isolated from each other (Richdale 1957; Jouventin 1982; Darby & Seddon 1990; Williams
1995). One of the primary reasons proposed for the non-colonial behaviour of hoiho is that
breeding pairs may require nest sites to be visually isolated from neighbouring conspecifics
(Darby 1985; Darby & Seddon 1990). Anecdotal evidence suggests that a lack of visual
isolation from neighbours (i.e. where two or more nests are visible to each other) may
increase the risk of nest failure (Darby 1985; Lalas 1985).
Indigenous coastal forest is believed to be the traditionally preferred nesting habitat of hoiho
(Seddon & Davis 1989; Darby & Seddon 1990). Coastal forest habitat currently exists on
most of the off-shore islands utilised by hoiho, and historically existed throughout the
majority of the hoiho's breeding range on the South Island (Seddon & Davis 1989; Darby &
Seddon 1990). As a result of widespread deforestation, hoiho on the South Island currently
nest primarily in alternative vegetation such as flax and both native and exotic scrub. These
habitat types may provide lower quality nesting conditions than forest habitat (Seddon &
Davis 1989; Darby & Seddon 1990) and could therefore represent an ecological trap for
hoiho.
In addition to its endangered status, the hoiho is a major regional tourism attraction and a
nationally iconic species in New Zealand (Wright 1998; McKinlay 2001; Ellenberg et al.
2007). Subsequently, the conservation of the hoiho, particularly in its mainland range (i.e. the
South Island and Stewart Island), is an important concern for both government agencies,
private interest groups, and individuals (Efford et al. 1996; McKinlay 2001). The New
Zealand Department of Conservation (DoC) currently administers a hoiho recovery plan
containing nine objectives, five of which describe management strategies for the hoiho's
mainland terrestrial habitat (McKinlay 2001 ). A primary focus of the recovery plan and a
current management activity is the re-vegetation of breeding areas in an effort to restore and
maximise what is believed to be suitable nesting habitat for hoiho (McKinlay 2001).
Improving our understanding of the factors that influence hoiho nest site selection and
distribution may help to ensure the successful accomplishment of the recovery plan
objectives, and the overall conservation of the hoiho population. Hoiho do appear to select

certain micro-habitat features that may provide important nest site requirements, such as
shelter from insolation and, perhaps, visual isolation from neighbours. Understanding how
these requirements are influenced by variations in the type and distribution of the microhabitat features that provide them (i.e. in different habitat types) could therefore help in
determining the optimal composition and structure of nesting habitats to restore in different
hoiho breeding areas.

1.4 Thesis objectives and structure
This project aims to improve our understanding of the factors influencing nest site habitat
selection by hoiho at different scales through two main objectives:
1) To determine the relative importance of some of the primary factors thought to influence
hoiho nest site selection at the micro-habitat scale and how these factors may affect the
distribution of hoiho nest sites in different breeding habitats on the New Zealand
mainland. More specifically, the focus is on the potential importance of visual isolation
from conspecifics relative to protection from insolation provided by lateral and overhead
cover. The methods and analyses conducted to fulfil this objective are outlined and
discussed in Chapter 2.
2) To examine the effects of spatial variation in landscape variables on the distribution of
nesting habitats selected by hoiho in different breeding areas. This objective was fulfilled
by constructing a GIS to map and analyse the spatial variation in the landscape variables of
habitat type, slope and distance, and to formulate spatial models of the location and extent
of the nesting habitats where hoiho are most likely to establish nest sites in two breeding
areas on the South Island. In addition, the utility of GIS and spatial habitat selection
models in the management of hoiho nesting habitat on the South Island of New Zealand
was also examined. The procedures used for constructing the GIS and formulating and
interpreting the spatial hoiho nesting habitat selection models are outlined and discussed in
Chapter 3.

Chapter 2 - Micro-habitat features that influence
yellow-eyed penguin nest site selection & distribution
2.1 Introduction
The selection of nest sites by birds is perhaps the best known and most intensively studied
example of micro-habitat selection (Cody 1985). For many birds, reproductive success is
dependent on the selection of a suitable nest site. The variables that define a suitable nest site
are as diverse as the species themselves, but some common factors are shelter from adverse
climatic conditions, protection from predation, presence of conspecifics, minimised
disturbance, and access or proximity to food (Partridge 1978; Cody 1985; Walsberg 1985;
Kim & Monaghan 2005). The locations in a habitat where suitable nesting conditions may
exist are often determined by certain physical features of the habitat, such as vegetation
composition and/or structure (Partridge 1978; Cody 1985). The characteristics of these
physical habitat features may therefore serve as proximate indicators for birds of the locations
of suitable nest sites. Furthermore, the availability and distribution of suitable nest sites in a
given habitat may be linked to the spatial variation of the particular habitat features that
provide them.
Hoiho are the least colonial of all penguin species (Richdale 1957; Jouventin 1982; Darby &
Seddon 1990). During breeding, pairs typically establish nests that are well concealed in
dense vegetation and spaced an average of 20m apart from each other (Seddon & Davis 1989;
Darby & Seddon 1990; Moore 1992). Breeding pairs have also been known to establish nests
greater than 700m inland (Darby & Seddon 1990). The most common characteristics of hoiho
nest sites include: 1) a solid backing such as the base of a tree, dense vegetation, log, boulder
or embankment; 2) thorough cover immediately above the nest site (i.e. overhead cover
generally within 1m of the ground); and 3) visual isolation from neighbouring conspecific
nests (Darby 1985; Seddon & Davis 1989; Darby & Seddon 1990; Moore 1992). Seddon &
Davis (1989) considered the visual isolation of nests from conspecifics to be a consequence
ofhoiho selecting nest sites with substantial lateral cover, which may help fulfil the important
requirement of protection from insolation, and may also reduce predation risk. However,
Darby (1985) and Lalas (1985) report situations where the lack of visual isolation between
neighbouring nests may have contributed to nest failure.

Visual isolation between neighbouring conspecific nests has been observed to positively
affect the breeding performance of some gulls (Larus sp.). Burger (1977) and Kim &
Monaghan (2005) observed shorter inter-nest distances and greater reproductive success for
gulls nesting in vegetation as opposed to open, bare ground. This correlation was partially
attributed to the lower visibility between nests in vegetation, which reduced the frequency of
aggressive interactions and other disturbances between neighbours, and therefore allowed
incubating birds to spend more time resting and attending offspring (Burger 1977;
Bukacinska & Bukacinski 1993; Kim & Monaghan 2005).
Similar to gulls, an inverse relationship between vegetation density and inter-nest distance
has also been reported for hoiho. For example, Seddon & Davis (1989) observed the shortest
inter-nest distances for hoiho in coastal scrub habitat, which contained the densest vegetation,
and the greatest distances in coastal podocarp forest where sub-canopy vegetation was sparse.
Coastal podocarp forest is considered to be the traditional nesting habitat of hoiho on the
New Zealand mainland (Darby 1985; Seddon & Davis 1989; Darby & Seddon 1990;
Marchant & Higgins 1990). The relatively cool and well shaded environment under a forest
canopy should generally provide adequate protection from exposure to direct sunlight. If
protection from insolation was the only main requirement for a suitable nest site for hoiho,
we would expect that nests could be established almost anywhere under a forest canopy, and
without the great inter-nest distances observed in forest habitat. Yet, the typical scattered
distribution of nests indicates that hoiho evidently select sites that fulfil at least one other
important requirement, which may be visual isolation from conspecific neighbours.
If visual isolation is an important nest site requirement for hoiho, then the availability and
distribution of suitable nest sites in different habitats could be influenced by variation in the
distance of visibility. Therefore, habitats containing features that minimise visibility
(e.g. dense vegetation) may provide a greater density of suitable nest sites. This suggests that
the availability of suitable nest sites in the coastal forest habitat believed to be traditionally
preferred by hoiho may not be as great as in other habitat types (e.g. flax and coastal scrub).
While this does not imply that habitats other than coastal forest may be of greater quality for
hoiho, it may be an important consideration for the restoration of nesting habitats at South
Island breeding areas, a goal of which is to maximise both the quality and availability of
suitable nesting habitat for hoiho (McKinlay 2001).

The primary objective of this study was to determine which micro-habitat features might best
explain the selection of nest sites by hoiho and their spatial distribution (i.e. inter-nest
distance and density) in the three main habitat types currently used for breeding along the
hoiho's South Island range: flax, coastal scrub, and coastal podocarp forest. The main focus
was whether the potential importance of visual isolation could be determined by measuring
the distance of visibility of nest sites, and if so, whether the distance between nest sites in
each habitat type correlates with variation in the distance of visibility. In addition, the
influence of the amount of lateral and overhead cover as protection from insolation was also
examined as it has previously been recognised as an important factor for hoiho (Seddon &
Davis 1989; Darby & Seddon 1990). Determining the relative importance of these variables
would improve our knowledge of how to manage hoiho breeding areas to provide an optimal
availability of suitable nesting habitat.

2.2 Study areas & habitats
2.2.1 Boulder Beach
The characteristics and distribution of hoiho nest sites were examined at two study areas:
Boulder Beach and Hinahina Cove (Figure 2.1). Boulder Beach (45°53'S, 170°37'E; NZGD
2000) is located on the south facing coast of the Otago Peninsula. The area consists of
approx. 1OOha situated along 2km of coastline, and is divided into three sub areas from east to
west, each containing loose aggregations ofhoiho nests: Double Bay (DB), Midsection (MS),
and the A1 block. These subareas are recognised as separate management units by the New
Zealand Department of Conservation (DoC) (Seddon et al. 1989) and differ with respect to
topography and the types of land cover (i.e. vegetation). While the subareas are described
separately here, the data collected at each was collated and analysed as one data set for
Boulder Beach in this part of the study.
DB consists of two half-moon shaped bays immediately surrounded by steep slopes and cliffs
that rise 40-50m a.s.l., giving way to a gradual sloping pasture bordered by a paddock fence
approx. 280m inland. Vegetation cover at DB is a mix of patches of flax (Phormium tenax)
and coastal shrubs (mainly Hebe elliptica) of variable size concentrated near the bays along
with patches of coastal sward, then dissipating into large open areas of exotic grasses
(Poa sp. and Ammophila arenaria), rushes (Juncus sp.), bracken (Pteridium esculentum) or
bare ground.
MS is the largest of the subareas and contains a sandy beach at the east end, below relatively
steep slopes and small cliffs, leading up to a terrace at 40-60m a.s.l. The west side consists of
a rocky beach in front of vegetated dunes and a low lying area bisected by a stream and a
walking track. The area is bordered at distances between 350-400m inland by fencing and a
gravel road. The composition of vegetation in MS is similar to that of DB at the east end,
while the dune area is dominated by marram grass (A. arenaria) and large patches of tree
lupin (Lupinus arboreus), with scattered clumps of bracken (P. esculentum), ngaio
(Myoporum laetum), Muehlenbeckia australis, and Solanum laciniatum.
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Figure 2.1 The locations of the two study areas on the ((a) and (b)) southeast coast of the
South Island of New Zealand: (c) Boulder Beach along the south coast of the Otago
Peninsula, and (d) Hinahina Cove along the Catlins coast. Yellow lines delineate the
approximate extent of each study area, and the extent and locations of the sub areas at Boulder
Beach: Double Bay (DB), Midsection (MS) and Al. Blue lines in (c) and (d) represent
streams and gray lines represent 20m contour intervals. Section 2.2 of the text contains a
description of the topography and vegetation cover of the study areas.
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The A1 block encompasses vegetated dunes and low lying areas to the east, and ends with
gradual slopes rising to over 1OOm a.s.l. to the west. It is also bisected by a small stream and
a walking track and bordered inland by fencing at distances between 180-300m. While the
dune area is similar to that in MS, the remainder of A1 contains a greater variety of
vegetation cover relative to the other subareas. This is partly due to a native vegetation
restoration programme in the area that was established by DoC in the late 1980s
(Seddon et al. 1989). The types of vegetation cover at A1 include: two large blocks
consisting primarily of large ngaio (some taller than 3m) interspersed with H. elliptica, flax,
S. laciniatum, some tree lupin, and Cordyline australis; smaller, isolated clumps of flax,
ngaio, and H. elliptica; and large blocks of gorse (Ulex europaeus) with a few scattered
clumps of H. elliptica and ngaio.

