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Abstract 

The main objective of my thesis research was to improve our understanding of release 
site selection for conservation translocations, in particular how to identify quality 
habitat. To achieve this task, I developed four core research components. First, I 
reviewed the reintroduction literature to investigate the use of habitat and habitat-
related terms in the context of species translocations. The findings of this chapter are 
further used to inform the theoretical framework of this thesis, which is centered around 
a species-specific habitat concept. Using the South Island Takahē (Porphyrio hochstetteri) as 
a case study, I then used geographic information systems and raster data to perform a 
landscape-level investigation of Takahē habitat quality throughout New Zealand. I 
applied expert-knowledge-informed spatial overlays and found that such a time- and 
cost-effective approach can be used as a first-stage investigation of candidate release sites 
with relative ease. The spatial overlays identified, in particular, the eastern foothills of 
New Zealand’s Southern Alps as areas of high Takahē habitat quality. Compared to the 
harsh alpine regions of the Alps, or the wet West Coast, the foothills are characterized 
by favorable climatic conditions, remoteness, and large expanses of tussock grassland. 
The applied methodology, while being coarse, can be used as a time- and cost effective 
first-stage screening of candidate release sites. In the fourth chapter I investigated micro 
habitat aspects, such as nutrient contents of palatables and micro climate around 
Takahē nest sites, to explain possible patterns in breeding success at the Takahē captive 
rearing facility near Te Anau. I found that this methodology can be used as a second-
stage investigation of micro habitat for pre-selected candidate release sites. I was unable 
to detect any relationship between nutrient/ environmental parameters and patterns in 
breeding success. However, a single microhabitat site was identified as an outlier with 
particularly low breeding success in combination with low manganese contents. Previous 
research suggests that manganese deficiency can lower the productivity of birds. These 
findings justify a more-in-depth investigation of the corresponding breeding pen, its soil 
contents, water regime, and plant life. In the final step, I added an economic component 
to my research and developed a novel spatial approach to estimate habitat management 
costs, acquisition costs, and opportunity costs for candidate release sites. Using 
information such as land cover, distance to heliports, and slope, I investigated how 
landscape components affect the establishment and ongoing costs of planned species 
translocation sites. The main finding of this chapter was the existence of a trade-off 
between management costs of reintroduction sites and opportunity costs. Remote and 
rugged areas are more labor-intensive, but they have relatively low opportunity costs, 
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decreasing the potential of human-wildlife conflicts. Further research could include an 
investigation of ecosystem services provided by reintroduction sites to assess both 
economic costs and within a common framework. 
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1. FINDING A HOME 
 

 
Takahē Valley, Murchison Mountains, New Zealand. In this valley, the South Island Takahē was 
rediscovered after thought to be extinct for more than 50 years. Until the recent release of 30 birds into the 
Gouland Downs of Kahurangi National Park in 2018, the rugged Murchison Mountains have been the only 
place where Takahē could be found in the wild. Photo credit: Sven Stadtmann. 
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1. Finding a home 

To this date I have never encountered a single case in which the protection of an 
endangered species has been a straightforward process. A conservation intervention has, 
from my experience, always been a complex array of social, economic, and ecological 
factors, whether it is the integration of conservation efforts with other forms of land use 
in Germany (Arndt, 2015), a proposed ecotourism project in the mangroves of Abu 
Dhabi (AGEDI, 2013), or, in the case of this thesis, the translocation of a founder group 
of Takahē to the Gouland Downs of Kahurangi National Park in New Zealand. 

It is sometimes easy to forget about the human equation in a conservation project 
and instead focus on the environmental requirements of a species. However, time and 
again it has been shown that disregarding the social and economic aspects of 
conservation interventions increases uncertainty and the potential of human-wildlife 
conflicts, ultimately putting the scarce resources of conservation authorities at risk. 
(Ravenelle & Nyhus, 2017; Stadtmann, 2009). This truth lives inside these written pages. 

1.1 Background 

This research is based on the concepts of reintroduction biology. Reintroduction biology 
is defined as the science of releasing individuals of a species into the wild with the 
purpose of establishing or supporting a population to achieve some conservation benefit 
(Seddon & Armstrong, 2007). While some past attempts to reintroduce species were 
once characterized as being disorganized and lacking careful planning, conservation 
translocations are now generally both well recognized as a management tool and 
carefully implemented (Seddon & Armstrong, 2007; Stadtmann & Seddon, 2018). 
Decisions such as establishing an IUCN (International Union for Conservation of 
Nature) specialist group for reintroductions and producing comprehensive guidelines for 
species translocations (IUCN/SSC, 2013) are considered to be significant advancements 
for this field. However, a lack of clarity remains around how best to approach release 
site selection, in particular how to use the term “habitat” in this context, as well as the 
choice of methods and models for release site assessments. 

The confusion about habitat 

“Habitat” and habitat-related terms have been used inconsistently in the literature (Hall, 
Krausman, & Morrison, 1997) and could be a cause of confusion when discussing what 
a good site for a reintroduction candidate actually is. While this issue has been 
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specifically addressed in the second chapter of this thesis, I will briefly describe here the 
habitat concept that I selected as the theoretical framework for my thesis. 

Researchers have been defining habitat on a case-by-case basis for many years. No 
common definition exists, and while most differences between definitions are quite 
subtle (see from Dennis, Shreeve, & Dyck ,2003, for a brief overview), it is possible to 
distinguish between ecological habitat, which usually describes a landscape or vegetation 
association in which an organism lives, and species-specific concepts (Hall et al., 1997). 
Species-specific habitat concepts, such as the one I use in this thesis, put the species of 
interest at the center of observations. Here, habitat is defined as an area with a set of 
resources and environmental conditions that allows an organism to persist and 
reproduce (Hall et al., 1997, Mathewson & Morrison, 2013) 

This definition has number of advantages (both in research and policy) in the 
context of reintroduction, in particular when assessing the quality of a candidate release 
site. I will detail these advantages in chapter 2, but essentially, a release site assessment 
based on a species-centered approach requires the assessment of both resource 
abundance and quality, whereas ecological habitat concepts risk overlooking the latter 
(see chapter 2). 

Site Assessments, Models and Costs 

While it is commonly agreed that individuals of any species should not be released 
blindly into areas that simply look appropriate, publications that illustrate in detail the 
site selection process of a translocation are relatively rare (Osborne & Seddon, 2012, see 
also Devineau et al., 2011, for best practice examples of Canada lynx, Lynx canadensis, 
reintroduction, and a study on blue sheep Pseudois nayaur in Nepal, by Aryal, Brunton & 
Raubenheimer, 2013 ). 

There are a number of ways to assess a release site, including release based on the 
past distribution of a species (not recommended as the historic habitat of a species might 
have been altered, see Osborne & Seddon, 2012), non-systematic expert assessments, 
experimental translocations with a small number of individuals and more sophisticated, 
systematic modelling approaches. Here, species distribution models (SDMs) are one of 
the most commonly used suites of techniques to explore the geographic distribution of a 
species (Guisan & Zimmermann, 2000). 

While mechanistic SDMs enable powerful predictions by incorporating the 
physiology of a species into the modelling process, correlative SDMs associate the 
distribution of a species with available environmental data (Morin & Thuiller, 2009; 
Thuiller & Münkemüller, 2010). Correlative SDM can be used to carry out time- and 
cost-effective modeling of habitat for reintroduction candidates. For instance, Gross et 
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al. (2002) assessed mountain goat Oreamnus americanus habitat in the United States. The 
authors applied a logistic regression, using data on goat observations and fitting the 
regression to attributes of used- and unused sites, allowing for a cost-effective method to 
assess readily available data in GIS. In another example from Clevenger (2002), expert 
knowledge has been integrated in a GIS model to improve environmental planning of 
wildlife corridor mitigations. A simpler, yet cost-effective, form habitat assessments are 
spatial overlays. Here, habitat criteria are stored in a raster overlaid to determine ideal 
areas for the species or interest. This methodology is best applied at landscape level, as 
demonstrated by Larson et al. (2003) who applied this method to predict quality habitat 
for different wildlife species in Missouri. I used this methodology for the macro habitat 
assessment presented in chapter 3. 

However, not all habitat criteria, in particular the quality of resources, can be 
assessed on a map. To determine that a resource required by a species is not only 
abundant in an area but also of sufficient quality, extensive field studies may be required 
(see chapter 4). In addition, researchers have highlighted the importance of integrating 
economic costs into conservation planning and to consider an array of cost types that 
may occur in a conservation intervention, such as land acquisition costs, transaction 
costs, management costs, damage costs and opportunity costs (Naidoo et al., 2006; see 
also chapter 5). This research addresses these issues, as I am integrating both ecological 
data at different scales and economic data in a reintroduction case study. 

1.2 Main Objective and Structure 
The main purpose of this thesis is to improve our understanding of how we should select 
translocation sites for endangered species, considering both ecological and economic 
perspectives. Acknowledging that conservation biology is inherently an interdisciplinary 
subject, I designed this thesis to be truly interdisciplinary by incorporating research 
methods from the fields of economics, ecology, geography and, to a limited extent, the 
social sciences. 

Study species 

My case study is the South Island Takahē (Porphyrio hochstetteri). Takahē are endemic 
New Zealand rails that were once abundant throughout most eastern and central parts 
of New Zealand’s South Island. Hunted by early human settlers for game meat and then 
extirpated from most areas by invasive mammalian predators, the birds were thought to 
be extinct for 50 years before they were rediscovered in 1948, in a secluded valley in 
New Zealand’s Southern Alps.  
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This rediscovery marked the beginning of a landmark conservation program for this 
critically endangered species (Lee & Jamieson, 2001). Seventy years later, Takahē are 
now reasonably safe from imminent extinction risk under current management, with 
360 individuals surviving in small populations throughout New Zealand. However, most 
of these birds are currently situated on predator-free islands, sanctuaries on the 
mainland, and at a captive rearing unit near Te Anau. With their free-ranging 
population in the Murchison Mountains slowly approaching carrying capacity, a 
decision was made to identify a new site for the birds and release them into currently 
unoccupied habitat (Glen Greaves, pers. comm.). About 30 birds were released into the 
Gouland Downs of Kahurangi National Park, which had been identified as the most 
promising release site for the birds on the New Zealand mainland by the New Zealand 
Department of Conservation (Department of Conservation, 2017).  

Structure 

The thesis has four research chapters (chapters 2-5 of this thesis), which are brought 
together in a final conclusion (chapter 6). 

Chapter 2: Release Site Selection: Reintroductions and the Habitat Concept  

As part of the research process, the literature review, which would have otherwise 
been embedded into this introduction, developed into a full research chapter. This work 
is intended to set the theoretical framework for the question that I am addressing: How 
do we identify areas of habitat suitable for translocating species, and how can we 
improve this process?  

To begin with, I conducted a literature review on “habitat” and habitat-related 
terms to investigate what “habitat” actually means, how it is being used and why it 
might be being used inconsistently. Using the IUCN Guidelines for Reintroductions, I 
then identified the definition of habitat that I found to be the most useful in the context 
of conservation translocations. I defined habitat as “an area with a species-specific set of 
resources and environmental conditions that promotes occupancy and allows a species 
to persist and reproduce” (after (Hall et al., 1997).  

In a second step, I used this definition to investigate 324 reintroduction projects 
globally to determine how the habitat concept is being used in the context of 
reintroductions. I further investigated what steps have been taken in each reintroduction 
project to identify habitat and measure its quality. I used the information gathered in 
this chapter to familiarize myself with the procedures to select release sites, as well as 
with different habitat concepts, and chose a species-specific concept as a framework for 
the design of the remaining chapters. 
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Chapter 3: Assessing Macro Habitat for Reintroductions 

The habitat selection of a species can be described as a step-wise process of 4 orders 
(Johnson, 1980): 

1. Selection of physical or geographical range of a species (a species occupying any 
space it can reach and survive in) 

2. Placement of home range within the species range 
3. Utilization of habitat components within home range (e.g. identifying foraging 

sites, shelter) 
4. Micro-selection of resources from the available resources (specific food selection 

at a foraging site and selection of suitable nest sites) 

I used these 4 orders to develop a framework for release site assessments. In this research 
chapter, I use geographic information systems (GIS) to address the first 3 orders of 
habitat selection by assessing the quality of Takahē macro habitat features – these are all 
habitat criteria that can be assessed using a mapping approach. Using data on climate, 
topography and human disturbance I created GIS-based spatial overlays of habitat for 
Takahē. This method, which relies on raster data and the solicitation of expert 
knowledge to determine habitat criteria and their impact, is intended to be applied as a 
coarse screening method for candidate species translocation site at landscape level – in 
this study, the New Zealand mainland of both North- and South Island. 

Chapter 4: Assessing Resources Quality for Reintroductions 

As a further refinement of chapter 3, this study addresses the 4th order of selection 
(Johnson, 1980), micro-habitat, which, in the case of Takahē, cannot be assessed 
through mapping. While the methodology of chapter 3 includes a cost-effective 
screening of habitat features such as resource quantity, this chapter takes the next step 
and addresses resource “quality”, in particular the nutrient contents of food sources 
available to Takahē. It therefore provides a framework for assessing the quality of a set 
of candidate release sites that have been pre-selected using coarse site screening at 
landscape level, as introduced in chapter 3. The data used in this component further 
provide an indication of what type of environmental data could be collected as part of a 
species monitoring program, in order to better predict the performance of the species at 
different sites. 

This study was conducted at the Burwood Takahē Centre, a captive-rearing unit 
near Te Anau, New Zealand. Birds at this facility are held in breeding pens and 
protected from predators and other environmental hazards such as avalanches or cliffs 
(both of which are the main mortality factors in the Murchison population). Rangers 
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working at the station have anecdotally noticed patterns in breeding success, with some 
of the breeding pens having a low reproductive success no matter which of the birds are 
resident in the pens. This suggests that some critical feature of habitat quality might vary 
between pens.  