2.2.2 Hinahina Cove
The second study area, Hinahina Cove, is located south of the Catlins River at 46°31 'S,
169°39'E (NZGD 2000). Unlike Boulder Beach, the coastline consists of rock platforms and
sheer cliffs that rise to over 80m a.s.l. in places, with the only access for hoiho into the habitat
via a low rock platform at the mouth of Hinahina stream. A large, intact block of native
coastal forest lie on a relatively steep slope to the north and immediately borders the stream,
while grazed pasture lie on a gradually rising slope to the south ofthe stream (see Figure 2.1).
The effective study area occurred within the coastal forest cover and included the area within
an inland boundary that occurred at approx. 240m from the access point at the mouth of
Hinahina stream (see Figure 2.1). This study area boundary was based on the average of the
median distance of nests from breeding area access points observed by Seddon & Davis
(1989) and Moore (1992), and was at least 40m further inland than any of the 14 nests found
at Hinahina Cove.
Aside from one small open patch ofun-grazed grass near the stream mouth, the canopy cover
of the forest is nearly complete and consists of mahoe (Melicytus lanceolatus), kamahi
(Weinmannia racemosa) and ngaio near the coast, changing inland to mainly older and taller
(many > 1Om) podocarp species such as rata (Metrosideros umbellata), miro (Podocarpus
ferrugineus), and rimu (Dacrydium cupressinum). The sub-canopy of the forest contains
many open areas with little vegetation, which is a product of periodic cattle grazing that

occurred until 1987 when the area became a fenced reserve (Seddon et al. 1989).
Nevertheless, crown ferns (Blechnum disco/or) cover much of the forest floor, and other
scattered sub-canopy vegetation consists of broadleaf (Griselinia littoralis), Coprosma spp.,
lancewood (Pseudopanax crassifolius), Myrsine australis, supplejack (Ripogonum scandens),
P. colensoi, and tree ferns (Dicksonia spp.). Large logs and stumps of fallen trees as well as

snags (standing dead trees) are also scattered throughout the forest. The forest edge near the
stream mouth and paddock contains primarily flax, H. elliptica, Coprosma spp., and
broadleaf.

2.2.3 Habitat types
Although hoiho establish nests m a wide variety of vegetation (Darby 1985), the sites
examined in this study were classified into the three broad habitat types most commonly used
by hoiho on the South Island: flax, coastal scrub, and coastal forest (Figure 2.2). Flax habitat
was dominated by P. tenax that was occasionally mixed with small H. elliptica, S. laciniatum,
Blechnum spp., rushes, and exotic grasses. Scrub habitat consisted primarily of native H.
elliptica and ngaio, as well as exotic gorse and tree lupin, and was also occasionally mixed
with small Blechnum spp., Muehlenbeckia australis, S. laciniatum, rushes and exotic grasses.
The approximate extent of coverage of flax and scrub habitats in the Boulder Beach study
area is shown in Figure 2.3 (see also Figure 3.3 in Chapter 3 for a detailed map of habitat
types in the A1 and DB subareas). The forest habitat occurred solely at Hinahina Cove and is
described above in section 2.2.2.
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Figure 2.2 Images of the three broad habitat types most commonly used for nesting habitat
by yellow-eyed penguins (Megadyptes antipodes) that breed on the South Island of New
Zealand: (a) flax (Phormium tenax), (b) coastal podocarp forest, and both (c) native (e.g.
Hebe elliptica) and (d) exotic (e.g. gorse) scrub. Section 2.2.3 of the text contains
descriptions of each habitat type. See Figure 2.4 for an additional image of forest habitat.

2.3 Data collection methods
2.3.1 Sampling design: nest sites
A common method for studying nest site selection is by comparing the characteristics of a
sample of used sites with a random sample of available but unused sites in the same habitat
(Harris 1986; Seddon & Davis 1989; Manly et al. 2002; Michel 2006). Each study area was
thoroughly searched for active hoiho nests beginning in October, 2006, and periodically
throughout the breeding season (i.e. October to January). It was assumed that over 90% of
active nests were found based on a comparison with nest site records from previous years.
An important requirement for completing the mam objectives of this study was the
acquisition of highly accurate (i.e. less than 1m error) 3-dimensional coordinates of nest site
locations. This information was essential for several reasons, including: assisting with the
relocation of nest sites in the field, accurate mapping of nest site locations, calculation and
analysis of inter-nest distances, and subsequent spatial analyses (see Chapter 3). To ensure a
high level of accuracy, the 3-dimensional coordinates (i.e. 'X', 'Y' and 'Z' coordinates) of nest
site locations were obtained using the following protocol:
1. The World Geodetic System 1984 (WGS84) coordinates (Latitude, Longitude, and

Ellipsoidal Height) of nest site locations were recorded in the field with a Leica
Geosystems GS20 Professional Data Mapper, GIS grade GPS.
2. Locations were only recorded when the following conditions were met: a signal was
received from a minimum of 4 satellites (this is essential for obtaining 3-dimensional
coordinates), all satellite signals were received from an angle of at least 10 degrees above
the horizon, and the positional dilution of precision (PDOP) was less than 10.0.
3. At each nest site, locations were recorded every 10 seconds for a period of 5 minutes.
4. While recording locations, the GPS unit was normally held at a height of lm above the
ground, except in tall vegetation (e.g. forest), where an external antenna was used to avoid
interference of satellite signals from the vegetation canopy. The height of the antenna was
entered into the GPS to be automatically subtracted from the elevation estimate.

5. Following collection in the field, nest site locations were differentially corrected using
Leica Geosystems GIS DataPRO software. Differential correction was required to ensure
sub-meter accuracy of nest site locations. The process involved the reduction or
elimination of errors by comparing the original nest site locations with GPS data collected
simultaneously at a known permanent reference station. All nest site locations were
differentially corrected with GPS data obtained from the reference station located atop the
University of Otago School of Surveying building (45°52'16.03"S, 170°30'38.97"E,
20.72m elevation; Trimble 4000SSE receiver), which was approx. 9km from Boulder
Beach and 1OOkm from Hinahina Cove. The resulting mean and standard deviation of the
PDOP, and the positional and height accuracy estimates (in meters) for the nest site
locations recorded at Boulder Beach and Hinahina Cove are listed in Table 2.1.

While accurate 3-dimensional coordinates were obtained for all nest sites, the visual isolation
and lateral and overhead cover variables could not be sampled at all sites due to a limited
amount of time and resources. Therefore, the number of nest sites sampled out of the total
found in each habitat type were as follows: flax (19 of37), scrub (12 of 18), and forest (14 of
14) (Figure 2.3).

Table 2.1 The mean and standard deviation (SD) of the positional dilution of precision
(PDOP), and the position and height accuracy (in meters) of the geographic locations
recorded for yellow-eyed penguin (Megadyptes antipodes) nest sites during the 2006
breeding season at Boulder Beach (n=57) and Hinahina Cove (n=14), New Zealand.
Study Area

PDOP

Position Accuracy (m)

Height Accuracy (m)

Mean

SD

Mean

SD

Mean

SD

Boulder Beach

2.5

1.1

0.04

0.02

0.06

0.03

Hinahina Cove

2.9

0.6

0.05

0.03

0.07

0.05

2.3.2 Sampling design: random sites
For each of the three habitat types, an independent sample of random, unused sites was
established using a random point generating algorithm in the Hawth'sTools extension in
ArcGIS version 9.1 (Environmental Systems Research Institute (ESRI)). The placement of
random sites was limited to within the extent of each nesting habitat type that occurred within
the boundary of each study area as defined in section 2.2 (i.e. flax and scrub habitats at
Boulder Beach, and forest habitat at Hinahina Cove) (Figure 2.3). The extent of the flax and
scrub habitats at Boulder Beach was determined from coarse habitat maps derived manually
in ArcGIS from georeferenced vertical aerial photographs of the study area taken near the
beginning of the breeding season (i.e. September 2006). The geographic coordinates of the
random sites were entered into the Leica GS20 GPS, which was used in the field along with
maps to locate the sites. Any sites that did not occur on level ground or occurred within 5m of
each othe~ or a nest site (based on the minimum recorded distance between two hoiho nests in
Seddon & Davis (1989)) were excluded. When in the field, if the location of a site as
indicated by the GPS occurred outside of its designated habitat type (e.g. it occurred in an
open grass covered area), then sampling took place in the nearest patch of the corresponding
2
habitat type that was at least lm in height and at least 2m in area (i.e. twice the area of a

typical hoiho nest site). Due to the application of these rules, the independent unused
sampling sites were not completely random, yet the term "random" was maintained for clarity
in analyses. With a limited amount of time and resources available, a total of 15 random sites
were sampled each in flax and scrub habitats at Boulder Beach, and 12 were sampled in
forest habitat at Hinahina Cove (Figure 2.3).

Legend
o

Nest site - sampled

•

Nest site - un-sampled
Random site

L

Study area boundary

-

Flax habitat

-

Scrub habitat

Figure 2.3 Images of the (a) Boulder Beach and (b) Hinahina Cove study areas overlaid with
the locations of the differentially corrected GPS locations of sampled (yellow points) and
un-sampled (black points in (a)) yellow-eyed penguin (Megadyptes antipodes) nest sites
during the 2006 breeding season. Also shown are the locations of random sampling sites
(blue points) (described in section 2.3.2), the boundaries of each study area (yellow lines),
and the approximate coverage of flax (red areas) and scrub (green areas) habitats within the
Boulder Beach study area (see also Figure 3.3 in Chapter 3 for a detailed map of the habitats
in the Al and DB subareas of Boulder Beach).
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2.3.3 Visual isolation
Given the endangered status of hoiho on the New Zealand mainland, direct experimentation
(e.g. manipulation of active nest sites) could overstress breeding adults and potentially lead to
nest failure. Therefore, a method that applied indirect measurement and observation was
considered the most appropriate for determining the importance of visual isolation. Previous
studies have recorded whether nest sites were visually isolated from each other (e.g. Seddon
& Davis 1989; Moore 1992), or derived an index of visual isolation based specifically on the

density and cover of vegetation at nest sites (Smith 1987). The present study directly
examined the visibility of sites by measuring the average distance from which sites were
visible and whether this distance varied between habitat types.
A common and effective device for measuring the visual obstruction and thus percentage of
lateral cover of vegetation is a profile board or pole (Robel et al. 1970; Guthery et al. 1981;
Griffith & Youtie 1988; Higgins et al. 1996). Based on its relative practicality and the
findings of Griffith & Youtie (1988), an adaptation of the pole developed by Robel et al.
(1970), with the dimensions 1OOcm x 5cm, was used in this study. The pole was divided into
ten alternating black and white 1Ocm sections and fitted with a metal spike to anchor it in the
ground.
To minimise disturbance to breeding adults and chicks, visual isolation and cover variables
were not measured until February, by which time nest sites had been recently vacated. The
average distance of visibility of sites was measured by placing the pole in the centre of each
nest and random site, and recording the percentage of each 1Ocm section of the pole that
could be seen at the average height of a standing hoiho (approx. 60-65cm based on Darby &
Seddon (1990) and Marchant & Higgins (1990)) (Figure 2.4). Visibility was measured from
three bearings: the first selected from a list of random numbers between 0-359, and then at
120 degrees to the east and west of the first bearing. At each bearing, visibility readings were
taken at set distance intervals beginning at 0.5m, followed by 1m, then 2m, and continuing at
every 2m until less than 50 percent of one 1Ocm section (i.e. five percent of the entire pole)
could be seen. At sites where the pole extended beyond the height of the site canopy, only the
visibility of the sections beneath the canopy was recorded. The average for all three bearings
of the maximum distance at which the pole was visible (hereafter termed average visibility
distance, AVD) was the final value used in data analyses.

Figure 2.4 Photograph displaying the vegetation profile pole and the procedure applied for
estimating the distance of visibility of nest and random sites. In this photograph, a random
site in forest habitat at Hinahina Cove is being sampled.
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2.3.4 Lateral & overhead cover
Measurements for the percent of lateral cover (LC) of sites were derived from the percent of
the pole visible at 1m for each bearing. A high percent of the pole visible therefore equated to
a low amount of lateral cover, and vice versa. The distance of 1m was selected as it was
nearest to the overall AVD of nest sites in all three habitat types. As with AVD, the average
of the LC values for all three bearings was used in data analyses.
The primary function of cover immediately above a nest site (i.e. overhead cover) for hoiho is
thought to be the provision of protection from insolation (Seddon & Davis 1989) by
intercepting direct solar radiation. Therefore, a measurement of the amount of radiation not
intercepted by the canopy above a nest site would provide information about the functional
effectiveness of different types of overhead cover. The LI-COR LAI-2000 Plant Canopy
Analyser (PCA) (LI-COR Inc. 1990) is a device used primarily for calculating a leaf area
index measurement of canopy cover, yet also computes several other parameters related to
the structure of vegetation cover. The parameter thought to be most relevant for measuring
the overhead cover of hoiho nests was the diffuse non-intercepted radiation (DIFN) value,
which is essentially a measurement of the fraction of open sky visible through the canopy,
and also an indicator of the amount of diffuse, short-wave radiation (i.e. <490nm) absorbed
by the canopy (LI-COR Inc. 1990).
The PCA sensor consists of a convex lens (approx. 15mm diameter) at the end of a 1m wand
that is connected to a handheld computer by a cable. The sensor simultaneously records the
attenuation of diffuse radiation at 5 zenith angles, which together capture a nearly
hemispheric view of the sky (LI-COR Inc. 1990) (Figure 2.5). When taking measurements
with the PCA, the sensor was held parallel to the slope of the ground and pointed in a
direction opposite from the sun and the operator as much as possible. In addition, a cap was
placed on the lens to restrict its horizontal plane of view to 270 degrees. This helped to
standardise the measurement procedure by minimising errors resulting from the exposure of
the sensor to direct sunlight and/or the operator's shadow.

To obtain DIFN measurements, the PCA compared the amount of radiation received above
(A) with that received beneath (B) the site canopy. At each site, one 'A' reading was
compared with the average of three 'B' readings (calculated by the PCA computer) that were
taken approx. 1Ocm above the ground at the same position near the centre of the nest or
random site. In forest habitat, it was not possible to take 'A' readings of open sky due to the
tall forest canopy (generally > 6m) and that most sites were several metres from the forest
edge. Instead, 'A' readings were taken above the site (i.e. above sub-canopy vegetation) but
beneath the top forest canopy, which was assumed to be relatively continuous. DIFN values
occurred on a scale from 0 - 1, with low values (i.e. <0.5) indicating a high or dense amount
of overhead cover with little or no open sky visible, and high values (i.e. >0.5) indicating a
low amount of overhead cover with a high fraction of open sky visible.

Figure 2.5 A diagram of the LI-COR LAI 2000 Plant Canopy Analyser (PCA) sensor. The
diagram shows the 5 zenith angles within which atmospheric radiation is recorded. This
diagram is adapted from the LI-COR LAI 2000 PCA Manual (LI-COR Inc. 1990).

2.4 Data analysis methods
2.4.1 Individual variable analyses
For each habitat type, the means of the average visibility distance (AVD), lateral cover (LC),
and overhead cover (DIFN) of nest sites were compared with random sites with univariate
ANOVA, or Mann-Whitney tests for non-normally distributed data. The same tests were also
performed in comparisons of nest sites between the three habitat types, except for DIFN,
which was only compared between flax and scrub nests due to the different method of
obtaining DIFN in forest. During initial analyses, data sets were screened for outliers by
examining graphical representations (i.e. box plots and quantile plots) and descriptive
statistics of each data set in SPSS 14.0 (SPSS Inc. 2005). Extreme values that had a
significant effect on the distribution and variance of a data set were excluded from final
analyses. The resulting final sample size of each data set (i.e. by habitat type and site type:
nest or random) is listed in Table 2.2. In addition to the ANOVA or Mann-Whitney tests, the
difference between the means of 5000 bootstrap samples of each data set were compared with
the observed samples to further test the strength of the significance of any differences (Manly
2007). Bootstrap sampling comparisons were performed in Microsoft Office Excel software
(Microsoft Corp. 2006), while all other statistical analyses were conducted in SPSS 14.0. The
visibility of the top two pole sections (i.e. the top 20cm) were excluded from final analyses as
these were not measured at several sites due to low site canopies (see section 2.3.3) and were
considered less important since standing hoiho rarely exceed a height of 70cm (Seddon &
Davis 1989; Darby & Seddon 1990).

Table 2.2 The final sample sizes of data sets used in analyses that compared the variables of
average visibility distance, lateral cover, and the amount of diffuse non-intercepted radiation
at yellow-eyed penguin (Megadyptes antipodes) nest sites with that at random sites in flax,
scrub, and forest habitat types.

Site Type

Habitat Type
Scrub

Forest

Nest

Flax
19

11

11

Random

15

12

10

2.4.2 Analysis of inter-nest distance & correlation with variables
To estimate the Euclidean nearest neighbour distance (NND) between nest sites in each
habitat type, the differentially corrected GPS positions of nests were plotted in ArcGIS, and
distances were calculated with the Hawth'sTools extension. Only NND values for nests that
occurred within the same contiguous habitat patch were included in analyses. This resulted in
the following sample sizes for each habitat type: flax (n=12), scrub (n=8), forest (n=ll). The
mean NND was compared between habitat types with Mann-Whitney tests. To determine if
the distance between nests in each habitat type could be explained by variation in AVD, LC
and/or DIFN, potential correlations of these variables with NND were examined with scatterplot diagrams and the Spearman's rho correlation test for non-normally distributed data.

2.4.3 Estimation of important explanatory variables
When a significant difference was observed between nests and random sites for two or more
variables, the relative importance of each variable in explaining hoiho nest site selection was
then analysed by comparing binary logistic regression models of all possible combinations of
. the set of explanatory variables. Manly et al. (2002) recommended the use of logistic
regression for analysing resource selection based on multiple variables when samples of used
(i.e. nests) and available (i.e. random) units are compared. The Hosmer and Lemeshow
goodness of fit statistic provided an estimate of how well models fit the data set, and the
relative importance of individual variables in each model was assessed with the Score and
Wald tests (Hosmer & Lemeshow 2000). All models were ranked using Akaike's Information
Criterion corrected for small sample size (AICc), and the differences between the AICc values
(~AICc)

were used to interpret the relative explanatory power of each model (Burnham &

Anderson 1998). In addition, tests of correlations between variables were also used in
assessing model and variable selection results.

2.5 Results
2.5.1 Individual variable analyses
Comparisons between nests and random sites in each habitat revealed that, for all variables,
the greatest differences occurred in forest habitat. In addition, for the A VD and LC variables,
nests in forest habitat were significantly different from nests in both flax and scrub habitats,
which were only different from each other with respect to the amount ofDIFN.

Average visibility distance (AVD)
In forest habitat, the mean A VD of random sites was over 2.4m greater than that of nests
(Figure 2.6, Table

2 ~ 3).

The mean A VD of random sites in scrub was significantly greater

than that of nests by approx. 90cm, while in flax, the mean A VD of nests and random sites
was nearly equal. Similarly, when comparing nests in different habitats, the mean AVD of
forest nests was approx. 90cm greater than both flax and scrub nests, which were not
different from each other (Figure 2.6, Table 2.3).

FLAX NESTS
(19)
FLAX RANDOM
(15)
SCRUB NESTS
(11)
SCRUB RANDOM
(12)
FOREST NESTS
(11)
FOREST RANDOM
(10)

0.0

1.0

2~

3~

4~

5.0

Mean AVD (m) (+l-1 SE)
Figure 2.6 The mean average visibility distance (AVD) of yellow-eyed penguin (Megadyptes
antipodes) nests and random sites in flax and scrub habitats at Boulder Beach, and forest
habitat at Hinahina Cove, Otago, New Zealand, 2006. Sample sizes are listed in brackets, and
capped bars indicate ±1 standard errors (SE) of the means.
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Table 2.3 Results of one-way comparison tests of individual variables between nest and
random sites and between nests in flax and scrub habitats at Boulder Beach, and forest habitat
at Hinahina Cove, Otago, New Zealand, 2006. Sample sizes and means for each habitat/site
type 2 are listed in adjacent brackets. Test statistics are either one-way ANOVA (F) or MannWhitney (U) for non-normally distributed data sets, with associated P values. The P values of
the boots trap test of significance (bP) of the difference in each comparison are also listed
where applied. Comparisons with significant differences are underlined and listed in bold.

Variable
AVD

LC

DIFN

NND

1

Habitat/site type comparison2

Statistic

p

bP

FN (19) (0.88) v. FR (15) (0.91)

F=0.05

0.830

0.820

SN (11} (0.97} v. SR (12} (1.86}

F=4.20

0.053

0.046

TN (11} (1.82} v. TR (10} (4.23}

F=23.36

0.000

0.000

FN (19) (0.88) v. SN (11) (0.97)

F=0.18

0.671

0.717

FN (19} (0.88} v. TN (11} (1.82}

U=34.0

0.001

0.000

sN on (0.97} v. TN on o.82}

F=6.54

0.019

0.017

FN (19) (0.21) v. FR (15) (0.19)

F=0.14

0.714

0.725

SN (11) (0.27) v. SR (12) (0.33)

F=0.41

0.530

0.527

TN (11)(0.49) v. TR (10) (0.61)

F=2.96

0.101

0.114

FN (19) (0.21) v. SN (11) (0.27)

F=0.95

0.337

0.455

FN (19} (0.21} v. TN (11} (0.49}

F=26.34

0.000

0.000

sN on (0.27} v. TN on (0.49}

F=8.04

0.010

0.009

FN (19} (0.067} v. FR (15} (0.121}

F=5.88

0.021

0.023

SN (11} (0.024} v. SR (12} (0.066}

F=15.43

0.001

0.001

TN (11} (0.127} v. TR (10} (0.472}

U=10.0

0.001

0.000

FN 09} (0.067} v. SN on (0.024}

U=50.0

0.008

0.000

FN (12} (10.69} v. SN (8} (22.6}

U=4.0

0.000

FN (12} (10.69} v. TN (11} (23.43}

U=10.0

0.001

TN (11) (23.43)

U=36.0

0.545

SN (8) (22.6)

V.

Definitions of variable abbreviations: AVD- average visibility distance; LC- lateral cover;
DIFN - diffuse non-intercepted solar radiation; NND - nearest neighbour distance.
2
Definitions of habitat/site type comparison abbreviations: FN- flax nests; FR- flax random;
SN - scrub nests; SR - scrub random; TN - forest nest; TR - forest random.

Lateral cover (LC)

Although the mean LC at nests in forest was 12% greater than at random sites, this difference
was not significant, nor was LC at nests different than at random sites in flax and scrub
(Figure 2.7, Table 2.3). However, in comparisons between habitats, nests in forest were again
significantly different; with 28% and 22% less LC than at flax and scrub nests, respectively
(Figure 2.7, Table 2.3).
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Figure 2.7 Mean lateral cover (LC) expressed as the percent (divided by 100) of the
vegetation profile pole visible at a distance of lm from yellow-eyed penguin (Megadyptes
antipodes) nests and random sites in flax and scrub habitats at Boulder Beach, and in forest
habitat at Hinahina Cove, Otago, New Zealand, 2006. Sample sizes are listed in brackets and
capped bars indicate ±1 standard errors (SE) of the means.

Overhead cover (DIFN)
Unlike the A VD and LC variables, the amount of DIFN at nests was found to be significantly
different than at random sites in all three habitats. This difference was greatest in forest
habitat, where nests received little more than 1,4 the amount of DIFN received at random sites
(Figure 2.8(a), Table 2.3). In scrub, nests received less than V2 as much DIFN as at random
sites, while nests in flax received slightly more than V2 the amount of DIFN as at random sites
(Figure 2.8(b), Table 2.3). Similarly, the amount of DIFN received at nests in scrub habitat
was also less than V2 that received at nests in flax (Figure 2.8(b ), Table 2.3).
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Figure 2.8 The mean diffuse non-intercepted solar radiation (DIFN) received at yellow-eyed
penguin (Megadyptes antipodes) nests and random sites in (a) forest habitat at Hinahina
Cove, and (b) flax and scrub habitats at Boulder Beach, Otago, New Zealand, 2006. Different
scales are used because DIFN was recorded differently in forest habitat and thus not
compared with flax and scrub habitats (see section 2.3.4 in text). Sample sizes are listed in
brackets, and capped bars indicate ±1 standard errors (SE) of the means.

2.5.2 Inter-nest distance analyses
A comparison between habitat types of the mean nearest neighbour inter-nest distance (NND)
revealed a result similar to that obtained for AVD, except that the mean NND in scrub was
significantly greater than flax by over 11m and was nearly equal to the mean NND in forest
(Figure 2.9, Table 2.3). An examination of scatter-plots comparing NND with each variable
did not reveal any clear relationships (Figure 2.1 0). However, in flax habitat, a Spearman's
rho test suggested a fairly strong correlation of NND with the amount of DIFN (r=0.63,
P=0.03; Figure 2.10).
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Figure 2.9 The mean nearest neighbour distance (NND) between yellow-eyed penguin
(Megadyptes antipodes) nest sites in flax and scrub habitats at Boulder Beach, and in forest
habitat at Hinahina Cove, Otago, New Zealand, 2006. Sample sizes are listed in brackets, and
capped bars indicate ±1 standard errors (SE) of the means.
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Figure 2.10 Scatter plots representing the relationships between the nearest neighbour
distance (NND) and the average visibility distance (AVD), lateral cover (LC), and amount of
diffuse non-intercepted solar radiation (DIFN) at yellow-eyed penguin (Megadyptes
antipodes) nest sites in (a) flax and (b) scrub habitats at Boulder Beach, and (c) forest habitat
at Hinahina Cove, Otago, New Zealand, 2006. The Spearman's rho correlation coefficient (r)
and associated significance (P) are listed for each plot, as well as a linear trend line for
reference (i.e. not related to the Spearman's correlation coefficient). The only significant
correlation is outlined with a black box.
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2.5.3 Selection of important explanatory variables
Logistic regression models, with nest or random site as the binary dependent variable
(i.e. nest=O, random=1) were analysed only for forest habitat data, which exhibited
statistically significant differences between nests and random sites in more than one
explanatory variable (i.e. AVD and DIFN). Although the difference in LC was not
statistically significant, the magnitude of the measured difference justified its inclusion in the
model selection process in order to assess the strength of its explanatory contribution relative
to the other variables. Based on the minimum AICc value, the model with an additive
combination of the AVD and DIFN variables had the greatest explanatory power of all
models examined (model 1; Table 2.4). Models that contained LC tended to have larger
11AICc values, which suggested that LC was the least important of the three variables. These
results were also reflected by the Hosmer and Lemeshow goodness of fit statistic, which
suggested that models which fit the data best contained the AVD and DIFN variables
(Table 2.4). The Score test of each variable in model 1 indicated that both variables
contributed significantly to the model, while the Wald test indicated that the contribution of
AVD was more important (Table 2.5). In addition, the model that contained DIFN alone had
a relatively large 11AICc value compared with the model containing only AVD, which was
nearly equivalent to model 1. This suggested that AVD alone was significant enough to
explain hoiho nest site selection and distribution in forest habitat.