I investigated the data that were being collected as part of the ongoing 
management of the species. In addition, I collected climate and nutrient data within the 
pens. My main objective was to detect any patterns in reproductive success that may 
have been caused by the quality of resources or environmental conditions of the pens. I 
hypothesized that tussocks with low contents of manganese or other nutrients relevant 
for reproduction (Jamieson, 2004) may have a negative effect on reproductive success in 
some of the pens. Taking into account findings that the climate of a nest site can affect 
embryo development (King’Ori, 2011), I further tested whether low humidity and high 
temperatures may further decrease breeding success.  

Chapter 5: Mapping the Management Costs of Translocation Sites 

The selection of a reintroduction site is both an ecological and a business decision, and 
just like any business decision it needs to be financially justified. The best area of habitat 
for a focal species is useless if we cannot afford to manage it, or we might risk expending 
money on one project that could have otherwise been used to initiate not one but 
several, high impact conservation interventions. Practitioners have argued for the 
integration economic planning into conservation project from the beginning of the 
project cycle (Naidoo et al., 2008; Naidoo et al., 2006). 

To take this critical financial aspect into account, chapter 5 introduces a novel 
framework for estimating habitat management costs under utilization of raster data and 
geographic information systems. The theoretical framework for this study has been set 
by R. Naidoo et al. (2006), who identified a set of 5 types of costs that occur in 
conservation interventions: 

• Acquisition costs: The costs for acquiring land for conservation purposes. 
• Transaction costs: Expenses to be made to arrange an economic exchange, 

such as land acquisition. 
• Management costs: The ongoing costs occurring in a conservation 

intervention, such as predator control. 
• Damage costs: The damage that may be caused by the target species. 
• Opportunity costs: Forgone opportunities - every potential profit that cannot 

be made because land is being used for a conservation intervention. 
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Disregarding damage costs (as Takahē do not currently cause a direct damage to crop, 
livestock or humans), I was able to model three of the remaining costs for potential 
Takahē release sites throughout New Zealand. Using data on land and farm sales, I 
developed a model to calculate the average land acquisition costs of Takahē habitat. The 
management costs were developed by considering data on vegetation composition and 
topography, as well as distance to heliports, and estimating their effect on the costs on 
habitat management, in this case predator control. Finally, the opportunity costs were 
modelled by using information on land use capability and the profits of dairy production 
as one of the most profitable forms of land use. Transaction costs were disregarded in 
this study as I found them to be too complex to capture within the set of spatial criteria 
that were available to me.   

1.3 Application 
This thesis is intended to address current research gaps in reintroduction biology, with a 
particular focus on decision-making prior to release. By combining both ecological and 
economic information I developed a framework that I hope will help making the process 
of selecting species translocations sites more sustainable. Using data that were being 
gathered as part of the management of an endangered species, I further intend to 
produce viable information for conservation practitioners in New Zealand and help 
improve the population monitoring of Takahē, both in the wild and captivity. 



 14 

2. RELEASE SITE SELECTION 
 

 
Takahē release in the Murchison Mountains. Photo credit: TNVZ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This research chapter has been published as Stadtmann S. & Seddon, P. J. (2018). Release site selection: 
reintroductions and the habitat concept. Oryx, 1–9. doi: 10.1017/s0030605318001199. The chapter has been 
edited for grammar and language by Martin Fisher and, other than moving the policy recommendations to 
the overall discussion of this thesis, remains in its published format. I developed the methodology, collected 
the data and performed the analysis, while Phil Seddon as my supervisor provided me with methodological, 
contextual and editorial feedback throughout the process 
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2. Release Site Selection – Reintroductions and the 
Habitat Concept 

Abstract: Identifying release sites comprising good habitat quality is one of the most 
important steps in any reintroduction project. However, despite their wide application 
in legislation and research, the habitat concept and habitat-related terms remain poorly 
defined and subject to confusion. Reviewing a variety of definitions, I advocate for 
understanding habitat as an area with a species-specific set of resources and 
environmental conditions that enable a population to persist and reproduce. Using this 
understanding I investigated release site selection as well as the usage of the term habitat 
and other habitat-related terms in 324 reintroduction case studies and reintroduction 
policy documents published during January 1990 – May 2016. Although the use of the 
habitat concept in these publications remained mostly unclear because of the lack of 
definitions provided, I found an overall improvement over time in the quality of 
reintroduction site assessments, and a shift towards more systematic approaches, such as 
habitat modelling and experimental translocation. To further improve reporting on 
release site selection, I recommend updating IUCN reintroduction publications and 
encouraging practitioners to consider the spatial and temporal heterogeneity of habitat, 
as well as the multiple scales at which a species selects its habitat, in the design of a 
release site assessment. 

2.1 Species Reintroductions and Habitat 
Despite increased international commitment and the expansion of conservation 
initiatives globally, we are confronted with an ongoing environmental crisis. Habitat 
degradation, climate change, invasive species and the spread of pathogens are among a 
range of factors causing an unprecedented loss of both species’ diversity and abundance 
(Primack, 2014). Conservation translocations, the deliberate release of organisms into 
the wild to achieve some conservation benefit (IUCN/SSC, 1987, 2013), are an 
increasingly common tool to mitigate the effects of biodiversity loss and to restore 
populations of threatened species (Seddon & Armstrong, 2007). Reintroductions, the 
conservation translocation of an organism to an area within its indigenous range from 
which it has disappeared (IUCN/SSC, 2013), are complex and high-risk projects. To 
improve the chances of success, conservation managers need to address a complex 
matrix of social, economic and ecological dimensions, and to identify release sites 
containing high-quality habitat (IUCN/SSC, 2013). 
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Sufficient knowledge of habitat quality (or the lack of it) is understood to be one of the 
main factors affecting reintroduction outcomes (Cheyne, 2006; Griffith et al., 1989; 
Kleiman, 1989; Osborne & Seddon, 2012; Wolf, Garland, & Griffith, 1998; Wolf et al., 
1996), but this understanding does not translate well into practice. For instance, Powell 
et al. (2012) evaluated the translocation of marten species in the USA and found that 
although all 51 translocations of American martens Martes americana occurred in what 
was supposed to be appropriate habitat, only four of the projects reported in detail on 
the site selection process. Powell et al. (2012) argued that the failure of some projects, in 
particular those in which the founder animals had been predated, could have been 
averted if individuals had been released into better quality areas. 

In another example, Bennett et al. (2013) investigated the failure of a brown tree 
creeper Climacteris picumnus release in the Australian Capital Territory and found that, 
despite experimental habitat restoration measures, the birds had been exposed to 
predation because of lower foraging habitat quality and lack of refugia, compared to the 
conditions facing the source population. It is likely that the chances of reintroduction 
success for this project would have been higher if differences in quality between the 
release site and the source population’s site had been considered in the assessment of the 
release area. 

The importance of habitat has been highlighted not only for terrestrial 
reintroductions but also for releases in aquatic or riparian ecosystems (e.g. Moorhouse, 
Gelling, & Macdonald, 2009). But what exactly is habitat, and how should we use this 
term in the context of reintroductions? 

2.2 The Habitat Concept 
Habitat is one of the most commonly used concepts in ecology. However, numerous 
definitions of habitat exist. The following list, adapted from Dennis, Shreeve, & Dyck 
(2003), provides some examples: 

1. Place, living space in which an organism lives (Odlum, 1963) 
2. Type of environment in which an organism lives (Collin, 1988)  
3. The locality, site and particular type of a local environment occupied by an 

organism (Lincoln, Boxshall, & Clark, 1982)  
4. Place where a species normally lives, often described in terms of physical 

factors such as topography, and soil moisture and by associated dominant 
forms (e.g. intertidal rock pools or mesquite woodland); definitions in the 
ecological literature vary widely but there is consensus for the following: key 
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environment features related to a species; habitat and vegetation 
classifications may be concordant, but not always so (Calow, 1999) 

5. A suite of resources and environmental conditions that determine the 
presence, survival and reproduction of a population (Weddell, 2002) 

6. A zone (area) comprising a set of resources, consumables and utilities for the 
maintenance of an organism (Dennis & Shreeve, 1996) 

7. A set of resources and environmental conditions that promote occupancy by 
a species and enable it to persist and reproduce in numbers (Hall et al., 
1997; Matthewson & Morrison, 2013) 

The changes between these definitions can be very subtle, and mostly differ in the level 
of detail of how they describe an environment in which a species lives. Scientists have 
repeatedly addressed how inconsistently this term has been applied (Dennis et al., 2003; 
Elton, 1966; Hall et al., 1997; Matthewson & Morrison, 2013). Calow (1999) argues that 
linking key environmental features to the distribution of a given species is an inherent 
part of each definition. However, the existing range of habitat concepts can be divided 
into two categories: ecological habitat and species-specific habitat. 

The term ecological habitat can be used for habitat concepts that describe the 
features of an environment in which an organism lives, such as geography or a certain 
vegetation association (i.e. Daubenmire, 1968; Rountree & Able, 2006), see also 
definitions 1–4 above). Hall et al. (1997) rejected ecological habitat concepts for their 
confusion with other terms such as biome, and defined habitat as the ‘resources and 
conditions present in an area that produce occupancy - including survival and 
reproduction - by a given organism’ (Hall et al., 1997). In this case, habitat is species-
specific, which implies more than a description of vegetation structures (Daubenmire, 
1968) or topographical features. Instead, the authors focus on the organism and the 
particular environmental characteristics and resources that it requires to survive and 
reproduce. 

The Hall et al. definition of habitat is closely related to that of the ecological niche 
(Grinnell, 1917; see also definitions 5–7above). The niche concept is used to explain the 
distribution of species, and has developed over time (Elton, 1927; Hutchinson, 1957). 
Matthewson & Morrison (2013) emphasized considering the habitat concept in 
conjunction with a species’ niche. The authors found that habitat alone provides only 
limited insight into biotic interactions and components such as species survival, fitness, 
or a population’s response to a changing environment. 

Hall et al. (1997) recommended avoiding referring to ‘suitable habitat’, as habitat is 
a binary term in species- specific definitions. In other words, an area either is or is not 
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habitat for a given species. If an area does not provide the resources and conditions the 
species of interest requires, then it is not habitat (Hall et al., 1997). However, a habitat 
may be unoccupied for various reasons, thus species presence or absence alone is not a 
good indicator of habitat (Osborne & Seddon, 2012). For instance, threatened 
organisms could lack the numbers to colonize all the habitat that is available to them. In 
the context of reintroduction sites, we suggest using wording such as ‘unoccupied 
habitat’ or ‘prospective release site’ as alternatives. However, habitat can be optimal or 
marginal. Sometimes a clear separation may not be possible. For instance, habitat 
quality can gradually decrease from the center of a population’s distribution. Individuals 
living at the edge of the populated habitat may have limited access to quality resources 
(Osborne & Seddon, 2012). 

2.3 Habitat and Reintroductions 
Before deciding on either a species-specific or ecological habitat definition as a 

framework for a reintroduction site assessment it is important to consider a key concept 
that describes how organisms select habitat. Johnson (1980) described this as a 
hierarchical process with four levels: 

1. Selection of physical or geographical range of a species (a species occupying 
any space it can reach and survive in) 

2. Placement of home range within the species range 
3. Utilization of habitat components within home range  

(e.g. identifying foraging sites, shelter) 
4. Micro-selection of resources from the available resources (specific food 

selection at a foraging site) 

Multi-scale models have proven to be effective in making predictions about the habitat 
selection of a species (McGarigal et al., 2016; Storch, 2003; Store & Jokimäki, 2003). I 
recommend adapting these approaches for reintroduction planning to ensure that all 
levels are being addressed in a release site assessment. However, the decision about the 
underlying habitat concept can alter the approach for how this might be done. 

In an example of how an ecological habitat concept performs under consideration 
of Johnson’s four levels of selection, Prigioni (1995) developed a habitat suitability index 
to assess the potential for river otter Lutra lutra reintroductions in the Ticino Valley, 
Italy. He identified 26 habitats in the Ticino Valley and calculated for each a 
probability of use by river otters. Although Prigioni did not define habitat explicitly, 
terms such as reed thicket and dairy farms, and their identification as individual habitat 
types, clearly indicate an ecological habitat concept based on vegetation associations 
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(Daubenmire, 1968; Hall et al., 1997). Prigioni did not identify directly the resources 
within an area that river otters would require (the species-specific approach) but in- 
stead categorized structural types of landscape otters could potentially inhabit. 
Identifying land cover and vegetative structures that constitute habitat for the species of 
interest is an important step in a reintroduction site assessment. However, a site 
assessment based on an ecological habitat definition is coarser than that based on a 
species-specific approach, and risks overlooking critical microhabitat selection 
(Johnson’s 4th level). Such was the case in Prigioni’s 1995 study, in which three levels of 
habitat selection were addressed. 

It is tempting to avoid what could be expensive fieldwork and rather to complete an 
assessment of habitat only at the third level of selection, using remote sensing and 
geographic information system tools. However, not all information about a candidate 
release site can be derived from remote imagery, in particular information about 
resource quality. Coarse studies at landscape scale are likely to be insufficient to assess a 
prospective release site fully. In the example of a failed release of tree creepers in 
Australia (Bennett et al., 2013), the translocation failed because of insufficient knowledge 
about the release site’s microhabitat quality compared to that of the source population. 
The risk of failure could have been reduced if all levels of selection had been considered 
in the site assessment. 

Including microhabitat in multi-scale habitat assessments is an important reason 
why I recommend using a species- specific definition of habitat, not only in general but 
particularly in the context of reintroductions. Ecological habitat concepts are too 
simplistic to address the complexities of the biological world. They ignore the temporal 
and spatial variation of resources and their contribution to population development, 
rendering ecological habitat concepts essentially useless for management purposes 
(Matthewson & Morrison, 2013; Mitchell, 2005). 

The species-specific definition of habitat used by Hall et al. (1997) has already been 
applied in the context of reintroductions (Armstrong & Seddon, 2008) and integrates 
well with the IUCN reintroduction guidelines, in which the target species is already 
placed at the center of planning (IUCN/SSC, 2013). 