Table 2.4 Binary logistic regression models of three variables measured at yellow-eyed
penguin (Megadyptes antipodes) nest sites and random sites in forest habitat at Hinahina
Cove, Otago, New Zealand, 2006. Models with a(*) contain a multiplicative combination of
variables, and models with a(+) contain an additive combination of variables. Listed for each
model are the Deviance (D= -2logLikelihood), number of parameters (K), Hosmer and
Lemeshow Chi-square goodness of fit statistic (GoF) and associated probability value (P), the
Akaike's Information Criterion value corrected for small sample size (AICc) and the
difference in AICc (L1AICc) from model 1. The models are ranked in ascending order by the
AICc value.
1
Model Variables
AVD+DIFN
1

D (-2logL) K

GoF

p

7.15

3

2.26

L1AICc

0.97

AICc
14.56

0.00

2

AVD

10.80

2

4.19

0.76

15.46

0.90

3

AVD+LC

9.31

3

1.68

0.99

16.72

2.16

4

AVD*DIFN

9.47

3

1.95

0.98

16.88

2.32

5

AVD+LC+DIFN

7.07

4

2.36

0.97

17.57

3.01

6

AVD*LC+DIFN

7.12

4

2.43

0.97

17.62

3.05

7

LC+DIFN

10.60

3

3.57

0.89

18.01

3.45

8

AVD*DIFN+LC

7.55

4

2.23

0.97

18.05

3.49

9

LC*DIFN+AVD

7.68

4

1.49

0.99

18.18

3.61

10

AVD*LC*DIFN

8.54

4

2.30

0.97

19.04

4.48

11

DIFN

14.40

2

7.30

0.50

19.06

4.50

12

LC*DIFN

11.96

3

4.22

0.84

19.37

4.81

13

AVD*LC

16.03

3

6.42

0.60

23.44

8.88

14

LC

26.06

2

9.65

0.29

30.73

16.17

1

Definitions of variables included in models: AVD- average visibility distance; LC- lateral
cover; DIFN - diffuse non-intercepted solar radiation.

Table 2.5 The components of the logistic regression analysis for each variable in model 1 of
Table 2.4. Included are the coefficient (~), standard error (SE) of the coefficient, and the
Score and Wald test statistics and associated P values. See Table 2.4 for variable definitions.
Variable

SE

Score

p

Wald

p

AVD

3.155

2.241

11.581

0.001

1.983

0.159

DIFN

8.393

7.354

10.837

0.001

1.302

0.254

However, a Spearman's rho correlation test indicated that, except for two random sites with
relatively high DIFN values, AVD and DIFN were at least partially correlated in forest
habitat (r=0.79, P<O.Ol; Figure 2.11). This suggested that an increase in the AVD of sites
was partly influenced by an increase in the amount of DIFN (i.e. a decrease in overhead
cover). Therefore, with this result and the consistent significance ofDIFN in all three habitats
(see Figure 2.8), it was apparent that the amount of overhead cover as estimated by the DIFN
was overall the most important variable explaining nest site selection and distribution.

0

6.0

0
0
0

4.5

0

>
<C

3.0

0

0

•
1.5

•

r =0.79
P<O.Ol

0.0
0.0

0.2

0.4

0.6

0.8

1.0

DIFN
Figure 2.11 A scatter-plot representing the relationship between the average visibility
distance (AVD) and amount of diffuse non-intercepted solar radiation (DIFN) at yellow-eyed
penguin (Megadyptes antipodes) nests (n=ll; filled data points) and random sites (n=lO;
open data points) in forest habitat at Hinahina Cove, Otago, New Zealand, 2006. The
Spearman's rho correlation coefficient (r) and significance (P) are shown, as well as a linear
trend line for reference (i.e. not related to the Spearman's correlation coefficient).

2.6 Discussion
2.6.1 The importance of overhead cover
Like all penguins at temperate and tropical latitudes, the hoiho is generally over-insulated for
the terrestrial environment and subsequently requires shelter while on land to avoid heat
stress from insolation (Stonehouse 1970; Seddon & Davis 1989). This requirement for shelter
may be especially important during the breeding season, when incubating birds are most
prone to heat stress (Frost et. al1976; Seddon & Davis 1989). The hoiho may be particularly
vulnerable to heat stress given that it is the largest penguin species occurring north of the subantarctic region (Stonehouse 1970; Seddon & Davis 1989; Williams 1995). Consequently, a
sufficient amount of shelter from direct sunlight appears to be a key requirement of a suitable
nest site for hoiho.
The model selection process used in this study suggested that nest sites in forest habitat could
be distinguished from random unused sites primarily by a shorter average visibility distance
(AVD). This was in agreement with the significantly shorter AVD measured at nest sites
compared with that at random sites in forest habitat. Subsequently, both results could be
interpreted as an indication that hoiho preferred sites which provided a greater degree of
visual isolation. However, the evidence of a correlation of AVD with the amount of diffuse
non-intercepted radiation (DIFN) at nest sites in forest habitat indicated that the AVD of a
site was at least partially influenced by the extent of overhead cover. Furthermore, the
amount of DIFN at nest sites was the only variable that was significantly different from
random sites in all three habitats, and it appeared to have at least a partial influence on internest distance in flax habitat. Therefore, while a shorter AVD may have provided a proximate
indication of a nest site location, it is more probable that, of the variables examined in this
study, the extent of overhead cover as estimated by the amount of DIFN was ultimately the
most important factor for distinguishing a nest from a random site.
Hoiho appear to be quite sensitive to the amount of cover directly above a nest site
(i.e. within 1m of the ground). Even in forest habitat, where shelter from insolation seemed to
be relatively abundant, hoiho primarily selected maximally sheltered sites, which were often
in hollows under logs, stumps, or tree stems (e.g. see Figure 2.2(b )). Preference for sites with
these features has also been observed at hoiho breeding areas on southern off-shore islands

(e.g. Auckland, Campbell, Codfish, and Stewart Islands) that contain primarily indigenous
coastal forest and/or scrub habitat (Moore 1992; A. Auge pers. comm.; T. Mattem pers.
comm.). Selection for these types of nest sites is analogous to the use of caves and burrows
by other penguin species at temperate latitudes (e.g. Eudyptes pachyrhynchus, Eudyptula
minor, Spheniscus demersus, S. humboldti, and S. magellanicus) (Stonehouse 1970; Frost et.
al1976; Williams 1995). In addition to providing substantial protection from insolation, these
sites may also provide shelter from other potential negative impacts, such as adverse climatic
effects (e.g. precipitation and strong winds), and predation. In habitats with a different
structure than forest (i.e. where logs or stumps with hollows underneath may not be
available), such as flax and scrub, the most suitable conditions available for a nest site may be
patches of dense vegetation within 1 to 2m of the ground.
This apparent selection by hoiho for structural micro-habitat features that provide a high
degree of shelter within 1m above a site, appear to result, as Seddon & Davis (1989)
suggested, in the visual concealment of nest sites. While this indicates that hoiho may not
actively seek out visually isolated nest sites, it does not suggest that visual isolation is not
important for hoiho. The less visibly concealed a site is, the more prone it will be to both
abiotic and biotic disturbances. The risk of nest abandonment or failure has been observed to
increase with the frequency of disturbance for many species (Burger 1977; Kim & Monaghan
2005), including hoiho (Seddon & Davis 1989; Ellenberg et al. 2007). As the frequency of
disturbance of an incubating bird increases, so may the chance of losing or trampling an egg
or chick, or exposure of the nest to predation. It is therefore likely that a lack of visual
isolation was indeed a proximate cause of the nest failures observed by Darby (1985) and
Lalas (1985). However, the ultimate cause of these failures and whether visible exposure to
neighbours led to an increased frequency of disturbance is unknown.
In addition, although hoiho nests in a breeding area may be visually isolated from each other,
they may not always be audibly isolated (i.e. out of hearing range of each other).
Furthermore, synchronisation of breeding activities such as egg laying may still be facilitated
by vocal stimuli despite the lack of colonialism and limited social interactions of hoiho
(Setiawan 2004). However, unlike other penguin species, hoiho appear to rely more on the
visual and spatial cues of a breeding habitat, rather than vocal cues, for the recognition of
breeding partners or offspring (and also a chick's recognition of its parents) (Setiawan 2004).

This suggests that, further from selection for protection from insolation, hoiho may also
select nest sites with specific visual or spatial characteristics that assist in the relocation of
breeding partners and/or offspring.
Ultimately, the most conclusive evidence of whether visual isolation from neighbours is
important for hoiho may only be obtainable with direct experimentation, which would
involve physical manipulation of breeding habitats and nest sites. However, this may be
unnecessary as it is apparent from this study and Seddon & Davis (1989) that the visual
isolation of nest sites is most likely an effect of selection for thorough protection from
insolation, and possibly additional factors such as the facilitation of breeding partner and
offspring/parent recognition.

2.6.2 Hoiho nest site distribution in different habitats
In addition to visual isolation, the relatively large distances between hoiho nests can also be

at least partially attributed to the strong selection for structural micro-habitat features that
provide a high degree of overhead cover within lm above the ground (i.e. logs, stems, stumps
or boulders with hollows underneath, or dense vegetation). Subsequently, in any breeding
habitat, the availability of suitable sites and the distribution of hoiho nests will be influenced
primarily by the spatial variation of these micro-habitat features. For example, the
distribution of nests in forest habitat may reflect the spatial distribution of logs, stumps and
tree stems containing the hollows that hoiho seem to prefer. Habitats that do not contain these
features, yet consist of relatively dense vegetation within lm of the ground may provide
suitable sites at shorter distances and greater densities than in forest habitat. This trend was
apparent in flax, where inter-nest distances were significantly shorter, and the AVD and
lateral cover (LC) (i.e. expressed as the percent of the profile pole visible at lm from the nest
site) were also smaller, indicating a greater density of vegetation within lm of the ground
than in scrub and forest habitats.
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The relationship between vegetation density and hoiho inter-nest distance has been well
established (Seddon & Davis 1989; Darby & Seddon 1990; Marchant & Higgins 1990;
Williams 1995). However, unlike previous observations, the present study showed that hoiho
inter-nest distance in scrub habitat was nearly equivalent to forest, while the mean AVD and
LC in scrub indicated a vegetation density similar to that in flax habitat. This result may
reflect the fragmented structure of nesting habitats at the Boulder Beach study area, where
there were often only one or two nests located in isolated flax or scrub patches, with large
areas of open grassland in between (see Figure 2.3). In addition, over half of the nest sites
classified in scrub habitat were located in exotic gorse, which may have a different structure
than the native scrub species in the area. These results highlight a limitation in the
conclusions that can be drawn from a site-specific study. Replication of data collection and
analysis at two or more breeding areas for each of the three habitat types (i.e. at least a total
of 6 different breeding areas) would have likely provided results more suitable for drawing
generalised conclusions of hoiho nest site selection and distribution on the South Island of
New Zealand.
In addition to micro-habitat features such as hollows under logs or dense vegetation, there are
other factors that may affect the distribution of hoiho nests. For example, topographical
features such as slope can be important as hoiho require level ground at and within the
immediate vicinity of a nest site (Seddon & Davis 1989). Therefore, patches of level ground
suitable for a nest site may be fewer and farther in-between on steeper slopes. In addition,
anecdotal observations suggest that hoiho may defend a territory of up to 20m around a nest
site (Darby & Seddon 1990; Marchant & Higgins 1990). This appears to be reflected by the
mean inter-nest distances observed in scrub and forest habitats in this study, and by Seddon &
Davis (1989) in flax and forest habitats. However, some inter-nest distances were shorter than
5m in both studies, and territorial disputes or displays of aggression between neighbouring
adult hoiho have rarely been observed and are considered to occur at a relatively low
frequency (Seddon & Darby 1990). An additional factor that may also influence the
distribution of nest sites is the apparent reliance of hoiho on visual and spatial cues for
recognition of individuals as discussed previously in section 2.6.1. However, this factor may
be secondary to the requirement for adequate protection from insolation.
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In conclusion, the selection of nest sites by hoiho, and their distribution in a breeding area,

appears to be influenced primarily by the location of certain structural micro-habitat features
(e.g. hollows underneath logs or stems, or dense vegetation within lm of the ground) that
provide optimal protection from insolation. An apparent consequence of the selection for
these particular micro-habitat features is the typical visual isolation of hoiho nest sites from
neighbouring conspecific nests. Visual isolation may however be beneficial for reducing the
risk of nest failure by minimising disturbance in general. Habitats such as flax, which consist
of dense vegetation within lm of the ground, may provide conditions that allow for greater
nest densities than in other habitat types. However, scrub and forest habitats may contain
structures that provide a greater amount of protection from insolation than flax. Therefore,
the most effective strategy for restoring and providing an optimal availability and quality of
suitable nest sites for hoiho on the South Island of New Zealand may be the planting and
maintenance of structurally heterogeneous nesting habitats that would eventually consist of a
forest or mature scrub canopy with a varying but relatively high density
vegetation.