By creating a list of required resources and environmental conditions, planners can 
identify any gaps in the ecological knowledge about the focal species before assessing 
potential release sites. If there are too many unknowns, or if the list of requirements is 
unclear, reliable selection of release sites will not be possible until there is improved 
understanding of the species-specific habitat features. 
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2.4 Review Objectives and Literature Selection 
The main objective of this review was to improve our understanding of how 
reintroduction practitioners do and should select quality release sites for threatened 
species. I retrieved publications using three Web of Science queries: (1) title = 
reintroduc*, (2) title = transloc* AND field = conservation, (3) title = re-introduc*. 

I reviewed all papers written in German, French and English. The queries were 
made in May 2016. In total, 2,920 publications for 1990 – 2016 were shortlisted by 
abstract. Of these, 977 were accessible for initial assessment. Based on the abstracts of 
these publications I determined whether the publication should be shortlisted for use in 
our review. 394 of the shortlisted publications were available in full at that time, either 
as hard copies or for download at the library of Otago University, New Zealand. The 
availability of publications improved for more recent years because of the increased 
availability of online repositories. Although it may have been possible to design this 
study as a systematic review and to retrieve more papers by contacting external libraries, 
individuals and publishers or by adding additional search terms, this would have 
required considerable time and financial resources and would have been unmanageable 
within the time frame of my thesis. 

After reading the 394 full publications, I identified 324 items to include in this 
review. I only considered papers on reintroduction case studies that required a site 
selection process, and papers from the wider field of reintroduction biology reporting on 
aspects of release site selection (see also Figure 1 for an overview of publications per 
region and taxonomic group). Seventy publications were disregarded because they did 
not meet these requirements. 

The review addressed two questions: (1) How was the release site selected? (2) How 
was the term habitat applied? I adapted the 1–4 rating system from Hall et al. (1997): 1 
= excellent, 2 = good, 3 = moderate, 4 = poor. A detailed rating key that describes how 
I rated the publications is provided in Fig. 2. Hall et al. (1997) used these grades to rate 
the quality of how habitat and habitat-related terms have been used in selected wildlife 
management publications. I use these grades to rate both the quality of the release site 
selection process and the use of the habitat concept. The results are presented as trends 
in mean rating for 1990 – 2015. I used locally weighted scatterplot smoothing (LOESS) 
to create trend lines and indicate the number of publications per year that were used to 
create the trend graph. I performed a simple linear regression to measure the strength 
and direction of any linear relationship between quality of habitat definitions and year, 
and quality of release site selection and year. 
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2.5 Number of Studies per Taxonomic Group and Region 
I collected meta-information on target species and release site region (Figure 1). 
Although the number of studies per taxonomic group or region was too small to explore 
trends, the results indicate a taxonomic bias towards studies focusing on birds (n = 117) 
and mammals (n = 106 species), with both groups providing more case studies than 
plants, invertebrates, fish, amphibians and reptiles combined (n = 99). This confirms the 
previously observed bias towards bird and mammal translocations (Bajomi et al., 2010; 
Seddon, Soorae & Launay, 2005). 

The results also indicate a regional bias. The majority of case studies were from 
more developed regions, such as North America (n=108), Europe (n=73) and Australia/ 
Oceania (n = 68). Only a small number of studies were conducted in regions that 
encompass developing or threshold countries in Asia, Africa and South America (n = 
67). This confirms previous summaries of regional reintroduction activities (Seddon et 
al., 2014). 

 
Figure 1 Number of case studies (a) by region and (b) by taxonomic group. From a total 
of 324 articles on species reintroductions. 
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2.6 Types of Release Site Selection 
In the studies reviewed, release sites were selected based on systematic assessments, 
translocation experiments, expert knowledge and the distribution of a species (Figure 2). 
Systematic site assessments include both the creation of habitat models to investigate site 
quality, and surveys of prospective sites using criteria deemed to be important to the 
success of the release. For instance, Laws & Kesler (2012) used Bayesian networks to 
identify reintroduction sites for Micronesian kingfishers Todiramphus cinnamominus. 
Jachowski et al. (2011) investigated the success of reintroduction of black-footed ferrets 
Mustela nigripes at sites that were selected using habitat criteria including, but not 
limited to, the density, colony size and number of colonies of prairie dogs Cynomys spp., 
the ferret’s primary prey. Jachowski et al. (2011) also investigated the commitment to 
monitoring and management, as well as the socio-political situation at each site. 

 
Figure 2 Number of case studies. Studies were grouped (a) by site assessment approach and (b) 
by habitat concept, from a total of 324 papers on species reintroductions. Both the site assessment 
approach and use of the habitat concept were rated on a scale of 1–4. Papers that were not rated are 
listed in the lowest row. 
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Experimental translocations can be applied when ecological knowledge of a species is 
limited. Rather than trying to establish a persistent population, the main objective of an 
experimental release is to improve understanding of the habitat requirements of the 
focal species and its likely overall post-release performance. The information gained can 
then be used to inform a site selection process. For example, Kuussaari et al. (2015) 
released clouded Apollo butterflies Parnassius mnemosyne at two sites in Sipoo and Porvoo, 
Finland, to investigate their ability to establish viable populations on semi-natural 
grasslands (areas that were previously identified as potential habitat for the species). 
Lawes et al. (2012) used radio-tagged pygmy rabbits Brachylagus idahoensis at eight sites in 
southern Oregon to assess homing behavior and survival (for studies introducing other 
examples from plants and birds, see Gordon, 1996 and Kennedy & Marra, 2010). 

Expert knowledge refers to the selection of translocation sites by professionals who 
have been working with the target species for extended periods. Experts usually have in-
depth knowledge of a particular conservation topic or species (Martin et al., 2012; Store 
& Kangas, 2001) and will have developed a strong intuition for its habitat requirements. 
For instance, ferruginous ducks Aythya nyroca have been reintroduced at Lake Steinhude 
(Steinhuder Meer), Germany, under the guidance of experts. The species had been 
absent from the area for 30 years, but after extensive ecological restoration measures an 
expert-guided feasibility study identified the area as being suitable for releases (Brandes 
& Melles, 2012). 

Selection based on information about historical distribution is the simplest form of 
release site selection, and also potentially the most inaccurate and hence risky. It is not 
safe to assume that an area that was occupied by a species at some point in the past 
remains adequate habitat for that species (Osborne & Seddon, 2012). A change in the 
ecological conditions of an area may have been a factor in the extirpation of a species 
from a site. For instance, the South Island Takahē Porphyrio hochstetteri, an endangered 
New Zealand rail, was once abundant throughout the alpine grasslands of New 
Zealand. The major cause of its decline has been the introduction of invasive species, 
including stoats Mustela erminea (Lee & Jamieson, 2001). The Takahē’s distribution had, 
until the recent release of a founder group in Kahurangi National Park, been limited to 
the Murchison Mountains, a secluded area within the Southern Alps of New Zealand 
and one of the last places to be invaded by mammalian predators. However, molecular 
analysis of fossils indicates that the birds were once common throughout most eastern 
coastal, as well as inland parts of New Zealand’s South Island (Grueber & Jamieson, 
2011), with the Murchison Mountains becoming their final refuge. These mountains are 
characterized by harsh climate and rugged topography that cause high mortality rates as 
a result of misadventure (A. Digby, pers. comm.). This factor suggests their current 
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range provides less than ideal conditions. Hence, given the low quality of currently 
occupied areas and a former range overrun by predators, choosing a release site based 
solely on the Takahē’s past or present distribution is problematic. A more systematic 
approach will be required. 

2.7 Quality of Release Site Selection and Use of Habitat Concept 
The rating system for the individual types of site assessment is outlined in Figure 2. The 
scores for systematic assessments, experiments and expert knowledge could each vary by 
a grade, depending on the way in which the release site assessment was reported. If the 
information given was unclear, the paper received the lower of the two ratings. 

Although I recommend considering all four levels of an organism’s habitat selection 
in any release site assessment, I did not include in our rating whether a paper addressed 
them all. Each case study had an individual set of objectives, and I wished to avoid 
giving a study a lower rating if my critique was simply beyond the scope of the study. I 
did, however, include in the rating whether providing additional information on site 
selection would have been desirable in the context of the publication. The number of 
studies per assessment category is shown in Figure 2. 

More than half the studies (n = 141) received a poor rating because the site 
selection process was not reported or was based solely on the past distribution of the 
species. However, the results show an overall improvement in the quality of release site 
selection between 1990 and 2015. Although the mean annual rating leaned more 
towards a moderate grade in earlier years (3.1 – 2-8), overall, release site selection has 
improved continuously, towards a good rating of c. 2.0 (Figure 3). Although a lot of 
unexplained variation remains, this trend is statistically significant (R2 = 0.03; P < 0.01). 
However, although these results indicate a shift towards more systematic assessments, 
translocation experiments and an overall improvement in recent years, they cannot be 
used to determine the quality of individual studies. 

In only one paper was the habitat concept clearly defined (Armstrong & McLean, 
1995); the authors used an ecological habitat definition. In the remaining cases the 
underlying concept had to be derived from the usage of the word habitat and habitat-
related terms. Although in some cases I could identify ecological habitat concepts from 
terms such as wetland habitats or alpine habitats, it was mostly not possible to categorize 
the habitat concepts as clearly species-specific or ecological. Without a clear 
understanding of how the authors used the term habitat we were unable to determine 
how much the underlying habitat concept might have influenced release site selection. 
Instead, we focused on checking for inconsistencies in the use of the word habitat and 
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habitat-related terms. Papers were rated as described in Figure 2 and were included if 
the authors used the term habitat more than four times. The results do not indicate any 
significant trend, with a mean rating of 2.4–2.8 during 1990 – 2015 (Fig. 3), and high 
variation (R< 0.006, P = 0.28). 

 
Figure 3 Mean rating of the quality of (a) release site selection (b) the use of the term 
habitat and habitat-related terms and (c) the number of publications per year. 324 
papers on species reintroductions during 1990 –2015, were investigated, with grey shading (from 
LOESS smoothing) indicating the variance of the data. 
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2.8 Discussion 
The results of my review indicate a development towards more systematic 
reintroduction site assessments, and I encourage researchers and practitioners to further 
improve on reporting release site selection. Species translocations require addressing 
many unknowns (Osborne & Seddon, 2012), and selecting a release site with high 
habitat quality will remain one of the most challenging tasks. A comprehensive 
documentation of these will help inform the design of future translocations. 

It is unclear how the use of various habitat concepts may have influenced the site 
selection approach in the reviewed studies. However, having discussed the shortcomings 
of ecological habitat concepts, I recommend, under consideration of Johnson’s four 
levels of habitat selection, the application of a species-specific understanding of habitat 
in the context of reintroductions. A species-specific framework would help researchers 
and practitioners to identify better the habitat requirements of a species and make it 
easier to translate these into criteria to investigate during a release site assessment. 

I invite researchers and practitioners to consider the eight consequences for 
selecting release sites, introduced by Osborne & Seddon (2012). In his seminal paper, 
Southwood (1977) viewed habitat in a species-specific context of spatial and temporal 
heterogeneity, finding that habitat, as well as a species’ adaptation to habitat, can vary 
and change over time. These are aspects that need to be considered during a release site 
assessment. Osborne & Seddon (2012) translated Southwood’s findings into the 
following eight consequences for reintroductions. 

1. Historical locations of a species’ presence may not indicate present-day habitat. 
2. Present-day locations of a species’ presence may not indicate habitat of good 

quality. 
3. Present-day locations where a species is absent may not indicate habitat of low 

quality. 
4. Present-day locations of a species’ presence may not indicate a suitable future 

habitat. 
5. Not all quality habitat patches will be colonized because the landscape 

components may be missing. 
6. A habitat’s quality and its characteristics vary across the species’ range. 
7. Individuals from across a species’ range may not all be equally suited to the 

chosen release site. 
8. A habitat of good quality may need to be engineered (restored or created) to aid 

colonization and then managed to maintain its perceived value. The complexity 
of doing this is often not appreciated. 
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These provide a framework for the design of site assessments and are based on a simple 
maxim: release sites should neither be selected just because the target species used to be 
there, nor just because the site looks right (Osborne & Seddon, 2012).  

The first four consequences can be addressed simply by avoiding the temptation to 
use the distribution of a species as the sole criterion for release site selection. I have 
discussed the shortcomings of this method using the South Island Takahē as an 
example. However, that does not mean the distribution of the species has no relevance 
or usefulness in the site selection process. For instance, Seidel et al. (1998) used the 
historical range of lynx Lynx lynx populations in the southern Rocky Mountains as a 
deterministic criterion for the identification of reintroduction sites by excluding all sites 
outside their former range within the Rocky Mountains. However, the authors 
concluded that a survey of both current vegetation associations, and the abundance of 
snowshoe hare Lepus americanus populations as an important part of the lynx’s diet, would 
be necessary to identify good release sites within the species’ former range. 

Regarding the sixth consequence (a habitat’s suitability and its characteristics vary 
across the species range), a species’ habitat is usually more diverse and less favorable at 
its periphery, compared to the core range (Channell & Lomolino, 2000). Consequently, 
individuals that utilize the periphery of a range usually have lower survival rates and 
reduced reproductive success (Carrascal & Seoane, 2009). To avoid overestimating the 
quality of a release site by comparing it against low-quality peripheral parts of a range, I 
recommend developing an understanding of habitat as a species-specific set of resources 
and environmental conditions. In doing so, the most important question to be asked 
would be: which individuals across the population distribution have the highest 
productivity, and why? The answer to this question could come from something as 
simple as creating a list of the resources and environmental conditions that are 
correlatives of high productivity. If the habitat requirements were unclear, this would 
greatly increase the risk for the reintroduction project, and one should seek to improve 
ecological knowledge before attempting the reintroduction, or to design the 
translocation as an experiment. The set of resources and environmental conditions will 
ultimately inform how the species of interest selects habitat and should translate into the 
criteria that need to be considered in a multi-scale site assessment. Using this approach, 
the assessment addresses both species-specific habitat selection and the variability of a 
prospective release site. 

The seventh consequence (individuals from across a species range may not all be 
equally suited to the chosen release site) concerns both the choice of the source 
population for the translocation, and the selection of the release site. Individuals derived 
from wild populations can be better suited as founders at a new site, compared to 
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captive-bred conspecifics (Jule, Leaver, & Lea, 2009). However, a species can also 
encompass a variety of genotypes and phenotypes (Blondel et al., 2006), and as a result 
there may be parts of its distribution that cannot be utilized by all individuals. This can 
also be a response to the variation in habitat quality across a species’ range, as addressed 
in consequence six. The release site should therefore be compared only to the habitat of 
those populations or individuals that are suitable founders for the reintroduction. 

Following from consequences 1–7, a release site may be engineered, ecologically 
restored and managed continuously to provide adequate habitat for a population to 
grow and persist (Osborne & Seddon, 2012). For instance, the South Island Takahē 
population in the Murchison Mountains of New Zealand is supported by intensive 
predator control (Birmingham, 2018), which keeps the population of invasive mammals 
at sufficiently low levels for Takahē to persist. However, the example of the brown tree 
creeper shows that even ecological improvements (in this case the provision of tree holes) 
do not guarantee the survival of a reintroduced population if the importance of other 
habitat criteria has been underestimated (Bennett et al., 2013). 

2.9 Conclusion 
In July 2018 the disastrous outcome of a translocation of black rhinoceroses Diceros 
bicornis to Tsavo East National Park, Kenya, was reported (The Guardian, 2018). It is 
now confirmed that all 14 individuals released in the Park have died, and thus more 
rhinoceroses were killed in a single translocation than by poachers in the area in recent 
years. The cause of death for at least nine individuals was found to be saltwater 
poisoning (Save the Rhino, 2018): Water quality appears to have been overlooked in the 
habitat assessment. 

This tragedy demonstrates the risks of species translocations and highlights my 
main point: There can be no compromise when investigating habitat quality. The best 
release site assessments still bear a moderate risk of overlooking important habitat 
criteria, whereas releasing wildlife in an area that simply looks good is extremely risky. I 
am aware of the financial challenges facing many conservation projects, but I invite 
reintroduction practitioners to consider qualitative and systematic habitat assessments 
and to accept the high costs of these approaches, including the necessity of extensive 
fieldwork before translocation, as an essential part of any translocation project. These 
investments are necessary to reduce the risk of the translocation and to ensure the best 
possible outcome. I hope that this understanding will soon translate into reintroduction 
policy documents and the production of more comprehensive habitat assessment 
protocols as part of project and research outputs. 
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I sought here to improve the understanding of the requirements for selecting quality 
reintroduction sites, and to address some inconsistencies in the use of the habitat 
concept as applied to reintroductions. I hope our findings will be of use for researchers 
and practitioners alike, and that the information provided can help reduce the number 
of unknown factors in the design of systematic translocation site assessments. I believe 
that putting the species and its requirements at the center of the site assessment is the 
most effective way to address the many unknown aspects of a reintroduction project. 
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3. MACRO HABITAT 
 

 
Autumn in the Murchison Mountains. This rugged subalpine landscape has, until recently, been the 
only viable option for translocating Takahē within their former range. Photo credit: Sven Stadtmann 
 
 
 
 
 
 
 
 
 
 
 
This core research chapter was produced in collaboration with Mariano Rodríguez Recio who helped me in 
designing the resource selection function for the Murchison Mountains. I further worked extensively with Ralf 
Ohlemüller on the methodology for the habitat quality models which is to be considered the main focus of 
this chapter. 



 31 

3. Macro habitat assessments for reintroductions 

Abstract: The habitat selection process of a species is a step-wise process, beginning 
with a coarse selection of areas that are topographically accessible all the way down to 
selecting the best environmental conditions and resources from all available ones within 
a home range. Here, I argue that the process of release site selection for a reintroduction 
candidate can be aligned with this habitat selection process, allowing for a coarse, cost-
effective screening of candidate sites at landscape level which I demonstrate in this 
chapter. Identifying a set of habitat criteria that can be assessed with geographic 
information systems, I develop a spatially explicit, expert-knowledge informed habitat 
quality model to identify potential South Island Takahē (Porphyrio hochstetteri) release sites 
on New Zealand’s North- and South Island. I further developed a nest site selection 
model for Takahē in the Murchison Mountains recovery site. The spatial overlay 
identified, in particular, the eastern foothills of New Zealand’s Southern Alps as areas 
with high habitat quality. Compared to the harsh alpine regions of the Alps, as well as 
the wet West Coast, the foothills are characterized by favorable climatic conditions, 
remoteness and vast population of tussock grasslands. Around 210,000 hectares of high- 
and highest quality habitat are currently situated within protected areas, however this 
area is fragmented and most of the habitat is unavailable due to the presence of 
predators. The results can be used to identify priority areas for restoring connectivity 
between ecosystems and plan meta-population- and genetic management accordingly. 

3.1 Introduction 
Reintroductions are the deliberate movement and release of organisms into the wild to 
establish a new population. These are complex and often high-risk projects, as 
practitioners are required to spend considerable resources and to release endangered 
species into the unknown.  (IUCN/SSC, 1987, 2013; Seddon & Armstrong, 2007). 

Sufficient knowledge of habitat quality in the release area is understood to be one of 
the main factors influencing the outcome of conservation translocations (Cheyne, 2006; 
Griffith et al., 1989; Kleiman, 1989; Osborne & Seddon, 2012; Wolf et al., 1996, 1998). 
A particular problem of working with critically endangered species is that the organism 
of interest has often been little studied under natural conditions, and the species’ habitat 
requirements remain poorly understood in many cases (Cook, Morgan, & Marshall, 
2010). In addition, extremely small and relict ranges of populations can give wrong 
indications of a species’ ideal habitat requirements, as they might currently populate 
places that are less than ideal for their long-term survival (Osborne & Seddon, 2012). It 
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is often still possible to formulate traditional species distribution models that rely on 
quantifying species-environment relationships based on occurrence records in these 
cases. However, results based on analyses of potential relic populations can be 
misleading (Morales, Fernández, & Baca-González, 2017; Pearsons & Temple, 2007; 
Proosdij et al., 2015). 

Defining habitat 

To avoid possible confusion about “habitat” and habitat-related terms, I understand 
habitat as an area containing a species-specific set of resources and environmental 
conditions that allows a population to survive and reproduce. A species-specific 
definition of habitat is more suited for application in management scenarios 
(Matthewson & Morrison, 2013; Hall et al., 1997) and had already been introduced for 
the purpose of reintroductions (Armstrong & Seddon, 2008; Osborne & Seddon, 2012; 
Stadtmann & Seddon, 2018; chapter 2). 

This definition of habitat is related to that of the ecological niche (Elton, 1927; 
Grinnell, 1917; Hutchinson, 1957), but Hall et al. (1997) consider only abiotic features. 
However, biotic interactions such as predation can still be considered by using habitat 
variables as proxies. For instance, one could measure the quality of shelter from 
predators at the prospective reintroduction site. In a species-specific definition, shelter 
could be considered as a resource that a species would utilize. 

Habitat selection by a species 

It is commonly agreed that reintroductions should not be performed blindly, meaning 
that a species should not be released into an area simply because it “looks” like it has a 
good habitat (Osborne & Seddon, 2012). The IUCN recommends including at least 
some form of quantitative modelling in the selection process for a potential 
reintroduction site (IUCN/SSC, 2013). However, before deciding on a specific method 
for assessing the habitat of candidate release sites it is important to consider the different 
levels at which a species selects resources. Johnson (1980) described this as a 
hierarchical, four-order process in which a species refines its habitat selection beginning 
at landscape-scale, followed by the determination of home range of an individual or a 
group, and resource selection, including micro-selection from available resources (see 
Figure 4). 
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Figure 4 The four orders of habitat selection Johnson (1980) described the habitat selection of 
an organism as a hierarchical process, beginning with the selection of physical or geographical range 
of a species (1st order). Examples of physical/geographical borders include, but are not limited to, 
mountain ranges or the shores of an island. Within that range, 2nd order selection determines the 
home range for an individual or social group. Within a home range, individuals then select and utilize 
habitat feature such as shelter, breeding grounds and food resources (3rd order). At the 4th order the 
organism finally selects for quality habitat items, i.e. the best shelter or the most nutritious food 
sources. 

The main consequence of this framework for species reintroductions are the 2 levels at 
which habitat assessments can- or need to be performed. The 1st and 2nd orders of 
habitat selection are characterized by macro-habitat features that can be investigated 
with relative ease, using remote sensing techniques. For instance, mountain ranges and 
coasts are visible on satellite images, while home ranges of a species can be determined 
by using wildlife tracking devices. The challenge here however, is to identify the critical 
habitat features for the target species. The requirements for release-site assessments shift 
at 3rd and 4th order, where factors such as the quality of shelter, or the nutrient levels of 
plants (which ultimately determine food quality) cannot be assessed with geographic 
information systems.  

Habitat modelling for reintroductions 

Species distribution models (SDM), also known as predictive habitat distribution 
modelling (Guisan & Zimmermann, 2000), environmental niche modelling (Morales et 
al., 2017) or bioclimatic envelope models (Araujo & Peterson, 2012), refer to a large 
toolbox of techniques that are used to explore the geographic distribution of a species 
(Proosdij et al., 2015). Two principal approaches can be used for SDM: Correlative 
models, and mechanistic models. Correlative models use statistical methods such as 
generalized linear models to associate the distribution of a species with available 
environmental data. These models are relatively simple and flexible, and their 
availability within a number of freeware statistical software packages has allowed their 
widespread application. Mechanistic models further incorporate the physiology of a 
species into the modelling process, as well as the flow of mass and energy when an 
organism interacts with its environment (Morin & Thuiller, 2009; Thuiller & 
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Münkemüller, 2010). Mechanistic models can provide powerful predictions under 
climate change scenarios, however extensive knowledge of species physiology and the 
underlying biophysical processes are required to build such models (Kearney, Wintle, & 
Porter, 2010). 

Correlative methods are often the only option available to carry out time- and cost-
effective modeling of habitat for reintroduction candidates. Using presence-only data 
can be effective for modelling many species and regions (Elith et al., 2006; Hernandez et 
al., 2006). However, predicting habitat quality for species with small ranges or a limited 
number of presence-only records will not always be suitable. The main concern is that 
these models can produce unknown sampling bias due to the usually small sample size. 
In addition, the approach bears the risk of overestimating (or underestimating) habitat 
quality if the ecological knowledge of the species is limited (Zaniewski, Lehmann, & 
Overton, 2002). 

A possible solution to these issues could be the use of mechanistic models, which 
can be implemented with smaller sampling sizes. Porter et al. (2006) offer an example of 
using limited data as input for microclimate and endotherm models for Hawaii’s Po’ouli 
Melamprosops phaeosoma). Another way to address the issue of correlated models is to 
combine both mechanistic and correlative approaches within one analytical framework 
(Kearney, Wintle, & Porter, 2010). However, sufficient ecological knowledge of the 
target species is required for these approaches. Since not all endangered species have 
been studied in sufficient detail to allow for the application of mechanistic approaches 
(Peterson, Papeş, & Soberón, 2015), this approach will not always be the best choice for 
assessing reintroduction sites. 

Identifying habitat for reintroductions 

Osborne & Seddon (2012) introduced a set of eight consequences to consider when 
selecting a species translocation site. The authors followed a simple maxim: 
Reintroduction sites should not be selected only because the area looks right, or because 
a species used to be there. 

The selection of scale is a critical step in the habitat modelling process (Guisan & 
Thuiller, 2005). For the purpose of translocation site assessments, I recommend a multi-
scale approach to which sites are being assessed: A coarse landscape-level investigation 
to screen potential reintroduction sites, followed by ground truthing and micro-habitat 
assessments of the most promising sites. 

With the introduction and continuous development of powerful geographic 
information systems (GIS), the development of predictive habitat models (or correlative 
models) has increased rapidly (Guisan & Zimmermann, 2000) and I believe that 
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applying a simple spatial overlay for the habitat screening process can yield meaningful 
results within the limited time frame of a reintroduction project. However, it is 
important to note that such approaches are not intended to provide predictions of the 
future distribution of a target species, but rather to project spatially the geographic area 
that might be suitable to the species, given certain criteria (Thuiller & Münkemüller, 
2010). 

For example, Aryal, Brunton, & Raubenheimer (2013) used a GIS-approach to 
assess translocation sites for blue sheep (Pseudois nayaur) in the Himalayan region of 
Nepal. This translocation did not take place for the sake of the sheep, but to maintain a 
viable prey base for the snow leopard (Panthera uncia) population in the region. The 
authors identified vegetation cover, slope, aspect, elevation, and precipitation as habitat 
criteria for the analysis. Larson et al. (2003) used a similar approach to create landscape-
level habitat levels for 12 wildlife species in Missouri that were of conservation concern. 
In his research the information was stored in raster format. The authors transformed 
geographic data into grid cells of equal length and width. For each habitat criterion, 
they loaded a separate raster into the GIS software. The individual cells of each raster 
received scores based on their individual suitability for the species of interest. The raster 
maps for each habitat criterion were then overlaid and weighed in a final habitat quality 
map. Doing such a spatial overlay for investigating habitat has the potential to provide 
meaningful results under the consideration of both time- and resource constraints of 
conservation authorities around the globe (see also Lentini et al. (2018), who used a 
similar approach and utilized fossil records to determine Kakapo (Strigops habroptilus) 
habitat on the New Zealand mainland). 

It can be beneficial to include the judgement of experts in the habitat selection 
process. Experts usually have in-depth knowledge of a particular conservation topic or 
species (Martin et al., 2012) and will have developed a strong intuition for its habitat 
requirements. For instance, Store & Kangas (2001) developed a method for utilizing 
expert knowledge to weigh the priority of habitat criteria in the habitat modelling 
process for and old-forest polypore, Skeletocutis odara. 