~f

sub-canopy

Chapter 3 - The effects of spatial variation of landscape
features on yellow-eyed penguin nesting habitat selection
3.1 Introduction
The results obtained for the first objective of this thesis (presented in Chapter 2)
demonstrated the hoiho's apparent selection of nest sites comprised of micro-habitat features
such as hollows under logs or tree stems, or patches of dense vegetation that provide a high
level of protection from insolation. Subsequently, the distribution of nest sites selected by
hoiho within a particular habitat type (e.g. flax, scrub, or forest) appeared to be influenced
primarily by spatial variation in the structural composition of the habitat, particularly the
vegetation density within 1m of the ground and/or the distribution of logs or tree stems with
hollows underneath.
The availability and distribution of the micro-habitat features selected by hoiho for nest sites
may be influenced by factors that operate at a broader, landscape level such as an entire
breeding area. Understanding how spatial variation in landscape features may influence the
locations where hoiho establish nests in a breeding area could be beneficial for the effective
management of hoiho nesting habitats on the South Island. For example, if the locations in a
breeding area where hoiho typically establish nest sites can be defined by a particular
landscape feature (e.g. the location of a particular habitat type), or a combination of features
(e.g. a patch of a particular habitat type that occurs on a certain grade of slope), then it could
be beneficial to focus management efforts on these locations. In addition, the availability of
suitable nesting habitats could potentially be increased by replicating the characteristics of
nesting locations currently selected by hoiho in other parts of a breeding area or in different
breeding areas.
Geographic information systems (GIS) can be valuable tools for analysing and improving the
understanding of the spatial aspects of a species' habitat requirements and selection
behaviour. Several wildlife management studies have demonstrated the utility of GIS for
developing spatial habitat models to assess the availability and distribution of suitable
habitats for a species, and for predicting the potential impacts of a change in habitat or a
management strategy on a species (e.g. Shaw & Atkinson 1990; Morrison et al. 1998;
Manel et al. 1999; Osbome et al. 2001; Harvey & Hill 2003; Gibson et al. 2004; Greaves et

al. 2006). The construction of spatial habitat selection models in a GIS could provide an
efficient and effective tool for analysing and interpreting the effects and interactions of
landscape features such as slope, the distance of nesting habitats from a breeding area access
point, and/or vegetation cover type (i.e. habitat type) on the availability and distribution of
nesting habitats typically selected by hoiho in a breeding area.

The following sections of this chapter describe a case study analysis of the effects of spatial
variation of landscape features on hoiho nesting habitat selection using spatial habitat
selection models constructed in a GIS for two hoiho breeding areas. A spatial habitat
selection model of a particular breeding area could be useful in discriminating and defining
the features of the breeding area that are selected by hoiho and may therefore be the most
suitable for nesting. The model may also be useful for estimating the amount of suitable
nesting habitat potentially available in the breeding area. This information could be useful for
predicting the locations where hoiho are most likely to nest in a particular breeding area, and
also for establishing a structural and spatial arrangement of restored native vegetation that
could optimise the availability and quality of suitable nesting habitat. The concluding
sections of this chapter discuss the potential utility of the models in improving the
understanding of hoiho nest site habitat selection, and in achieving the objectives of the
current hoiho nesting habitat management strategies.

3.2 Study areas
The effects of spatial variation of landscape features on the availability and distribution of
nesting habitats typically selected by hoiho were analysed in the Al block and Double Bay
(DB) breeding areas at Boulder Beach on the Otago Peninsula (Figure 3.1 ). Section 2.2.2 of
chapter 2 of this thesis contains a description of the general topography and vegetation cover
of the two study areas. These areas were selected because they contained a fragmented
distribution of two or more of the primary habitat types utilised by hoiho for nesting on the
South Island (i.e. flax and native or exotic scrub). In addition, the New Zealand Department
of Conservation (DoC) has previously undertaken re-vegetation programmes in both areas.
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Figure 3.1 Map of the locations of the Al block and Double Bay (DB) breeding areas at
Boulder Beach on the southern coast of the Otago Peninsula, New Zealand. The yellow lines
delimit the extent of the two study areas.

3.3 Outline of spatial habitat selection model construction
The construction of a spatial model of an ecological process such as habitat selection
typically consists of four main stages (Guisan & Zimmermann 2000; Mathieu et al. 2006):

1) Initially, the conceptual foundation for the model is defined, which includes the
selection of variables (i.e. landscape or habitat features) relevant to the phenomena to
be modelled. The variables selected for use in this study are defined in section 3.4.
2) This is followed by the collection of baseline data that is implemented in a GIS
database. Within the GIS environment, the baseline data can be converted to a format
that is appropriate and compatible for spatial analysis, and is subsequently used to
derive estimates of the distributional qualities and quantities of the variables of
interest. The data collection process and subsequent extraction of landscape variables
are described in section 3.5.
3) At this stage, an appropriate method of model formulation is selected and
implemented. The resulting model is a map and associated spatial data set of the
estimated extent and distribution of the ecological process of interest (e.g. in this
study, a map of the locations of a breeding area most likely to be selected by hoiho for
nesting) (described in section 3.6).
4) The final, and often the most important stage, is the evaluation of the model with an
independent data set (i.e. not used in model construction). This is particularly
important for assessing the accuracy of the model, and its effectiveness as a tool for
interpreting and predicting a process such as habitat selection. Model evaluation and
interpretation methods are described in section 3. 7.

The spatial habitat selection models constructed in this study for the Al and DB breeding
areas were implemented in ArcGIS 9.2 software (Environmental Systems Research Institute
(ESRI) 2006).
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3.4 Selection of landscape variables
One of the most important landscape variables influencing the hoiho's selection of nesting
habitats in a breeding area may be the vegetation cover, or habitat type. As hoiho appear to
require a high degree of overhead cover, generally within lm of the ground, they may exhibit
a stronger preference for nesting in habitat types that contain micro-habitat structural features
which provide the preferred amount of cover. Therefore, in breeding areas that contain a
variable distribution of different habitat types (e.g. AI and DB), it may be possible to
estimate the locations, extent and availability of the habitat patches where hoiho are most
likely to establish nest sites using information on the locations of patches that contain microhabitat features that hoiho typically select for nesting.

In addition to habitat type, two topographically related variables that may have an important

influence on the availability and distribution of nesting habitats preferred by hoiho are the
general slope and the distance of nesting habitats from the shore or the point of access into a
breeding area. Since hoiho generally require level ground at a nest site (Seddon & Davis
1989), the general slope of a nesting habitat patch may affect the availability and distribution
of suitable sites occurring on level ground in that patch. As the general slope within a nesting
habitat patch increases, the availability of suitable sites with level ground should decrease,
and the distance between sites (i.e. distribution) in the patch should subsequently increase.
Although hoiho have been observed establishing nest sites further than 700m from shore
(Darby & Seddon 1990), hoiho may, on average, select nest sites in habitat patches that
require minimal effort to travel to. Therefore, as the distance of suitable nesting habitat
patches from a breeding area access point increases, selection for potentially less suitable
patches that are nearer to the breeding area access point (and require less effort to travel to)
may also increase.

3.5 Data collection and extraction of landscape data
3.5.1 Digital elevation model
A common baseline data set used in a GIS is a digital elevation model (DEM) for the study
area (or areas) (e.g. Guisan & Zimmermann 2000; Osbome et al. 2001; Gibson et al. 2004;
Matsuura et al. 2005; Urios & Martfnez-Abrafn 2006). A DEM is a continuous data layer that
is a model of the change in elevation of the Earth's surface, and provides the baseline data
from which related topographical data sets (e.g. aspect, slope, and contour intervals) are
typically derived (Guisan & Zimmermann 2000). In addition, DEMs are useful for improving
the positional accuracy of aerial photography or satellite imagery through the process of
orthorectification.

The spatial accuracy and level of detail (i.e. resolution) of derivative data sets and
orthorectified imagery are determined primarily by the quality of the DEM. Therefore, it was
important to obtain a DEM that was of an acceptable level of accuracy and resolution for the
objectives of the spatial habitat selection models constructed in this study.

A common method of obtaining a DEM is with photogrammetric techniques, particularly
triangulation between a stereo-pair of vertical aerial photographs or satellite images. This
method was applied in a previous study to obtain a 2m resolution DEM of the Boulder Beach
area (Poole 2005; Clark et al. in press). The resolution of this Boulder Beach DEM was
considered sufficient for the level of detail required in this study. The accuracy of the Boulder
Beach DEM was evaluated by comparing the elevation of the 2006 AI and DB nest site
locations (n=35) according to the Boulder Beach DEM with elevations obtained in the field
using a Leica GPS (see section 2.3.1 of chapter 2 for information on the elevation accuracy of
the GPS coordinates of nest site locations). A correlation analysis indicated that the two data
sets were not significantly different from each other, and hence the accuracy of the DEM was
considered sufficient (Pearson's r =0.93, P<O.Ol, Figure 3.2).
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Figure 3.2 A scatter-plot resulting from a correlation analysis of the accuracy of a digital
elevation model (DEM) of Boulder Beach, Otago Peninsula, New Zealand. The elevations of
yellow-eyed penguin (Megadyptes antipodes) nest sites (n=35) at Boulder Beach during the
2006 breeding season as estimated with the DEM are compared with estimates obtained in
the field with a high accuracy handheld global positioning system (GPS) (see section 2.3.1 of
chapter 2). Pearson's correlation coefficient (r) and associated level of significance (P) are
listed, and a linear trend line is shown for reference.

3.5.2 Imagery
For accurate and effective analysis and estimation of the extent and distribution of nesting
habitats typically selected by hoiho in Al and DB, a high level of detail of the current
vegetation cover in the study areas was required. This information is generally obtained from
aerial photography or satellite imagery, which is used to derive a land cover, or habitat map
of the study areas (e.g. Harvey & Hill 2003; Mathieu et al. 2006). To obtain current, high
resolution imagery of the Al and DB breeding areas, vertical aerial photographs of Boulder
Beach were taken with a SONY® DSC-F828 eight mega-pixel digital camera. Three
consecutive photographs were taken from a height of approx. 1200m with the camera
mounted to a device specially designed for taking vertical aerial photographs through the
floor hatch of an aeroplane. With a sensor pixel size of0.0027mm, and a focal length of

7.1mm, an image resolution of approx. 0.5m was obtained, and each image covered an extent
of approx. 1500m by 1150m. Additional considerations were to acquire the images at a date
and time that would provide a suitable amount of illumination and minimise shadows, and
would also capture the habitat conditions present near the start of the breeding season. To
meet these considerations, the photographs were taken near midday on 28 September, 2006.

The images were georeferenced and orthorectified using Leica Photogrammetry Suite (LPS)
9.1 software (Leica Geosystems Geospatial Imaging, LLC 2006). Georeferencing of the
images was completed by triangulating between a set of differentially corrected GPS
coordinates of ground control points (GCP) and 2006 nest site locations (see section 2.3.1 of
chapter 2). The GCPs and nest site locations (i.e. reference points) used for georeferencing
were selected on the basis that they could be easily identified in the images and were
distributed as evenly as possible (horizontally and vertically) within the extent represented in
the images. The resulting root mean square errors (RMSE) of the triangulations of the three
images were as follows: 0.0412m (8 reference points), 0.0473m (8 reference points), and
0.0065m (11 reference points). The georeferenced images were then orthorectified using the
2m resolution DEM described in section 3.5.1. Lastly, using ERDAS Imagine software
(Leica Geosystems Geospatial Imaging, LLC 2006), the three images were merged to
produce a single mosaic image of Boulder Beach (see Figures 2.3 and 3.1).

3.5.3 Habitat map
A habitat map is essentially a delineation and classification of the different types of land
cover, or habitats, in a study area (e.g. Harvey & Hill 2003). It is often one of the most
important data sets in the construction of a spatial habitat model as it determines the accuracy
and detail of estimates of the extent and distribution of different habitat types in the study
area (e.g. Harvey & Hill 2003; Mathieu et al. 2006). Habitat maps are commonly derived
from imagery (i.e. aerial photography or satellite imagery) of the study area. Consequently,
the accuracy of a habitat map is primarily determined by the resolution of the imagery from
which it is derived from. In addition, the quality of a habitat map is also dependent on the
method used for producing the map, which includes the number and complexity of habitat
classes defined by the researcher, and the accuracy of habitat class samples applied in the
classification process (e.g. Harvey & Hill2003).