Purpose of this study 

My main objective is to address the time- and resource constraints of conservation 
practice to develop a cost-effective method for a coarse screening of species 
translocation sites, that allows for making adequate predictions about their habitat 
quality. Using New Zealand’s South Island Takahē (Porphyrio hochstetteri) as an example, I 
use both available geographic data and expert knowledge for this task. 
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I understand the habitat selection of a species as a step-wise process (Johnson, 1980) 
that cannot be addressed in a single study. I therefore propose a multi-scale approach 
(Boyce, 2006; DeCesare et al., 2012; Storch, 2003) for release site selection, with this 
chapter addressing the macro-habitat features that are accessible using GIS. This can 
form the basis for micro-habitat assessments such as resource quality sampling, to 
determine the best candidate release sites from a set of options. The process of micro-
habitat assessment will require a different type of assessment, and this will be introduced 
in the next chapter. 

3.2 Methods 
In the first step, I applied spatial overlays to determine the quality of Takahē habitat 
throughout New Zealand. This method is based on the work of Larson et al. (2003) and 
Store & Kangas (2001). Expert knowledge was solicited by applying methods from 
qualitative social sciences, in particular conducting a problem-centered interview 
(Lamnek & Krell, 2016) with representatives of the Takahē Recovery Programme. 
Passages that are derived from this interview are being marked as personal comments. 
Overall, I limited the use of expert knowledge when comparing this study to Store & 
Kangas (2003). While I find the knowledge of people who have been working with the 
species for decades invaluable, I found it also important having a solid foundation of 
quantifiable data for this study. I then use expert knowledge to fill any gaps in the data. 

In a second step, I used data on nest site locations that had been gathered as part of 
the long-term population monitoring in the Murchison Mountains and developed 
correlative resources selection function. This function does not describe habitat quality 
but models the probability of Takahē nest placements within a landscape. In essence, 
this can be best described as a species distribution model with nest site locations as 
response variable. 

Study species: South Island Takahē (Porphyrio hochstetteri) 

The South Island Takahē (Porphyrio hochstetteri) is an endemic and flightless New Zealand 
rail that was once abundant throughout most of the tussock grasslands in the eastern 
coastal and central parts of New Zealand’s South Island (Grueber & Jamieson, 2011). 
With most of their native habitat overrun by invasive species, the birds were pushed 
back into the Murchison Mountains, a secluded subalpine refuge in Fiordland National 
Park (Lee & Jamieson, 2001). Mortality rates in this free-ranging population remain very 
high, mostly due to misadventure, with birds being buried by avalanches, drowning, or 
falling off cliffs (Department of Conservation, 2017). This suggests that the rugged 
Murchison Mountains provide less than ideal habitat for the birds and that any analysis 
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of habitat selection based on the habitat features of the Murchison Mountains alone 
could be greatly misleading. 

While subfossil records (Mills, Lavers, & Lee, 1984) and genetic analyses (Grueber & 
Jamieson, 2011) indicate the past distribution of the species, translocating an 
endangered species into an area solely based on the assumption that it has been there in 
the past is problematic, since the environmental conditions and resource availability 
may have changed considerably (Osborne & Seddon, 2012). 

Invasive species are now abundant throughout New Zealand and it has been 
more than 150 years since the Takahē were widely distributed throughout the South 
Island’s tussock grasslands. Until their recent release in Kahurangi National Park, the 
remaining birds were surviving only in sanctuaries and on predator-free islands where 
they mostly feed on the dominant European grasses (Lee & Jamieson, 2001), which is in 
contrast to their historic tussock diet. Given the high mortality of birds in the Murchison 
Mountains (Department of Conservation, 2017), the very different vegetation features of 
offshore islands and sanctuaries (Jamieson, 2004), as well as the changes in land cover 
due to human activities, neither the present, nor the past distribution of the birds appear 
to give us a clear indication of habitat for Takahē. However, the following leads allowed 
me to identify a number of habitat criteria for the analysis. 
First, Takahē are known to feed on the tiller bases of tussock grasses as one of their main 
diet (James et al., 2010; Mills et al., 1991). The birds are also known to feed on some 
alpine herb species (Mills et al., 1991). 

Second, the high mortality due to misadventure (mostly terrain-induced accidents) 
would cause a 3% population decline per year without continuous release of additional 
birds into the Murchison Mountains (Department of Conservation, 2016). This 
indicates that the terrains dangerous for a flightless rail to persist and that the species 
ultimately requires less rugged lowlands. 

Third, the distance to human settlements and their potential of disturbing the birds, 
as well as the abundance of domestic cats and other predators, can be regarded as a 
threat not only to Takahē, but to endemic New Zealand wildlife in general. Finally, 
previous research found an increase in breeding success of the Fiordland Takahē 
population in years with higher rainfall and higher average winter temperature (Hegg, 
MacKenzie, & Jamieson, 2013). However, birds are also known to avoid places with 
extreme rainfall and can be exposed to severe heat stress on northern islands (such as 
Rangitoto and Tiritiri Matangi), which lowers their productivity when compared to 
moderate temperature and rainfall. This indicates an upper limit for the temperature 
and rainfall regime in which Takahē perform well (G. Greaves, pers. comm.). 
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Expert- Knowledge-Informed Spatial overlays 

Using the information reviewed in the previous section, I determined four 
environmental criteria, and one anthropogenic factor for quantifying spatial patterns 
and extent of habitat for Takahē on the South Island. While the environmental factors 
themselves had been identified from the literature (see Table 1 & 2), I solicitated expert 
knowledge to determine the thresholds for when a criterion indicated good or bad 
quality (see Table 3). 

These criteria were considered in a nation-wide assessment of Takahē habitat, each 
of them stored in a separate raster dataset: Land cover, human disturbance, terrain 
ruggedness, rainfall and temperature (Table 1). Under consideration of the bird’s dietary 
preferences, I used the New Zealand Land Cover Database LCBD v4.1 (Landcare 
Research, 2015) to extract three types of land cover that Takahē can potentially inhabit: 
Tall tussock grasslands, low-production grasslands, and alpine herb fields. I used land 
cover as deterministic habitat criterion, meaning only areas that fall in either of the 
three categories were considered in the analysis. While Takahē may survive in other 
areas as well, I did not consider land cover types such as exotic grasslands as their 
natural habitat, which are the tussock grasslands (Grueber and Jamieson, 2011). 

A digital elevation model of 8-meter resolution (LINZ, 2012) was acquired to 
determine terrain ruggedness (slope). Spatial data on mean annual temperature was 
available at Landcare Research as interpolated raster with 25 m resolution. Annual 
average temperature was calculated by using data that were collected over the period 
1950 – 1980 (LRIS, 2018). Finally, data on average annual rainfall were available at the 
online database of the Ministry of the Environment. Average annual rainfall was 
calculated from data collected between 1972-2013 and stored in an interpolated raster 
with 5110-meter resolution (MfE Data Service, 2018). 

Human disturbance was approximated by distance to the nearest road. I acquired a 
shapefile of New Zealand’s road network (LINZ, 2012) to measure the proximity for 
each grid cell to human activity - both as a potential direct threat, as well as the 
potential for human-wildlife conflicts.  

Table 1 Environmental factors found to affect Takahē habitat.  

Habitat criterion Source 

Land cover Mills et al. (1991), Lee & Jamieson (2001 

Human disturbance - 

Rainfall Hegg et al. (2013) 

Temperature Hegg et al. (2013) 

Slope Department of Conservation (2017) 
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Table 2 Datasets and sources. For the analysis, all data were converted into a 25 x 25 meter. 
The five datasets were stored as individual raster datasets. Each column represents a single criterion 
for the habitat quality assessment. 

Data Format Date Source 

Land cover Feature 2015 Landcare Research 

NZ road network Feature 2015 LINZ 

Average annual rainfall Raster, 5km 1973-2015 Ministry for the Environment 

Average annual temperature Raster, 25m 1950-1980 Landcare Research 

Digital elevation model Raster, 8m 2012 LINZ 

Data preparation 

The analysis was conducted using ESRI’s ArcGIS Pro software, version 2.2. All datasets 
were transformed into a 25 m raster and snapped to the temperature raster using the 
“Feature to raster” – tool. The digital elevation model was converted into a slope model 
to determine terrain ruggedness using the program’s “Slope” tool. The road feature was 
transformed into raster using ArcGIS Pro’s “Feature to Raster Tool” with “cell center” 
method selected. 

Since the land cover dataset had been identified as deterministic habitat criterion, 
the land cover raster was used as a mask for all future analytical steps, meaning no area 
outside the selected land cover types was considered Takahē habitat and therefore 
excluded from the analysis. Distance to roads was calculated as the distance from each 
grid cell to the nearest road using the “Euclidean Distance” tool (Spatial Analyst 
Toolbox). 

Creating habitat quality maps 

In the next processing step I determined three quality classes (low – medium – high) for 
each habitat criterion. An overview of these habitat quality classes is provided in Table 
3. The class breaks were determined in consultation with experts at the Department of 
Conservation. 
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Table 3 Quality thresholds for environmental factors. Note that a raster cell will receive a 
combination of these factors in the analysis. For instance, a Tussock grassland (high quality land 
cover) may only be 0-2000 m away from a road (low quality). The purpose of the spatial overlay is to 
weigh these criteria against each other and calculate an overall habitat quality index. 

Habitat criterion High quality (1) Medium quality (2) Low quality (3) 

Land cover tussock grassland alpine herb field low–prod. grassland 

Distance to roads (m) 5001 – 10000 2001 – 5000  0 – 2000 

Slope (°) 0 – 30 31 – 45  46 – 90 

Average Temperature (°C) 8 – 12 5 – 7.9 / 12 – 14 -6.9 – 4.9 / 14+  

Average Rainfall (mm) 1400 – 3000 3001 – 4000 /  

1000 – 1399  

0 – 999 / 4001+  

For land cover, Mills et al. (1991) identified natural tussock grasslands as the vegetation 
type with the potentially highest habitat quality, in absence of predators. Alpine herb 
fields are known to provide vegetation that Takahē use in the Murchison Mountains 
(Mills et al., 1991; Lee & Jamieson, 2001). While low-production grasslands could still 
hold resources for the birds (Lee & Jamieson, 2001), they are ultimately subject to 
human land use.  

The distance to roads and their possible effect was estimated from the home range 
of the birds. While Takahē tend to wander in the Murchison Mountains, they have 
proven to be relatively territorial once they have discovered an area with good quality 
habitat. Hence, I considered distances of more than 10000 meters to a road to represent 
negligible risk.  

For slope, the main avalanche risk occurs between 31°-45°, at which point the 
terrain also gets extremely dangerous to traverse for Takahē. For the climate data, it was 
more difficult to determine class breaks. It is not known how temperature and rainfall 
affect Takahē breeding success and I was unable to find relevant comparisons with other 
species, consequently I used overall tendencies based on observations by conservation 
managers. Taking into account the heat stress that birds are exposed to on some islands, 
I used the average annual temperature of these places to determine the upper class 
breaks for low quality and medium quality sites (Table 2). Birds in the Murchison 
Mountains tend to breed more successfully in the eastern parts, and to select for areas 
with more moderate rainfall (G. Greaves, pers. comm.), so I used this information to 
estimate the optimum range of rainfall for the birds. 
Store & Kangas (2001) used so-called sub-priority functions, a powerful approach to 
overcome the limits of working with discrete classes when assessing habitat quality. 
Developing these functions, while it could improve the accuracy, was ultimately 
considered unhelpful given the coarse data used in my investigation, and the limited 
knowledge of the Takahē’s habitat preferences in that regard. 
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I used the “Reclassify” tool (Spatial Analyst Toolbox) to transform raster values into the 
three quality classes. The reclassified raster maps were then overlaid, and an overall 
habitat quality score generated using “Weighted Sum” (Spatial Analyst Toolbox) The 
“Weighted Sum” tool creates a habitat quality score ranging from 1 (high quality) to 3 
(low quality) for each grid cell. In this process, each raster also received a multiplier 
representing the individual importance of a habitat criterion when compared to the 
others (see Table 6). I ran 6 models, 5 of which each emphasized the importance of a 
single habitat criterion by increasing its multiplier. I included an additional overlay with 
even multipliers across all habitat criteria. From each model, I then extracted those grid 
cells that were identified as the best habitat (top- 25 % quality, or “Weighted Sum” 
values 1.0 – 1.76). These grid cells were then overlaid in a final map. Here, grid cells 
received a higher habitat quality score if they had been identified as high quality by 
multiple models. 

This process was repeated for another 5 “Weighted Sum” – overlays in which I 
excluded human disturbance from the analysis. 

Nest Site Selection Model 

For the nest site selection model, I used the following raster datasets: 

• Slope (derived from the NZ digital elevation model) 
• Aspect (derived from the NZ digital elevation model) 
• Elevation (derived from the NZ digital elevation model) 
• Average annual rainfall (Ministry of the Environment) 
• Average annual temperature (LINZ) 
• Land cover (Landcare Research) 

Additionally, I acquired a dataset of 38 Takahē nest locations that were collected as part 
of a full population census in the Murchison Mountains in 2006 (Department of 
Conservation, unpublished data). GPS data for other sites were unavailable. In addition, 
the offshore islands, while breeding sites, are not considered natural habitat for Takahē. 
Hence, I limited the use of data to the Murchison Mountains. In preparation for the 
analysis, temperature was divided by 10 and all continuous variables were scaled. I 
converted the aspect variable into a categorical variable of 5 factors: 
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• North:  <45° & >= 315° 
• East: >= 45° & < 135° 
• South: >= 135° & < 225° 
• West: >= 225° & <315° 
• Flat: -1 

I conducted a correlation test for multicollinearity between continuous variables. (r > 
0.7; Hosmer & Lemeshow, 2010). Elevation and temperature were correlated, so 
elevation was discarded in further analyses.  Next, I drew five random location points 
per nest site. This number ensured a reasonable number of zeros in proportion to the 
number of independent variables. Because the nest survey was part of a full population 
census, I assumed each random point to represent a real nest absence. Each variable 
was tested against the dependent variable of nest presence/absence (1 and 0, 
respectively). 