Traditional methods for deriving habitat maps from aerial photography include manual
digitisation of habitat polygons (e.g. Freeman & Buck 2003; Harvey & Hill 2003), or the
classification of individual image pixels based on spectral properties (e.g. Harvey & Hill
2003). Manual digitisation can be effective but time consuming, especially when a high level
of detail is required. Pixel-based classification may perform poorly when there is a high level
of heterogeneity of features in the imagery (Mathieu et al. 2007). Object oriented image
classification is an alternative method that can be efficient and effective for producing highly
accurate and detailed habitat maps. Rather than focusing on individual pixels, object oriented
classification methods can be used to delineate and classify distinct image objects based on
similarities in spectral properties (e.g. colour and brightness}, spatial and structural
characteristics (e.g. scale, shape, and/or texture), and also the spatial relationships between
objects (e.g. distance and density) (Mathieu et al. 2007). Object oriented classification
generally consists of a two step process: an initial segmentation of the image into distinct
objects, followed by a refined segmentation and subsequent classification of objects based on
a set of relatively distinctive characteristics (Mathieu et al. 2007).
To produce highly accurate and detailed habitat maps of the Al and DB study areas, the high
resolution Boulder Beach image was classified using an object oriented method facilitated in
the eCognition 5.0 software programme (Definiens Imaging GmbH, 2005). In eCognition, the
segmentation of the Boulder Beach image was defined by a scale factor and a heterogeneity
criterion, which determined whether image objects were delineated based primarily on
similarities in colour or shape (Mathieu et al. 2007). These two factors determined the
relative size of objects resulting from the segmentation process, and thus the level of detail
and accuracy in the subsequent classification.
Several initial segmentations of the Boulder Beach imagery were visually analysed to
determine appropriate values of the scale factor and heterogeneity criterion to use for the final
segmentation of the image. Seven habitat classes were then defined (Table 3.1) and
representative objects for each class (i.e. three for each class) were manually selected as
training samples for the software to complete an initial classification. The output was then
manually edited and refined using observations and photographs collected at the study areas.
The accuracy of the classification was evaluated with the habitat type recorded in the field for
the 2006 Al and DB nest site locations (n=35), as well as a sample of random sites (n=18)

(selected from the random sites described in section 2.3.2 of chapter 2). Overall, 88 percent
of the evaluation sites were correctly classified, including 94 percent of nest sites alone,
which was an acceptable level of accuracy. The final versions of the classified habitat maps
are shown in Figures 3.3a and b.

Table 3.1 Descriptions of the seven classes defined for the habitat maps of the A 1 block and
Double Bay yellow-eyed penguin (Megadyptes antipodes) breeding areas of Boulder Beach
on the Otago Peninsula, New Zealand. The habitat maps were produced using an objectoriented classification of high resolution (i.e. a pixel size of 0.5m) aerial photography of
Boulder Beach captured on 28 September, 2006.

Habitat Class

Description

Bare ground

Sandy beaches and fore dunes, and other areas without
vegetation cover.

Grassland

Areas covered by exotic grasses such as primarily Ammophila
arenaria and Poa sp. Also includes rushes (Juncus sp.), bracken
(Pteridium esculentum ), and small areas of coastal sward
vegetation.

Flax

Dominated by New Zealand flax (Phormium tenax) and/or
mountain flax (P. cookianum).

Scrub - Gorse

Areas covered primarily by exotic gorse scrub (Ulex europaeus).
Easily identified in the Boulder Beach imagery from the
distinctive yellow colour of flowers.

Scrub - Native

Dominated by native scrub and/or shrub species, primarily Hebe
elliptica and/or ngaio (Myoporum laetum). Also includes
Solanum laciniatum, and Muehlenbeckia australis.

Scrub - Other Exotic

Dominated by other exotic scrub and/or shrub species, primarily
tree lupin (Lupinus arboreus).

Trees

Areas covered primarily by one to a few exotic Cupressus
macrocarpus trees.
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Figure 3.3a (a) Portion of the orthorectified Boulder Beach image with a solid yellow line
delineating the extent of the Al study area. (b) Habitat map of the Al study area derived
from the Boulder Beach image. The pie chart displays the percent of cover of each habitat
type in the Al study area.
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Figure 3.3b (a) Portion of the orthorectified Boulder Beach image with a solid yellow line
delineating the extent of the Double Bay study area. (b) Habitat map of the Double Bay study
area derived from the Boulder Beach image. The pie chart displays the percent of cover of
each habitat type in the Double Bay study area.
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3.5.4 Slope & distance variables
To obtain data for the landscape variables of slope and the distance of nesting habitats from
access points at Al and DB, slope data layers for each breeding area were first derived from
the Boulder Beach DEM and were subsequently resampled at the same pixel size as the
Boulder Beach imagery (0.5m). Although the resampling of the slope layers did not result in
a greater amount of detail, it was required so that the resolution would be equivalent for all
data layers used in the construction of the spatial habitat selection models.
The distance data layers for Al and DB were derived using a calculation of values that
reflected the potential amount of effort or energetic cost for hoiho to travel from breeding
area access points to nesting habitats. This required the incorporation of at least one factor in
addition to distance (i.e. in metres) that would have an important influence on the cost to
travel across a land surface. Factors such as wind, substrate composition (i.e. sand, rocks,
mud, etc.) and vegetation density may all have an effect on the energetic cost for a hoiho to
travel a certain distance across a land surface. However, slope can have one of the most
significant effects on the cost to travel across a land surface, and can also influence the
direction of travel. In addition, the slope of a landscape can be modelled relatively quickly
and accurately in a GIS, while other factors would require collection of a potentially large
amount of data from the field.
The energetic cost for a hoiho to travel across a hypothetical level land surface was assumed
to increase at an unknown constant or base rate with the increase in distance from an access
point (i.e. the cost to travel across a level surface increased only with distance). By
incorporating slope into the calculation of the distance layers, the cost to travel was assumed
to increase at a greater rate with a positive (i.e. uphill) slope value, or remain at the base rate
of increase with a negative (i.e. downhill) slope value. Therefore, the rate of increase in cost
for a hoiho to travel a certain distance in a breeding area was affected only by positive slope
values. Negative slope values did not reduce the rate of increase in travel cost below the base
rate as it was assumed that there was still some amount of cost incurred when travelling
across a negative slope.

To derive the distance data layers for Al and DB, the approximate locations of all primary
access points into each breeding area were first established by creating a point shapefile for
each study area in ArcGIS. Each point in the two shapefiles was placed near the centre of the
primary breeding area access points known to be used by hoiho, of which there were two in
Al and three in DB (Figure 3.4). An ArcGIS cost distance function was then used to calculate
a data layer of distance (hereafter termed cost distance layer) that represented the cost to
travel from access points to anywhere in the breeding area. Each raster cell, or pixel in the
resulting cost distance layers contained a value in "cost units" that was calculated from the
change with increasing distance of values in a separate data layer termed a "cost raster",
which was the slope data layer. In each study area, a separate cost distance layer was
calculated for each access point, and contained the cost to travel from the access point to
every location (i.e. raster cell or pixel (0.5m)) in the study area. An overall minimum cost
distance layer was then derived for each study area by selecting the minimum cost value for
each location amongst the set of cost distance layers for all access points in each study area.

0

Nest site

_._ Access point

0

Nest site

....!....

Access point

Figure 3.4 Images of the (a) Al block and (b) Double Bay yellow-eyed penguin
(Megadyptes antipodes) breeding areas at Boulder Beach, Otago Peninsula, New Zealand.
The approx. locations of access points used by hoiho in each breeding area are indicated by
yellow triangles. For reference, white points indicate the locations of nest sites established
during the 2006 breeding season.
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3.5.5 The extraction of landscape data at nest site locations
A key component in the formulation of the spatial nesting habitat selection model (described
in section 3.6) was data extracted from the slope, cost distance, and habitat type data layers at
observed hoiho nest site locations. This required highly accurate data of the locations of nest
sites, which was achieved for the 2006 nest sites in A1 (n=17) and DB (n=18) (described in
section 2.3 .1 of chapter 2).

Extraction of data from the slope, cost distance, and habitat type layers for the 2006 nest site
locations was implemented by overlaying the point shapefiles of the nest sites on the
landscape data layers and recording the respective values that occurred where the nest site
points intersected the layers. Slope values reflected the average slope within the general area
of each nest site (i.e. the nearest neighbour average of the slope values of nine raster cells in a
3x3 grid centred on the nest site), not the specific slope at the exact nest site locations, which
was near zero based on field observations.

An additional, independent nest site data set was also required for post hoc evaluation of the
model (described in section 3.7). This independent data set was provided by the Department
of Conservation (DoC), and consisted of the nest site locations recorded in A1 (n=19) aJ?-d
DB (n=13) for the 2007 breeding season. These nest site locations were recorded by different
observers and with different GPS receivers and protocols than the 2006 nest site data set.
Therefore, the accuracy of the 2007 nest site locations was unknown, and was assumed not to
be guaranteed within 1Om of the correct position.

3.6 Model formulation
When formulating a model for the spatial analysis of habitat selection or other ecological
phenomena, there are several different approaches of varying complexity to consider (Guisan
& Zimmermann 2000). The appropriate method of model formulation can depend on several

factors such as the type and quantity of data to be analysed, and the type of phenomena to be
modelled. Models built with statistical formulation methods, such as general linear and
general additive regression models (GLM, GAM), or Bayesian techniques, are often
considered more robust (Aspinall 1992; Wright & Buehler 1993; Guisan & Zimmermann
2000; Austin 2002), particularly when knowledge of the modelled phenomena may be
inadequate (Wright & Buehler 1993). These methods, however, can require relatively large
data sets to be effective, and are sensitive to violations of the assumptions of the data (Guisan
& Zimmermann 2000). Research in wildlife ecology and management quite often deals with

relatively small samples of data that frequently do not meet the assumptions required for
some rigorous statistical techniques (Morrison et al. 1998).

A simple and effective alternative to statistical formulation of spatial models of habitat
selection are overlay methods in a GIS (Shaw & Atkinson 1990; Martinez-Tabemer et al.
1992; Wright & Buehler 1993; Guisan & Zimmermann 2000; Harvey & Hill 2003;
Mathieu et al. 2006). Overlay methods, such as Boolean overlay and raster map algebra,
typically involve the combination of two or more spatially coincident or equal (i.e. the same
spatial location and extent) data layers of environmental (e.g. air temperature), topographical
(e.g. slope), or related variables in a study area that may influence the ecological phenomena
of interest. Each layer may consist of original data values (e.g. Mathieu et al. 2006), or more
commonly, a range of empirically derived class, rank, or probability values (e.g. MartinezTabemer et al. 1992; Wright & Buehler 1993; Harvey & Hill2003). In a typical GIS overlay
procedure, a mathematical function is applied to combine the values of the overlaid data
layers to produce a single composite data layer that is often a map displaying, for example,
the estimated spatial distribution and extent of the population of a species or its preferred
habitat type (Shaw & Atkinson 1990; Martinez-Tabemer et al. 1992; Harvey & Hill 2003;
Mathieu et al. 2006).
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The primary advantages of GIS overlay methods are that they are non-parametric and are
generally straightforward and simple to implement (Shaw & Atkinson 1990; Wright &
Buehler 1993; Lawler & Edwards 2002). However, some consequential limitations are that
they often require sufficient expert or background knowledge of the phenomena to be
modelled (Wright & Buehler 1993), and the resulting spatial models are generally descriptive
and deterministic (Aspinall 1992; Skidmore et al. 1996). Nevertheless, implementations of
GIS overlay methods have proved successful and effective in a variety of spatial habitat
modelling contexts (Shaw & Atkinson 1990; Martinez-Tarbemer 1992; Lawler & Edwards
2002; Harvey & Hill 2003), including with relatively small data sets (e.g. Mathieu et al.
2006).

A raster map algebra GIS overlay was applied in this study to combine the landscape data
layers of habitat type, general slope, and cost distance to obtain models of the spatial extent
and distribution of the nesting habitats typically selected by hoiho in the A1 and DB breeding
areas. For each of the data layers, the original values were converted to selection probabilities
based on the proportion of 2006 nest sites that occurred in predefined categories of each
landscape variable. The pre-defined categories for the habitat type data layer were based on
the habitat types defined for the habitat map (described in section 3.5.3), while the values in
the slope and cost distance data layers were divided into four quartile categories (i.e. 25%
blocks) from lowest (1) to highest (4). The three data layers with selection probability values
were then combined using additional map algebra to produce a composite data layer that .
contained the sum of the three probability values. The summed probability values in the
composite data layer were termed 'selection values' that represented an index of the potential
selectivity of all locations (i.e. individual pixe1s) in each breeding area for nesting habitat. For
analysis, interpretation and map displays, the selection values in the composite data layer
(hereafter termed 'nesting habitat selectivity layer') were converted to percentiles (i.e. the
ratio of each selection value relative to the maximum value) and grouped into five classes of
nesting habitat selectivity based on equal percentile intervals, with class '1' containing the
lowest percentiles of selectivity (less than 20), and class '5' containing the highest (80 to 100).
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3.7 Model evaluation & interpretation
A highly recommended and robust method of assessing the accuracy and effectiveness of a
model is through post hoc evaluation with an independent data set not used in model
formulation (Guisan & Zimmermann 2000; Greaves et al. 2006; Mathieu et al. 2006).
Evaluation of the spatial nesting habitat selection models for AI and DB was conducted with
the hoiho nest site location data obtained for the 2007 breeding season. The evaluation
procedure consisted of a Student's t-test comparison of the mean percentile of nesting habitat
selectivity values for the 2007 nest site locations with that obtained for an equivalent sized
sample of random points (19 points in AI and I3 in DB).