I ran a non-spatial logistic regression in a generalized linear model (GLM) in R v. 
3.3.2 (R Core Team, 2018), package lme4 v.1.1-21 (Bates et al., 2018). First, I 
conducted exploratory univariate analyses with each variable independently. The 
nature of the landscape often results in a spatial autocorrelation in the data (Legendre, 
1993). Spatial autocorrelation is a source of bias in spatial analyses and models and it 
can seriously affect coefficient estimates.  I ran the global model that incorporates all the 
independent variables and examined the residuals using exploratory correlograms and 
Moran’s I test (Dormann et al., 2007) in the ape package v.5.2 in R v.3.3.2 (Paradis et 
al., 2018). Because the spatial autocorrelation occurred at distances under 
approximately 300 m and the minimum distances recorded between nests was 200 m 
for a single pair, I considered this spatial autocorrelation was most likely due to the fully 
random selection of absences. Hence, to simplify the analysis and continue with a non-
spatial logistic regression formulation, I selected again the random points spaced this 
time by at least 300 m. This sampling fashion almost fully eliminated the spatial 
autocorrelation. 

I conducted a backwards stepwise regression (Bruce and Bruce, 2017) using the 
MASS package in R (Ripley, Venables, & Bates, 2018) with the variables and the square 
terms of precipitation and rainfall:  

nest presence ~ aspect + slope + temperature + temperature2 + land 
cover + rainfall + rainfall2 

Because the variables were scaled, this reduced the autocorrelation between the 
variable and square term. Moreover, to control for multicollinearity in the categorical 
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variables, I used as reference the factor value most abundant among the alternative 
values of each categorical variable (i.e. aspect and landcover type). To validate the 
model and considering the small sample size of presences, I used a jackknife technique 
(Efron & Tibshirani, 1993) of “leave-one-out” point at each time that I used a test point, 
while I trained the model with the rest of the points. Using the predictions obtained for 
each point from the best model trained with all the points, I calculated the threshold 
value that split continuous values of the probability of presence into a binomial 
presence/absence output using the value that maximized the sum of sensitivity plus 
specificity. I then quantified the amount of predicted values using the jackknife 
approach that fell correction in the previous classification. 

A final map depicting the probability of nest presence over the study area was 
computed by applying the logistic formula (i.e. the resource selection probability 
function (RSPF), (Boyce & McDonald, 1999) for each raster pixel: 

t(x) = exp(b0 1 b1x1 1 b2x2 1 … 1 bkxk)/[1 1 exp(b0 1 b1x1 1 b2x2 1 … 
1 bkxk)] 

3.3 Results 
In total, my models identified about 3,889,416.9 hectares of Takahē habitat available 
within New Zealand’s tall tussock grasslands, alpine herb fields and low-production 
pastures; 1,623,787.2 hectares, or 42 % of all habitat, is available in protected areas. 

Expert Knowledge-Informed Spatial Overlay 

Figure 5 a) – d) indicate that on the South Island, the eastern foothills of the Southern 
Alps were identified as high-quality habitat (habitat quality score between 4-5), while the 
alpine regions and the west coast received lower ratings, as did most of the cultivated 
central and eastern parts of the South Island (note that this pattern can be seen easier on 
the larger maps in Appendix 2). Due to the limited distribution of tall tussock species 
there was less Takahē habitat identified by the models for the North Island, however 
areas in Tongariro National Park and a region to the east received the highest ratings. 
Other areas with relatively large amounts of high-quality habitat include Lake Summer, 
the Dampier Range, Lake Heron, and Lake Pukaki in the South Island, however not all 
of these areas are within public conservation land (see Figure 5 c) and d)). 
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Figure 5 Habitat quality score. Higher values indicate that, for the corresponding grid cell, a 
higher number of the “Weighted Sum” models have identified the area as high-quality habitat. The 
maps compare the results of ecological-only models (2a) and 2c)) against those where “Distance to 
roads” was included as anthropogenic criterion (2b) and 2d)). Figures 2 c) and d) only display habitat 
available in protected areas. Grey areas are not considered Takahē habitat and were excluded in the 
analysis. High resolution maps are available in Appendix 2. 
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Table 4 indicates that the proportion of habitat with scores 3 or 4 (medium and high 
quality) is slightly higher within protected areas (46 % and 49 %, compared to an 
average of 40 % for areas with habitat quality scores 0-3). 30 % of very high-quality 
habitat (category 5) is currently protected. 

Table 4 High-quality habitat within protected areas (ecological overlays only). The 
habitat quality score indicates how many of the base models have identified the area as high-quality 
(Areas with a “Weighted Sum” value between 1.0 – 1.76 qualify as high-quality – the best 25%) – the 
higher, the better. The 2nd column shows the total area (hectares) of habitat within each quality score 
category. The area per habitat score within protected areas and their proportion of each score 
category is shown in the third and fourth column. 

Habitat quality score Area (ha) Area within PA (ha) Area within PA (%) 

0 438,278.5 178,104.5 40.6 % 

1 1,404,734.4 560,548.7 39.9 % 

2 1,245,758.6 509,393.6 40.8 % 

3 355,626.9 162,662.1 45.7 % 

4 420,167.8 205,401.3 48.8 % 

5 24850.6 7,677 30.8 % 

Considering the datasets of the four ecological habitat criteria (land cover, slope, rainfall 
and temperature, see Table 1 - 3), Table 5 shows the relationship between high-quality 
habitat identified in the ecological criteria datasets (see Table 3 for habitat quality 
classes) and the distribution of these high-quality areas in comparison to the distance to 
roads criterion. The effect of roads on habitat quality has a limited range, as 61 % of 
habitat identified as high-quality in the ecological datasets are within a large distance to 
roads, as well as 56 % of the medium – high-quality areas, which together comprise an 
area of about 1.78 Million hectares. 

The maps of the “Weighted Sum” overlays that were used to create the final 
habitat quality map are displayed in Figure 6. An overview of how the individual habitat 
criteria were being weighed, as well as the total area of high-quality habitat identified by 
each model, is displayed in table 6. 
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Table 5 Ecological habitat quality and human disturbance. In the five base datasets, land 
cover, slope, rainfall, temperature and distance to roads, information on habitat quality is stored as a 
value: 1 - high quality, 2 - medium quality, 3 - low quality. Here, I used this information to determine 
the habitat quality of a grid cell prior to running the “Weighed Sum” overlays and summed up the 
values for each habitat criterion. For instance, if all four ecological datasets identified a grid cell as 
high quality, the summed value would be 1 + 1 + 1 + 1 = 4. On the other hand, cells with higher 
values have a lower overall quality. I summed up the values from each of the ecological criteria and 
grouped them into 4 categories (first column). The sums included in each group are shown in 
brackets. I then calculated the proportion of overlap between these groups and the three levels of the 
distance to roads habitat criterion. See also Table 3-3 for an overview about the habitat quality classes 
for each criterion. 

Habitat quality group  Area (ha) % of total area  Low dist. to roads Med dist.  High dist. 

High quality (4) 24844.3 0.60 % 14.92 % 18.19 % 61.40 % 

Med - high quality (4 - 7) 1759179.5 42.15 % 17.88 % 25.28 % 56.37 % 

Med - low quality (9 - 12 1087280.7 26.05 % 24.76 % 27.95 % 47.25 % 

Low quality (12) 100.0 < 0.01 % < 0.01 % 40.60 % 59.30 % 

Table 6 High quality habitat identified by ecological "weighted sum" overlay. For each 
overlay, the “Weighted Sum” tool measured the habitat quality of a single grid cell on a scale from 1 
(high quality) to 3 (low quality). I identified and extracted those cells that were identified as high 
quality (score 1 – 1.76, the top-25 %) and calculated their total area per model in the right column. 
The numbers in the left column are the weights, or multipliers, that were applied to the habitat 
criteria in each “Weighted Sum” scenario. DR = Distance to roads, LC = Land cover, SL = Slope, T 
= Temperature, R = Rainfall. 

Model emphasis LC SL T R Total Area (ha) 

1 Even 0.25 0.25 0.25 0.25 800,645.38 

2 Rainfall 0.1 0.1 0.1 0.7 972,176,06 

3 Temperature 0.1 0.1 0.7 0.1 1,317,201.5 

4 Slope 0.1 0.7 0.1 0.1 1,552,030,38 

5 Land cover 0.7 0.1 0.1 0.1 2,126,003,56 
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Figure 6 Weighted sum overlays. While all 4 ecological criteria were considered in these 
overlays, the weights were distributed differently in each overlay: a) even priorities across all criteria, 
b) priority land cover, c) priority slope, d) priority rainfall, e) priority temperature. These maps should 
be used in conjunction with the data in Table 3-5, which show the weights for the habitat criteria in 
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each of the 5 overlays. Only the ecological overlays were included in this Figure. High resolution 
maps are available in appendix 3. 

Using a matrix (Table 7), I further compared, pair-wise, the overlap of high-quality 
habitat identified between the “Weighted Sum” overlays (see Table 5 and Figure 6). 
The overlap of high-quality habitat between two models tends to be 11-15 % in most 
cases. However, there is only a 4.83 % overlap of high-quality habitat simultaneously 
identified by the model with even priorities (for more detail on model priorities see 
Table 6) and the one that emphasizes average temperature. The highest overlap exists 
between the overlays that emphasize rainfall vs. land cover (20.4 %) and land cover vs. 
slope (19.18 %). 

Table 7 Overlap matrix of habitat quality. As pair-wise comparison of the overlays introduced 
in Table 5, I calculated the percentage of overlap in high quality habitat (Weighted Sum value 1.0 – 
1.76) between overlays. The percentage indicates the amount of habitat that had been identified in 
both overlays of a pair, as a proportion of total habitat available (3.8 Million hectares). 

Model 1 Even 2 Temperature 3 Rain 4 Slope 5 Land cover 

1 Even - 4.83 % 12.43 % 15.58 % 16.78 % 

2 Temperature 4.83 % - 6.01 % 11.81 % 3.42 % 

3 Rainfall 12.43 % 6.01 % - 11.32 % 20.40 % 

4 Slope 15.58 % 11.81 % 11.32 % - 19.18 % 

5 Land cover 16.78 % 3.42 % 20.40 % 19.18 % - 
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Nest Site Selection 

The results of the linear in Table 8 indicate a positive association between nest-site 
selection and land cover types alpine scrubland & tall tussock grassland, as well as 
negative association between slope and average annual rainfall. 

Table 8 Results of the linear model, Murchison Mts. nest site selection. The data indicate 
significant negative associations between nest site selection and slope and rainfall, as well as positive 
association with tussock grasslands. The performance of the models (measured with AIC) improved by 
adding a square term for both temperature and rainfall. 

Coefficient Estimate Std. Error z-value Pr(>|z|) 

Aspect east 0.13 0.66 0.19 0.85 

Aspect flat -20.08 2780.15 -0.01 0.99 

Aspect South -0.85 0.71 -1.20 0.23 

Aspect West -0.02 0.69 -0.02 0.98 

Slope -1.70 0.40 -4.30 > 0.01 

Temperature2 -0.77 0.51 1.51 0.13 

Rainfall2 -1.34 0.43 -3.11 > 0.01 

Alpine herb field -11.94 1807.56 -0.01 0.99 

Tussock grassland 4.03 1.06 3.79 > 0.01 

Gravel or rock -10.98 2516.92 > -0.01 1.0 

Land slide -10.11 2205.07 > -0.01 > 0.01 

Pond 5.27 2.39 2.21 0.03 

Shrubland 4.09 1.17 3.49 > 0.01 

The univariate models, which use temperature and precipitation benefited from 
incorporating a square term. This improved the value of the Akaike Information 
Criterion (AIC, Burnham and Anderson, 2002). The final validation value for the model 
is 0.85, which is a good performance according to the AIC classification of Burnham & 
Anderson (2002). The results of this model translate into the map shown in Figure 7, 
where it is being compared to the expert knowledge-informed model. The habitat 
quality model identified the eastern parts of the Murchison Mountains as an area with 
higher-quality habitat than compared to the western parts. However, the nest site 
selection model still indicates a high probability of nesting in significant parts for the 
western Murchison Mountains. 
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Figure 7 Predictive map of nest site selection (a), in comparison with expert-
knowledge informed spatial overlay (b).  



 51 

3.4 Discussion 

Knowledge-Informed Spatial overlays 

The results reflect the general climatic, topographic and land-use patterns of New 
Zealand’s South Island: The west coast has extreme precipitation that likely exceeds 
good Takahē habitat quality (Figure 5 c)), and the terrain of the southwestern Southern 
Alps is very rugged, which had been interpreted as low-quality habitat by the model. 
While central Otago has habitat available, the climate is hot and dry compared to other 
parts of other country and the potential of human disturbance is high. This is reflected 
in the model, as these areas have some of the lowest habitat quality scores. Habitat 
quality generally decreased towards the east, with tussock grasslands being replaced by 
low-production farmland (Figure 6) and more densely populated areas with dry climate. 

The models considered all areas that would, in theory, be available to Takahē. 
However, virtually all areas are currently overrun by mammalian predators, hence 
habitat management, pest control in particular, will be required at any candidate release 
site. One option to implement this at sufficient scale will be on public conservation 
lands, which are already under some form of state-run protection. Any additional areas 
would have to be purchased (an unlikely scenario given the financial constraints facing 
most conservation programs) or be managed by public conservation groups. Given the 
usually high public support of conservation in New Zealand, community-based 
conservation is already being practiced in a variety of projects and might become a 
viable option for Takahē. 

Considering Fig 5 (c) and (d), large areas of habitat in the central and eastern parts 
of the South Island are currently unavailable, however these areas are mostly of very 
low quality. Most of the eastern slopes of the Southern Alps, in particular their northern 
extents, are within protected areas and therefore remain viable options for candidate 
release sites. 