In addition, the total proportion of each class of selectivity occurring within I5m radius
buffer zones around each site was estimated and compared between the 2007 nest site and
random point data sets in each study area. A buffer radius of I5m was selected as it
represented the mean overall inter-nest distance estimated for hoiho nests at Boulder Beach
during the 2006 breeding season (see Chapter 2). In addition, the positional accuracy of the
2007 nest site locations was unknown and assumed not to be guaranteed within I Om of the
correct position. Therefore, the buffer zones would have improved the likelihood of including
the variables present at the true nest site locations in the model evaluation process.

The use of buffer zones is often considered a more appropriate evaluation technique than a
direct point-to-point comparison as a point may fall on a pixel with a low selectivity value
and be surrounded primarily by pixels with higher selectivity values (Mathieu et al. 2006).
More importantly, the selection of a nest site is very likely to be influenced by the habitat
characteristics within a certain vicinity of the site, not just at the specific site location itself.
Subsequently, evaluation of the model with buffer zones may provide more valuable
information about the influence of different habitat or landscape features on the selection of
nest sites.

3.8 Results
3.8.1 The effects of spatial variation of landscape features on hoiho nesting
habitat selection
Formulation of the spatial models with the 2006 nest site locations data revealed that the
influence of spatial variation of landscape features on hoiho nesting habitat selection differed
between the A1 and DB breeding areas. This was particularly apparent in the habitat type and
cost distance landscape variables (Table 3.2). In general, hoiho nested only in flax or scrub
(both native and gorse) habitat types and avoided all others. Subsequently, for the calculation
of the selection probability values, the remaining habitat types that were not selected were
grouped into one category (i.e. other) with a zero probability of being selected for nesting
habitat.
In Al, hoiho nested primarily in scrub habitat (mainly gorse) within the lowest cost distance
category (i.e. quartile category 1) from access points, while in DB they nested primarily in
flax habitat in cost distance category 2 (Table 3.2). The variation between the two areas in
habitat type selection could reflect the difference in the relative extent of each habitat type,
where scrub habitat in Al (i.e. both gorse and native scrub) was present at a much greater
proportion relative to flax than in DB (see Figure 3.3).
However, the primary reason for the differences between Al and DB may have been. the
variation in the distribution of slope categories in each breeding area (Figure 3.5).

For

example, in DB, the steepest slope categories (i.e. 3 and 4) occurred almost exclusively
within cost distance category 1 (compare Figure 3.5(a) with Figure 3.6(a)), which was also
where the majority of scrub habitat was located (see Figure 3.3b). Therefore the strong
selection in DB for flax habitat that was further away from access points may have been due
to a very limited availability of suitable sites on level ground on the steeper slopes adjacent to
the access points, not because of a lower selectivity of scrub habitat. This suggests that
habitat type per se, and the distance from an access point may not have as much of an
influence as the general slope on a hoiho's selection of nesting habitat in a breeding area.

Table 3.2 The pre-defined categories and selection probability values of the three landscape
variables combined to produce hoiho (Megadyptes antipodes) nesting habitat selection
models for the A1 block and Double Bay (DB) breeding areas at Boulder Beach, Otago
Peninsula, New Zealand. The Habitat Type categories were derived from the habitat maps for
each breeding area (described in section 3.5.3). The values of the Slope (in degrees) and Cost
Distance variables are categorized into quartiles (i.e. 25% blocks), from lowest (1) to
highest (4). The selection probability values are derived from the proportion of 2006 nest
sites in each breeding area that occurred in each variable category (described in section 3.6).
The descriptions and methods for deriving the Slope and Cost Distance variables are
described in sections 3.4 and 3.5.4.

Probability values

Area

Variable

Pre-defined Categories

A1

Habitat Type

1 (Flax)

0.41

2 (Scrub - Gorse)

0.47

3 (Scrub- Native)

0.12

4 (Other)
Slope

Cost Distance

DB

Habitat Type

1 (0- 9.63)

0.06

2 (9.63- 16.14)

0.35

3 (16.14- 25.98)

0.30

4 (25.98 - 42.83)

0.29

1 (0- 1003.89)

0.41

2 (1003.89- 1945.03)

0.29

3 (1945.03- 2781.60)

0.24

4 (2781.60- 5333.15)

0.06

1 (Flax)

0.78

2 (Scrub - Native)

0.22

3 (Other)
Slope

Cost Distance

0

0

1 (0- 14.42)

0.17

2 (14.42- 28.80)

0.39

3 (28.80 - 43 .18)

0.23

4 (43.18- 57.56)

0.21

1 (0 - 1398.39)

0.17

2 (1398.39- 2770.15)

0.67

3 (2770.15- 4141.90)

0.16

4 (4141.90- 5513.66)

0
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Figure 3.5 The distribution of the four pre-defined slope categories (in degrees) in the
(a) Al block and (b) Double Bay yellow-eyed penguin (Megadyptes antipodes) breeding
areas, Otago Peninsula, New Zealand. The nest site locations (white points) during the 2006
breeding season and breeding area access points (yellow triangles) are shown for reference.
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Figure 3.6 The distribution of the four pre-defined cost distance categories in the (a) Al
block and (b) Double Bay yellow-eyed penguin (Megadyptes antipodes) breeding areas,
Otago Peninsula, New Zealand. The nest site locations (white points) from the 2006 breeding
season and breeding area access points (yellow triangles) are shown for reference.

3.8.2 Model evaluation and interpretation
Evaluation with the 2007 nest site data provided good support of the accuracy and
effectiveness of the models in estimating the extent and distribution of nesting habitats
selected or likely to be selected by hoiho in the Al and DB breeding areas. In both study
areas, the mean percentile values of selectivity for the locations of 2007 nest sites were
significantly greater than for random sites (Table 3.3; Figures 3.7a and 3.7b). In addition, the
buffer zones of the 2007 nest sites contained as much as nearly 5 times greater a proportion
of the highest class of selectivity (i.e. class '5') than the buffer zones of random sites (Figures
3.8a and 3.8b).

Table 3.3 The mean percentile of nesting habitat selectivity for 2007 yellow-eyed penguin
(Megadyptes antipodes) nest sites compared with random sites at the Al block and Double
Bay (DB) breeding areas on the Otago Peninsula, New Zealand. The Student's t statistic and
associated probability value (P) are listed for each comparison.

Area
Al

DB

Site Type
Nests

Mean Percentile
76

Random

55

Nests

63

Random

36

t

p

3.42

<0.01

3.36

<0.01

Nesting Habitat
Selectivity Class
(percentiles)

•

1 (0-20)

D
D
D

2 (20-40)

•

5(80-100)

3 (40-60)

4 (60-80)

(c) Random sites

(b) Nest sites

5.

31.6%

47.4%

Figure 3.7a (a) The nesting habitat selectivity map for the Al block yellow-eyed penguin
(Megadyptes antipodes) breeding area on the Otago Peninsula, New Zealand. The white
points in the map represent the locations of nest sites (n=19) during the 2007 breeding
season, blue points represent the location of random sites (n=19), and yellow triangles
represent the approx. locations of the access points into the breeding area. (b) Pie chart
displaying the proportion of the 2007 nest sites that occurred in each class of selectivity.
(c) Pie chart displaying the proportion of random sites in each class of selectivity. The legend
denotes the colours in the map and pie charts that represent the 5 classes of percentiles of
nesting habitat selectivity.

Nesting Habitat
Selectivity Class
(percentiles)
•

1 (0-20)

D
D
D

2 (20-40)

•

5 (80-100)

3 (40-60)
4 (60-80)

(c) Random sites

(b) Nest sites

38.5%

38.5%

38.5%

Figure 3.7b (a) The nesting habitat selectivity map for the Double Bay yellow-eyed penguin
(Megadyptes antipodes) breeding area, Otago Peninsula, New Zealand. The white points in
the map represent the locations of nest sites (n=13) during the 2007 breeding season, blue
points represent the location of random sites (n=13), and yellow triangles represent the
approx. locations of the access points into the breeding area. (b) Pie chart displaying the
proportion of the 2007 nest sites that occurred in each class of selectivity. (c) Pie chart
displaying the proportion of random sites in each class of selectivity. The legend denotes the
colours in the map and pie charts that represent the 5 classes of percentiles of nesting habitat
selectivity.
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Nesting Habitat
Selectivity Class
(percentiles)

(b) Nest site buffer zones
3

(359.6)

•

1 (0-20)

D
D

2 (20-40)

D

4 (60-80)

•

5 (80-100)

3 (40-60)

(c) Random site buffer zones
24.5% (1254.7)

20.5%
(2322.4)

26.9%
(3043.2)

25.4%
(2981.3)

Figure 3.8a (a) The locations of yellow-eyed penguin (Megadyptes antipodes) nest sites
(white points) (n=l9) during the 2007 breeding season and random sites (blue points) (n=l9),
each with 15m buffer zones (white and blue circles), overlaid on the nesting habitat
selectivity map for the Al block breeding area, Otago Peninsula, New Zealand. Yellow
triangles represent the approx. locations of the access points into the breeding area. (b) Pie
2
chart displaying the proportion and area (m ) of the total area of buffer zones around the 2007
nest sites that consisted of each class of nesting habitat selectivity. (c) Pie chart displaying
2
the proportion and area (m ) of the total area of buffer zones around random sites that
consisted of each class of nesting habitat selectivity. The legend denotes the colours in the
map and pie charts that represent the 5 classes of percentiles of nesting habitat selectivity.

Nesting Habitat
Selectivity Class
(percentiles)
•

1 (0-20)

D 2 (20-40)
D 3 (40-60)
D 4 (60-80)
•

(b) Nest site buffer zones

5 (80-100)

(c) Random site buffer zones

0.9% (79.4)

6.1% (553.6)
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44.1%
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42.3%
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Figure 3.8b (a) The locations of yellow-eyed penguin (Megadyptes antipodes) nest sites
(white points) (n=l3) during the 2007 breeding season and random sites (blue points) (n=l3),
each with 15m buffer zones (white and blue circles), overlaid on the nesting habitat
selectivity map for the Double Bay breeding area, Otago Peninsula, New Zealand. Yellow
triangles represent the approx. locations of the access points into the breeding area. (b) Pie
2
chart displaying the proportion and area (m ) of the total area of buffer zones around the 2007
nest sites that consisted of each class of nesting habitat selectivity. (c) Pie chart displaying
2
the proportion and area (m ) of the total area of buffer zones around random sites that
consisted of each class of nesting habitat selectivity. The legend denotes the colours of the
map and pie charts that represent the 5 classes of percentiles of nesting habitat selectivity.
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The greatest difference between the nesting habitat selection models for A1 and DB was in
the relative extent of each class of selectivity. For example, in DB, over 40% of the total area
consisted of nesting habitat in the lowest class, and only 3% in class '5' (Figure 3.9(a)), while
A1 contained an area of class '5' nesting habitat 4 times greater than in DB, and almost no
nesting habitat in class '1' (Figure 3.9(b)). This contrast between the study areas was also
reflected in the evaluation of the models with the 2007 nest site data. A t-test comparison
between A1 and DB revealed that, although the mean percentile of selectivity at 2007 nest
site locations in both areas was above 60, the mean percentile of nest sites in DB (63) was
significantly less than that of nests in A1 (76) (t=2.24, P=0.03).

The main difference between the models for A1 and DB can be attributed primarily to the
contrast in the relative extent of the different habitat types in each study area. In particular,
the extent of the 'grassland' habitat type in DB was over 30% greater than in A1, which
contained more than 3 times the amount of scrub habitat (i.e. gorse and native scrub) than DB
(see Figure 3.3). Grassland habitat may be unsuitable for hoiho nest sites as it most likely
offers much less protection from insolation than habitat types such as flax and scrub (Lalas et
al. 1999). Therefore, as reflected in the nesting habitat selectivity models, Al appears to

contain a greater availability of suitable nesting habitat for hoiho than DB.

(a) A1 breeding area
0.2%

2
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Nesting Habitat Selectivity
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•
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(b) Double Bay breeding area
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Figure 3.9 The area (m ) and relative proportion of each class of nesting habitat selectivity
occurring in the (a) Al block and (b) Double Bay breeding areas, Otago Peninsula, New
Zealand.