As pointed out in Table 4, in the absence of predators, large areas of high-quality 
habitat (score 4 & 5, around 210,000 hectares) remain in protected areas. The long-term 
recovery goal for the species is to have at least 2 self-sustained populations of 500 
individuals. This would require two areas of 25,000 hectares, as the size of Takahē 
territories in the wild can be up to 50 hectares (G. Greaves, pers. comm.) While there 
are large areas on public conservation land still available, the habitat is also fragmented. 
Under the condition of all predators being eliminated, the key challenge will be to find 
habitat patches to fulfill the management criteria mentioned above. Further research 
could support this decision-making process by determining priority areas for restoring 
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ecosystem connectivity and by further investigating the spatial and territorial 
requirements of Takahē. 

One interesting find was the availability of very high-quality habitat in the 
Tongariro region of the North Island. While invasive species are abundant in this area 
(G. Greaves, pers. comm.) it remains a viable long-term option to establish a Takahē 
population on the North Island mainland once the predator problem has been resolved.  
However, while Takahē are abundant in island refuges and sanctuaries around the 
North Island, translocating any birds into Tongariro NP could be considered to be a 
conservation introduction (IUCN/SSC, 2013), since no South Island Takahē were 
native to the North Island. Such a move would require special approval, as the birds 
would be moved outside their indigenous distribution to function as an ecological 
replacement for the extinct North Island Takahē (Porphyrio mantelli). 

Nest Site Selection 

With a final validation score of 0.85, the model can predict the selection of nest sites 
within the Murchison Mountains with relatively high accuracy. It further indicates a 
high probability of nest site selection in areas of the western Murchison Mountains – a 
region which had been identified as habitat of lower quality by the expert knowledge-
informed habitat quality model. This may indicate an ecological trap that may be 
caused by more favorable terrain conditions, as the nesting success of habitat has been 
observed to be higher in the eastern parts (Glen Greaves, pers. comm.). However, this is 
a subjective observation made by the Takahē Recovery team and had not been not 
quantified as part of this research process. 

It needs to be emphasized that the nest site selection model is solely based on the 
relic population of the Takahē in the Murchison Mountains, which provides less than 
ideal habitat for the birds, and clearly biased towards nesting behavior. It is not 
recommended to use this model to make prediction across New Zealand at landscape 
level as the results will likely be biased and sites of higher quality may be overlooked. 

Reliability of the Models 

The main objective of this study was to develop a cost- and time effective screening 
process of candidate species translocation sites for Takahē. Both the methodology and 
application of GIS has proven to be a powerful method for quickly assessing landscape-
level habitat criteria, and one that can be adapted to the selection of translocation sites 
for other taxa in New Zealand and overseas.  

In the past decade, Geographic information systems have developed into very 
comprehensive platforms that are relatively easy to use and that have a thriving online 
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support community. In recent years, there has also been an increase of popularity in the 
use of fuzzy modelling which is a modelling technique that helps to smoothen the 
boundaries between classes as they had been used in this analysis (i.e. Hattab, et al., 
2013). I found that I was ultimately lacking sufficient data on how Takahē perform 
along different environmental- and climatic gradients- knowledge that would have been 
essential to inform these models. However, this is a possible avenue for further research, 
as new data on Takahē performance are currently being generated at their new 
recovery site in Kahurangi National Park (Hunter, unpublished).  

Habitat criteria 

The method proposed in this chapter relies on pre-existing data. In my case, I was able 
to access the public database of both Land Information New Zealand (LINZ) and 
Landcare Research, but extensive spatial datasets such as the ones I used might not be 
available for all regions in the world. Further, some uncertainty about the quality of the 
datasets remains. 

For instance, it appears that in my analysis, the Heaphy Track, a Great Walk 
hiking trail in the North of New Zealand’s South Island, had been identified as a road in 
the LINZ dataset. This lowered the habitat quality score of the Gouland Downs, an 
otherwise highly promising translocation site for Takahē, in those overlays that included 
“Distance to roads”. Comparing the results of the “Distance to roads” raster to the NZ 
topographic map revealed that this did not happen with every hiking trail, however it is 
unclear how many tracks were entered incorrectly into the database. Further, I was 
unable to adjust the model for traffic density, as this information was not available for 
GIS, hence rural roads were interpreted as having the same threat level as a state 
highway. However, this raster set was also included to measure the potential of human 
wildlife conflicts in general, which is inherently higher near roads, which lead to 
agricultural areas and settlements. 

Using slope as habitat criterion was helpful to identify less dangerous terrain for 
Takahē habitat. The criterion may have underestimated the habitat quality in some 
regions, since the bird’s mortality seemed to be less affected by the difficulty of the 
terrain, rather than avalanche risk (G. Greaves, pers. comm.). However, the map 
indicates that most of the steepest terrain occurs in the alpine regions of New Zealand’s 
South Island. In addition, terrain ruggedness should also be considered to assess the risk 
level for humans – accidents are more likely on steep terrain. In addition, using the 8m 
digital elevation model (available at LINZ, https://data.linz.govt.nz/layer/51768-nz-
8m-digital-elevation-model-2012/) might not provide the best accuracy for a spatial 
analysis, since it has primarily been derived from LINZ Topo50 20m contour lines. This 
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process will have likely caused considerable distortions. While the application of this 
DEM might suffice at the 25m resolution used in my analysis, the use of the alternative 
and more precise 15m DEM would have been desirable (Tony Moore, pers. comm.).  

Finally, the climate data, while comprehensive, were hardest to integrate due to the 
lack of knowledge how directly Takahē are affected by rainfall and temperature. This 
step required the strongest inclusion of expert knowledge into the analysis, as the class 
breaks for the overlays had to be estimated based on the experience conservation 
managers have with the birds at both wild sites and island sanctuaries. 

Considering expert knowledge 

The selection of the habitat criteria was based on the findings of previous research. To 
determine the class breaks for the habitat criteria, I then consulted experts of the 
Takahē Recovery Program. This happened mostly in the form of expert interviews 
(Lamnek & Krell, 2016). Such an approach can be considered less formal and rigorous 
than other methodologies provided in the scientific literature (Store & Kangas, 2001). 
However, the amount of time that had to be invested by each participant was also 
significantly lower. I consider my approach to be a compromise between the limited 
time and resources of conservation managers and the higher level of detail of Store & 
Kangas, 2001). 

Nest Site Selection Model 

Facing a lack of spatially referenced data, the main caveat of the model is the relatively 
small sample of 38 nest sites. However, the model gives us some important insights on 
the current population monitoring of the Takahē in the wild, the most important being 
the missing spatial and environmental link of the productivity data collected by the 
Department of Conservation. While there is a huge amount of productivity data 
available for birds in the wild, which had been collected over a very long time-frame, 
these data remain poorly referenced. Out of the 461 nest sites recorded in the 
Murchison Mountains, only 41 had full GPS coordinates, and all were recorded in 
2006. Of these, only 13 had full productivity records associated, which, overall 
represents a dramatic loss of valuable information. 

I recommend continuing to record the locations of any nests and their reproductive 
data, including their GPS location, as this will strongly improve data quality and allow 
for more sophisticated analyses. In a second step, I do recommend the collection of 
environmental data, such as climate, humidity and vegetation composition among 
others, so we can connect this information with the spatially referenced productivity 
records. A major challenge of the current monitoring that I encountered was the missing 
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link between productivity and environmental factors. While we have a good 
understanding of Takahē population dynamics (Hegg et al., 2013), we still struggle to 
quantify the underlying environmental conditions that factor into these dynamics. 

Conclusion 

I found that a landscape-level habitat assessment can be the first step in a full release site 
assessment for a reintroduction project. It is unlikely that a candidate species will have 
habitat requirements that are all measurable at landscape scale. Considering Johnson’s 
(1980) four levels of habitat selection (Figure 4), micro-habitat features such as the actual 
quality of resources (which determine, in particular, the 4th level of selection), cannot be 
measured with remote sensing techniques. While it is, to a degree, possible to determine 
plant health with infrared surveys, I am unaware of aerial or remote sensing methods 
that could assist in determining the nutrient quality of resources or reveal toxins present 
in an area. 

I therefore recommend using the method outlined in this chapter for a coarse 
screening of potential reintroduction sites, or to determine the area that might be 
available for a translocation candidate. Here, I believe that my approach can be a way 
to reduce both costs and uncertainty of a project and help planners make effective 
decisions for taking the next step towards the selection of a species translocation site. 
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4. MICRO HABITAT 

 

 
Breeding pen at the Burwood Takahē Center. Birds are being held in 19 pens of 1.0 – 1.5-hectare size. 
They produce between 20 – 25 viable offspring per year that are being used to supplement the two wild 
populations in the Murchison Mountains and the Gouland Downs. Photo credit: Sven Stadtmann. 
 
 
 
 
 
 
 
 
 
 
This research chapter was produced in collaboration with the New Zealand Department of Conservation who 
provided extensive logistic support, funding for the nutrient analysis and overall input from conservation 
practice. I designed the field methodology, collected the data and performed the analysis and received 
continuous input on sampling design and analysis, as well as ecological knowledge of the birds, from Glen 
Greaves and Andrew Digby. 
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4. Micro Habitat Assessments for Reintroductions 

Abstract: Reproductive success is an important measure of a population’s fitness. It is a 
key component in population viability analysis and is being used to predict the 
reproductive performance of a reintroduction candidate at a prospective release site. 
Here, I utilize population monitoring data and information of micro habitat quality to 
detect and explain patterns in breeding success of captive Takahē. While I was unable 
to detect any pattern in breeding success with mixed effect models, one breeding pen 
remained as an outlier with very low breeding success that correlates with poor nutrient 
concentrations in palatables of the same pen, in particular low manganese contents. 
While I was unable to quantify a relationship between environmental variables and 
breeding success, I found one breeding pen to be an outlier with particularly low 
manganese contents in combination with very low breeding success compared to all 
other pens. Further research into the soil quality and structure and water regime might 
be able to determine the variation in manganese content in the pen’s tussocks. I further 
found that the sampling design used in this chapter can be useful to determine micro 
habitat quality of candidate release site and I recommend linking population data with 
information on habitat quality in the design of any long-term monitoring program. 

4.1 Takahē – Translocations, Captive Rearing and Habitat 
Reproductive success is an important measure of a population’s fitness (Burger, 1982) 
and information on productivity is commonly collected in species monitoring programs. 
It can be applied as a vital rate in population viability analysis (PVA), a tool that allows 
conservation managers to project a species population performance to explore 
extinction probabilities within pre-defined timeframes (Boyce, 1992). 

PVAs have been used to predict the outcome of species translocation projects 
(Schaub et al., 2009). A conservation translocation, including reintroduction, is the 
deliberate release of an organism into the wild to achieve some conservation benefit 
(IUCN/SSC, 2013; Seddon et al., 2007). Reintroducing an organism is a complex task 
that requires extensive knowledge of the target species, in particular of those founder 
individuals used to establish the new population (Houde, Garner, & Neff, 2015). Using 
quality data on the productivity of the founders has the potential to greatly improve the 
accuracy of PVA that, in return, allows us to determine such aspects as the desired 
features of a release area, and the number of founders needed for a successful 
translocation. 
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While a considerable amount of an individual’s productivity is pre-determined by its 
genetic- and life history traits (Frankham, 2005), habitat is commonly agreed to be 
among the key factors affecting the outcome of species translocations (Griffiths, 1989, 
Osborne & Seddon, 2012). Habitat is defined in this context as a species-specific set of 
resources and environmental conditions that allows a population to persist (Hall et al., 
1997). Using this definition as a framework allows for the design of quality release site 
assessments, monitoring programs, or to investigate the productivity of the source 
population for the translocation. Failure to design comprehensive release site 
assessments and overlooking important habitat criteria greatly increases the risk of 
undesirable translocation outcomes (Bennett et al., 2013; The Guardian, 2018). 

As demonstrated in chapter four, a coarse, GIS-based release site assessment can be 
an effective way to pre-select candidate release site from across a wider landscape. 
However, most habitat features can be investigated at landscape-level when using this 
approach. To investigate the quality of resources, in particular the nutrient contents of 
palatables that are known to have an effect on reproductive success of some species, a 
more thorough and ground-based approach is required. 

In New Zealand, species translocations have become a common tool to restore 
populations of endangered wildlife. One of the most prominent recent examples has 
been the release of 30 South Island Takahē (Porphyrio hochstetteri) into the Gouland 
Downs in Kahurangi National Park on New Zealand’s South Island. 

Takahē were hunted to extinction in parts of the county by early settlers and 
decimated by invasive predators in most other areas (Grueber & Jamieson, 2011). 
Thought to be extinct for almost 50 years, the birds were rediscovered in the Murchison 
Mountains in 1948, their last natural refuge (Lee & Jamieson, 2001; Reid, 1974, 1978). 
This mountain range supports extensive alpine herb fields and tussock grasslands 
(Evans, 1978; Wardle, 1978) - the bird’s presumed main habitat requirement on the NZ 
mainland (Lee & Jamieson, 2001). 

Both wild populations in the Murchison Mts and the establishing population in 
Gouland Downs are being supplemented with birds from a captive breeding program 
(Department of Conservation, 2015, 2016) near Te Anau. Each season, the Burwood 
Takahē Centre produces around 25 chicks under semi-natural conditions (Department 
of Conservation, 2015, 2016). Captive birds are held as breeding pairs in each of a total 
of 19 pens. The pens encompass the birds’ natural tussock habitat, but without the 
topographical hazards of the Murchison Mountains, and with a more moderate climate 
and no predators. The main diet of the birds at Burwood are the same tussock species 
found in the Murchison Mountains. This enables the parent birds to raise their chicks 
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without intensive management, except for periodic health checks and occasional minor 
supplementary feeding (Department of Conservation, 2016). 

Department of Conservation staff at Burwood have recorded variation in the 
reproductive success of the birds. The rangers noted that birds in some pens appear to 
breed more successfully than those in others. These patterns seemed to occur no matter 
which birds were resident in the pens, as birds are moved between pens or re-paired as 
part of ongoing management for genetic diversity. This anecdotal observation suggests 
that habitat quality might differ between pens, and that this might influence the 
reproductive success of the birds. However, to date no quantitative investigation of the 
reproductive and environmental data collected at Burwood has been made. 