3.9 Discussion
3.9 .1 The contributions of spatial habitat models to the understanding of hoiho
nesting habitat selection
The application of GIS overlay methods for producing spatial models of habitat selection
have been successfully implemented in the classification, analysis and prediction of the
location and extent of nesting habitats of species as diverse as the New Zealand falcon (Fa/eo
novaeseelandiae) (Mathieu et al. 2006) and the Australian salt water crocodile (Crocodylus
porosus) (Harvey & Hill 2003). The case study described in this chapter demonstrates the

effectiveness of constructing a spatial model of hoiho nesting habitat selection in a GIS, and
its utility in analysing the effects of the spatial variation of landscape features on hoiho
nesting habitat selection in a breeding area. The results of the evaluation of the models for the
Al and DB breeding areas with the 2007 nest site data suggested that the raster map algebra
formulation method was sufficient for producing a relatively accurate model of the
distribution and extent of the habitats in a breeding area that are most likely to be selected by
hoiho for nesting.
The models for both study areas revealed some noticeable trends in the extent and
distribution of habitat patches most likely to be selected for nesting. Interpretation of the
models suggested that in Al and DB, hoiho primarily established nest sites in habitat patches
that occurred on moderate slopes and generally did not require great energetic costs to reach
(i.e. habitat patches that were typically at a low to medium cost distances from breeding area
access points). However, one main difference between each breeding area was the location of
the different classes of nesting habitat selectivity. For example, in Al the habitat patches in
the highest class of selectivity (i.e. class '5') were located primarily within the lowest cost
distance category, while in DB the patches in the highest class occurred almost exclusively at
a medium cost distance category (i.e. category 2) (see Table 3.2). This difference between the
study areas was partially due to the variation in the selection probability values for each
habitat type (see Table 3.2). In addition, the extent and distribution of particularly the highest
class of nesting habitat selectivity closely matched the spatial patterns of the habitat types
with the highest selection probabilities (i.e. gorse scrub in Al and flax in DB).

When considering hoiho nesting habitat selection at the scale of an entire breeding area,
habitat type appeared to be the primary variable influencing the hoiho's selection for certain
habitat patches in Al and DB. This was particularly apparent due to the highly fragmented
habitat structure in Al and DB, both of which contain large, open areas of habitat unsuitable
for nesting (e.g. grassland) and thus largely avoided by hoiho, as indicated by the models.
Yet, when considering only the habitat types that were selected (i.e. flax and scrub) instead of
the entire breeding area, the variable of habitat type does not appear as important as the slope
and cost distance variables in distinguishing the habitat patches in the highest class of
selectivity. A greater preference for flax or scrub vegetation in a breeding area appeared to be
influenced by the topography at the location where the habitat type occurred. This was
evident in DB, where hoiho primarily established nest sites in patches of flax habitat that
were generally located further away from access points than scrub habitat. This suggested
that, in DB, hoiho preferred to travel more costly distances to reach flax habitat instead of
nesting in scrub habitat that was generally closer to access points. However, while scrub
habitat in DB was generally located nearer to access points, it also occurred on steeper slopes
(i.e. slope categories 3 and 4 in Table 3.2) more often than flax (compare Figures 3.3b and
3.6(b)).
The difference therefore between Al and DB in the distribution of the different classes of
nesting habitat selectivity appeared to be explained primarily by the dissimilar topography of
the two breeding areas. In Al, moderate and lower grades (i.e. categories 2 and 1,
respectively) of slope occurred nearer to access points than in DB, where the steepest slopes
occurred adjacent to the access points. As a consequence, the majority of hoiho breeding
pairs in DB may have travelled distances that required a greater expense of energy in order to
reach habitat patches that contained a greater abundance of sites on level ground suitable for
nesting, and also happened to consist primarily of flax vegetation.
There are certainly other landscape variables that may influence the hoiho's selection of
nesting habitats in a breeding area. The influence of spatial variation in landscape variables
other than those examined in this study seems apparent from the model evaluation results
(e.g. not all nest sites occurred in the highest percentile class (class 5) of selectivity, and a
few occurred in class 2). For example, hoiho may select nesting habitats that generally do not
face a northerly aspect, which may reduce the intensity of exposure to solar radiation.

However, the aspect of a particular nesting habitat location is largely determined by the
overall aspect of the breeding area. In addition, Smith (1987) recorded the general aspect of
several mainland hoiho breeding areas and found no apparent trend in avoidance of northerly
aspects.

Additional variables that were not considered, yet could potentially be incorporated in a
spatial model of hoiho nesting habitat selection are landscape features such as the patch size,
vegetation density and structural or compositional diversity of potential nesting habitats. It
has been suggested that habitat patches of very dense vegetation may impede or even prevent
hoiho from accessing what could potentially be suitable nesting habitat (J. Darby pers.
comm.; P. Seddon pers. comm.). Hoiho may therefore tend to avoid large patches of dense
vegetation, and instead select smaller, scattered patches that are perhaps easier to access.
Some of the nest sites observed in this study did occur in small, isolated habitat patches that
were composed primarily of flax vegetation. This suggests that a fragmented structure of the
nesting habitats in a breeding area may be beneficial for hoiho, which would have important
implications for current hoiho habitat management.

3.9.2 Uncertainty & other limitations of the models
In order to fully evaluate any spatial model of an ecological process, the effects of uncertainty
and other limitations on the accuracy and utility of the model should be clearly understood.
Uncertainty can arise from several different sources and its magnitude is generally gauged by
the adequacy of the data, knowledge of the modelled phenomena, and the amount and variety
of different sources of error (Morrison et al. 1998; Guisan & Zimmermann 2000). Of these
three main sources of uncertainty, the amount and variety of error is often conceptually and
practically easier to assess and quantify.

The primary sources of error in the construction of the spatial models in this study were the
digital elevation model (DEM), the orthorectified imagery of Boulder Beach, the calculation
and categorisation of the slope and cost distance data layers, and the data of nest site
locations, particularly the 2007 nest site data set used for model evaluation. Whenever
possible, protocols were implemented to minimise the error associated with these different
data sources. Examples include the georeferencing of the Boulder Beach imagery (described
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in section 3.5.2) and the protocol followed for the collection of the GPS coordinates of the
2006 nest sites (described in section 2.3 .1 of chapter 2). In addition, evaluations were
conducted, often with independent data sets, to obtain estimates of the elevation accuracy of
the DEM (described in section 3.5.1) and the classification accuracy of the habitat map
(described in section 3.5.3), both ofwhich were found to be sufficient.
The accuracy of the slope data layers depended on the accuracy of the DEM, which was
determined primarily by its resolution. The 2m resolution of the DEM was sufficient for the
objectives of the study and the scale at which the models were developed. A finer resolution
DEM would have provided a greater level of detail and accuracy in the slope data layers,
perhaps enough to approximate the specific location of patches of level ground suitable for
hoiho nest sites. However, the main objective in this study was to develop a model that could
identify the habitat patches of a breeding area that hoiho primarily select for nesting, and this
did not require a finer resolution of data than what was available.
A primary source of error in the construction of the spatial models was the calculation of the
cost distance data layers. When deriving the cost distance layers, the actual paths travelled by
hoiho to nest sites were not considered. While it was known that hoiho tended to use wellformed paths to travel to nest sites in Al and DB, accurate spatial data of these paths could
not be collected. In addition, it was assumed that all hoiho breeding pairs travelled to nest
sites from the nearest access point. Therefore, the actual distance hoiho travelled to nests was
most likely greater on average than that reflected in the calculation of the cost distance
values. Furthermore, the incorporation of the slope data layers into the calculation meant that
the cost distance values were largely dependent on the slope values. Indeed, the reliability
and accuracy of the cost distance data layers would have been greatly improved with
independent data collected on not only the average distances travelled but also the amount of
energy spent by hoiho when travelling to nest sites. However, in the absence of this
information, the cost distance values estimated in this study were considered a more
meaningful indicator of the effect of increasing distance on hoiho nesting habitat selection
compared to Euclidean distance values alone.

The broad categorisation of the selection probability values for the cost distance and slope
data layers may have been a source of error in the formulation of the models. Since the slope
and cost distance values varied continuously across a breeding area (i.e. the values changed
continuously with each pixel in the raster), the selection probability values for these layers
could have been calculated in a continuous format using an areal interpolation method, which
would have minimised error and the loss of data. However, the arbitrary categorisation
method was useful for interpreting the nesting habitat selectivity maps and the general effects
and interactions of the slope and cost distance layers in A1 and DB.
The relatively small nest site data set used for formulating the model in each study area may
have also limited the accuracy and effectiveness of the models. The inclusion of nest site data
sets from multiple breeding seasons would have potentially improved the accuracy and
effectiveness of the models, and would have also provided a stronger basis for the use of
statistical formulation methods. However, as was apparent between the nest site data sets
from 2006 and 2007, the accuracy of nest site locations between years can be very
inconsistent due to the use of different data collection protocols or equipment. This highlights
the importance of establishing and maintaining consistent, standardised methods for
obtaining high accuracy location data in wildlife research and management.
Additional limitations of the models are the deterministic and area or site-specific
characteristics, which are fundamental consequences of GIS overlay methods (Aspinall 1992;
Skidmore et al. 1996). Indeed, the models are not directly applicable to other hoiho breeding
areas, which may have completely different types of vegetation cover (e.g. forest) or
topographical characteristics (e.g. see the description for Hinahina Cove in section 2.2.2 of
chapter 2). In addition, the development of a hoiho nesting habitat selection model in any
breeding area requires accurate a priori knowledge of the locations of nest sites.
Nevertheless, the model formulation method used in this study is relatively simple to
implement and is generally less rigid than most other methods (Shaw & Atkinson 1990;
Skidmore et al. 1996; Guisan & Zimmermann 2000; Mathieu et al. 2006). Furthermore, GIS
overlay methods are suitable for situations where technical expertise and resources may be
limited, and/or a very high level of detail or accuracy is not required (Mathieu et al. 2006).

3.9.3 The utility of the models in hoiho habitat management
Despite the limitations outlined above, the methods employed and the type of spatial habitat
selection model developed in this study can be useful tools in the conservation and
management of hoiho nesting habitat. The primary utility of the model for conservation and
management purposes is the estimation of the distribution and extent of locations in a
breeding area that are most likely to be selected by hoiho for nesting. This information could
help in determining the optimal locations to focus habitat restoration and other management
activities (e.g. predator trapping). In addition, the characteristics of the nesting habitat patches
with the highest selectivity in a particular breeding area could potentially be reproduced in
another breeding area with similar topographical features.
Another utility of the model is the estimation of the extent of nesting habitats utilised by
hoiho and also the amount of potentially suitable nesting habitats available in a breeding area.
This information could indicate whether the availability of potentially suitable (i.e. likely to
be selected) nesting habitats in a breeding area is sufficient, particularly to accommodate
population growth. The evaluation of the models for Al and DB with the 2007 nest site data
indicated that nesting hoiho in these breeding areas do not appear to be using a greater
proportion of suitable habitat than is available. Therefore, it is apparent that both breeding
areas can accommodate an increase in the hoiho nesting population.
The management of tourism in hoiho breeding areas could also benefit from the type of
model developed in this study. Tourism activities in hoiho breeding areas may negatively
impact reproductive success and population recruitment (Ellenberg et al. 2007). Therefore,
the utility of the spatial nesting habitat selection model in the context of tourism management
would be to indicate the locations of areas appropriate for tourism activities, whereby
disturbance to hoiho would be minimised.
Incorporation of other variables and/or a finer resolution of land cover and topographical data
could potentially expand the utility and improve the accuracy of the spatial nesting habitat
selection models developed in this study. There is much scope for future research on the use
of spatial modelling for interpreting hoiho habitat selection behaviour, and for guiding
management activities such as habitat restoration. Future research could incorporate
landscape variables related to habitat fragmentation and heterogeneity, as well as other

potentially important factors such as the location and densities of predators in or near hoiho
breeding areas, and/or the abundance or frequency of human related activities (e.g. tourism).

Summary of main conclusions
Chapter 2
•

The selection of nest sites by hoiho, and their distribution in a breeding area, appears to
be influenced primarily by the location of certain structural micro-habitat features (e.g.
hollows underneath logs or stems, or dense vegetation within lm of the ground) that
provide optimal protection from insolation.

•

An apparent consequence of the selection for these particular micro-habitat features may
be the typical visual isolation ofhoiho nest sites.

•

In addition to visual isolation, the relatively large distances between hoiho nests can also
be attributed to the strong selection for structural micro-habitat features that provide sites
with a high degree of overhead cover within lm of the ground.

•

Subsequently, in any breeding habitat, the availability of suitable sites and thus
distribution of hoiho nests will be influenced primarily by the spatial variation of the
micro-habitat features that provide the appropriate conditions.

Chapter 3
•

The case study described in this chapter demonstrates the effectiveness of constructing a
spatial model of hoiho nesting habitat selection in a GIS, and its utility in analysing the
effects of the spatial variation of landscape features on hoiho nesting habitat selection in
a breeding area.

•

Evaluation of the models with the 2007 nest site data suggested that the raster map
algebra formulation method was sufficient for producing a relatively accurate model of
the distribution and extent of the habitats in a breeding area that are most likely to be
selected by hoiho for nesting.

•

Of the three landscape variables analysed, the variation in slope appeared to have the
greatest effect on hoiho nesting habitat selection, followed by the habitat type (i.e. flax or
scrub).

•

Despite the limitations and errors in the construction and formulation of the models, the
methods employed and the type of spatial habitat selection model developed in this study
can be useful tools in the conservation and management ofhoiho nesting habitat.

•

There is indeed much scope for future research of the use of spatial habitat modelling for
interpreting hoiho nesting habitat selection and guiding management activities such as
habitat restoration.
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