4.2 Research objectives 

The main objective of this chapter is to improve our understanding of how climatic 
factors and the nutrient quality of palatables might affect the reproductive success of 
Takahē, and further to identify strategies for monitoring and site assessment that will 
help us make better predictions about the quality of reintroduction sites in general. To 
approach this task, I designed this research in two stages. In the first stage, I investigate 
the data on Takahē productivity that have been collected as part of the ongoing 
population monitoring at the Burwood Takahē Center with descriptive methods and 
mixed effect models. Here, I assess whether the current monitoring data are sufficient to 
investigate patterns of breeding success and whether the current data availability allows 
us to make adequate predictions about the micro-habitat quality of candidate release 
sites. Micro-habitat quality is defined as the quality of resources and environmental 
conditions that are being favored by a species at the 4th level of Johnson’s habitat 
selection model (Hall et al., 1997; Johnson, 1980).  

In a second step, I add data that I collected as part of this thesis to investigate 
whether additional environmental information can improve our understanding of 
patterns in breeding success and help design better monitoring programs and release site 
assessments. These data consist of climatic variables and information on the nutritional 
quality of Takahē food. They have been collected within the breeding pens of the 
captive rearing unit. 

4.3 Methods 
This study was conducted at the Burwood Takahē Centre, located about 30 kilometers 
south-east of Te Anau, on New Zealand’s South Island. Thirty-eight birds are held in 19 
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breeding pens that are about 1-1.5 hectares in size. The breeding pens were established 
in two groups, where one pen was built next to another, separated by a plastic-shielded 
fence so that these territorial birds can’t see other pairs and get into fights. The pen 
groups are situated about 5 km away from each other. For each pen, the Department of 
Conservation (DOC) rangers annually collect information on the identity of the pairs 
(age of male and female as well as their genetic record), and their performance (number 
of eggs laid in corresponding season, number of fertile eggs, and hatching success). 

Use of DOC Population Monitoring Data 

As a first analytical step, I ran a mixed effect model in R v3.3.2 (R Core Team, 2018) 
using the lme4 package (Bates et al., 2018) on selected explanatory variables that are 
currently being collected as part of ongoing monitoring by DOC staff. I added breeding 
pen as response variable to investigate any differences in reproductive success between 
pens, and added clutch fertility as predictor, and coded year as a random effect to 
account for inter-annual variation. My hypothesis is that, in accordance with the 
ranger’s anecdotal observations, breeding pen has an effect on reproductive success. 

Adding Environmental Parameters 

The second analytical step required further field data collection and the identification of 
parameters that are predicted to have an effect on Takahē productivity. Most Takahē 
outside the Murchison Mountains survive in places that are dominated by European 
grasses and other alien species (Bunin, Jamieson, & Eason, 1997; see also chapter 4). 
Since DOC aims to restore viable populations in natural habitat (G. Greaves, pers. 
comm.) I intended to inform this decision-making process with my research. I therefore 
disregarded information from populations in exotic habitats, in favor of focusing on the 
requirements of birds living in conditions more likely approximating their historic 
habitat. In theory, 210,000 hectares of high-quality habitat would be accessible if 
predators were eradicated in these areas, see previous chapter.  

Here, I focus on those habitat criteria that are inaccessible to geographic 
information systems (some habitat criteria do not require extensive fieldwork, see 
chapter 4). These are micro-habitat criteria, such as very localized climate factors, and 
plant nutrient contents that can vary between the individual plants that the birds feed 
on. Takahē are known to be able to distinguish between tussock plants with high or low 
nutrient quality using their gustatory nerves and can select efficiently from the available 
resources (Mills et al., 1991), which puts these habitat criteria at the 4th level of 
Johnson’s (1980) habitat selection model. 
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Resources 

Takahē at Burwood and in Kahurangi National Park primarily feed on the tiller bases 
of red tussock Chionochloa rubra (Mills et al., 1991; Mills & Mark, 1977) This makes C. 
rubra the primary resource for Takahē. Analyzing resource quality therefore needs to 
include measurement of the nutrient content of tussock plants. 

I collected monthly tussock samples between February 2017 and January 2018 in 
each of the 19 breeding pens at Burwood. Each month, I collected 30 tiller bases from 
randomly selected tussock plants within a pen. I selected a new set of 30 random plants 
every month. Over the course of 9 months I collected tiller bases from 360 different 
tussocks per pen, which allowed me to capture both seasonal and spatial variation in 
nutrient composition within the sample. Treating each pen as an individual habitat unit, 
I was primarily interested in the population mean and not the contents of individual 
plants, meaning the 360 samples of individuals plants were put into one large bag, 
representing the quality of a pen’s resources as a whole. 

Due to cost restrictions, I could not test the pooled samples from each pen 
individually. Instead, I determined thresholds for pen productivity by using the average 
egg fertility of clutches in the corresponding pen over the years, i.e. a clutch of two eggs 
where both are fertile = 1.0, one fertile egg 0.5, both eggs infertile = 0.0. Thresholds 
were determined in consultation of the DOC science advisor for Takahē (A. Digby, 
pers. comm.): 

• low productivity pen:  0.0 -  0.5 

• medium productivity pen:  0.51 – 0.75 

• high productivity pen:  0.76 – 1.0 

Only one pen had low productivity, while 5 had medium productivity, and 13 had high 
productivity. These three categories were used to pool the samples, resulting in three 
final samples to be sent to the lab that were each tested for nutrient contents. Ultimately, 
pooling the samples by these categories caused the high productivity sample to be much 
larger than the low productivity sample. On the other hand, this eliminated any possible 
spatial distortion. While the high productivity sample included more pens, samples were 
also collected across a larger area. In the end, the number of samples per square meter 
was identical to that of the low productivity pen sample. 

Considering a species-specific definition of habitat, I intended to identify those 
resources that allow a species to reproduce. At the micro habitat level, resources include 
the nutritional value of palatables. I identified a set of nutrients that is known to have an 
effect on the breeding success of the birds (Jamieson, 2004): Selenium, Zinc, Copper, 
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Iodine, Manganese, Calcium, Vitamin E, Vitamin B12, Vitamin A, Linoleic acid (fatty 
acid). Due to cost restrictions, I was only able to test samples for Calcium, Manganese, 
Zinc, Copper, Selenium and Linoleic Acid.  

Environmental Conditions 

I identified temperature and humidity as the primary environmental factors that could 
affect Takahē habitat quality. The humidity and temperature of a nest site are known to 
affect egg fertility, embryo mortality (King’Ori, 2011), and a chick’s health and stress 
levels (Eason & Moorhouse, 2005). 

To measure these climatic variables, I deployed one iButton Hygrochron, manufactured 
by iButton-Link, in each breeding pen. These devices logged both temperature and 
humidity at 1-hour intervals for the duration of the study. I deployed the data loggers at 
former known Takahē nest locations within each of Burwood’s breeding pens to capture 
the climate at the exact spot where a bird used to breed (birds are territorial and don’t 
relocate their nesting area very often. Sometimes they use the exact same spot again - C. 
Philipps, pers. comm.). The collected data were averaged for mean annual temperature 
per nest site. 

Limitations 

The chosen sampling design had a number of limitations for a quantitative analysis. 
First, due to the limited lifetime of the iButtons, climatic variables could be recorded 
only for the duration of the Takahē breeding season Oct 2017 – May 2018. To retrieve 
values for previous breeding seasons I would have had to interpolate data from a nearby 
weather station, identify the difference in temperature and humidity between that 
station and the individual loggers, and then correct the values accordingly for previous 
years. This estimate would have been highly inaccurate as the next weather station 
containing all necessary data is 60 km South-East of Burwood and is likely to have 
recorded very different weather events. I therefore used the same temperature and 
humidity values that I recorded for 2017/18 as defaults for every other breeding season 
as well. While it would have been desirable to deploy a larger amount of data loggers 
per pen, rangers observed Takahē breeding at similar locations within a pen each 
season and sometimes even revisit old nest sites (Philipps, pers. comm.).  

Second, the nutrient samples were, as outlined above, pooled in three classes by 
average productivity of the pens. In doing so, I ended up having only three replicates, 
which I found to be insufficient for any attempt of modelling. However, the data are still 
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usable for a descriptive exploration of nutrient quality and its effect on reproductive 
success. 

Analysis 

There was no relationship between pen and variation in clutch fertility (estimate -2.82, 
std. error 1.4, t value -2.01), rendering any further modeling obsolete. However, one 
pen with low breeding success was an obvious outlier, so I focused on exploring this 
outlier using descriptive methods and under consideration of the environmental 
variables that I collected as part of this study. 

4.4 Results 
While the average productivity in almost all pens is above 0.6 (meaning more than 60 % 
of the corresponding eggs in a clutch are fertile), pen S10 stood out as having a very low 
productivity score of 0.2, see Table 9 and Figure 8. 

Table 9 Pen Productivity. The Table introduces pens with their DOC labels, their fertility levels, 
average fertility over the years and the number of breeding records per pen. Fertility level 1 = average 
fertility 0.0 – 0.5, fertility level = 0.51 – 0.75, fertility level 3 = 0.751 – 1. Data were being collected 
between February 2017 and January 2018. 

breeding pen fertility level average fertility Standard deviation productivity records per pen 

G1 3 0.79 0.251 4 

G2 3 0.75 0.5 4 

G3 3 1 0 4 

G4 3 0.8 0.447 5 

G5 3 0.875 0.25 4 

G6 3 0.75 0.289 4 

G7 3 0.75 0.5 4 

G8 3 1 0 5 

S1 3 0.75 0.5 4 

S2 3 0.875 0.244 7 

S3 2 0.714 0.488 7 

S4 2 0.643 0.378 7 

S5 2 0.6 0.418 5 

S6 2 0.7 0.274 5 

S7 2 0.583 0.492 6 

S8 3 0.929 0.189 7 

S9 2 0.667 0.408 6 

S10 1 0.2 0.447 5 

S11 3 0.786 0.393 7 
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Figure 8 Average fertility per pen. Pen S10 is an outlier when compared to the productivity 
records from any other pen. 

This low fertility is despite the fact that between the 2012 and 2017 breeding seasons, 
four different Takahē pairs bred in the pen. From five productivity records, it was only 
the 2012 pair that produced a clutch where all eggs were fertile. In the remaining years 
(2013, 2015-17) all eggs were infertile (clutch fertility 0.0), see table 10. 

Table 10 Clutch fertility records for the low-productivity pen S10. While four different 
pairs resided in the pen between 2012-2017, only the first pair produced fertile eggs in 2012. 

Pair ID year Clutch fertility 

17 2012 1.0 

17 2013 0.0 

10 2015 0.0 

10 2016 0.0 

19 2017 0.0 

Climate and nutrient levels of S10 compared to high and medium productivity pens 

The data presented in Figure 9, which is separated into summer and winter seasons, 
does not suggest any clear effect of micro-climate on productivity. Figure 10, shows that 
the low productivity pen S10 stands out as having lower calcium, zinc, manganese, and 
copper values compared to that in the other pens: 0.07 % calcium compared to 0.08 % 
(medium productivity pens) and 0.10 % (high productivity pens), 25.5 mg/kg calcium 
compared to 28 mg/kg (medium productivity) and 27 mg/kg (high productivity) and 6 
mg/kg copper versus 9 mg/kg (medium productivity) and 8 mg/kg (high productivity). 
The difference in manganese levels is extreme. Here, the low productivity pen stands 
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out with 380 mg/kg, compared to 655 mg/kg (medium productivity), and 610 mg/kg 
(high productivity). Linoleic acid was disregarded in this figure as the levels were 
identical across all pens. 

 
Figure 9 relationship between clutch fertility (x-axis) and temperature/humidity (y-
axis). Both data for summer (bottom) and winter (top) months is shown The data do not indicate a 
clear effect of climate on clutch fertility, given spread of productivity records across the whole 
temperature and humidity regime. 
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Figure 10 Relationship between pen nutrient levels and fertility. The data indicate that 
there are a number of low productivity clutches in pens with relatively high nutrient values. The 
records for the S10 pen (highlighted in the bottom left corner, plus the single 2012 with 1.0 
productivity on the bottom right) continuously match with low nutrient levels and show a particularly 
strong deficit in manganese levels when compared to pens with higher productivity. 
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4.5 Discussion 
One of the main reasons that the mixed effect model failed to detect a difference in 
productivity between pens appears to be that only one pen, S10, stands out as having 
low productivity across multiple years and multiple breeding pairs. While there are low-
productivity clutches in some of the other pens, their productivity never drops below an 
average of 0.58, compared to the very low 0.2 average productivity of S10. This pattern 
occurred despite having four different Takahē pairs breeding in this pen between 2012-
2017. The birds were all between 3-8 years of age, which is neither a very old or very 
young age for the species (the average life expectancy of birds in captivity is about 15 
years), and most pairs in the other pens were of a similar age. Turning to the 
environmental data, there were no differences in climate variables between S10 and the 
other pens. However, S10 does stand out as having lower nutrient levels compared to 
those of the other pens. 

Effect of nutrients on breeding success 

The tussock plants within the pens were tested for calcium, manganese, zinc, 
copper, and linoleic acids, which are all known to have an effect on egg fertility in birds. 
Of these nutrients, manganese is important in the activation of many enzymes, and 
deficiencies can cause reduced fertility and poor hatchability in birds. It is readily 
available in plant matter, but there is species- and regional variability in bioavailability 
(Jamieson, 2004). 

Given the possible effect of these nutrient deficiencies, the findings of this study 
suggest that the low levels of one or more of the nutrients described above may cause 
low clutch fertility in S10. The gap in manganese levels is extreme, with tussocks in S10 
only containing less than half manganese than that in the other pens. The cause of this is 
currently unclear, which justifies further research into the soil quality and water regime 
of the pen. 

Takahē are known to select between palatable plants and not only to adjust their 
diet to their changing resource requirements throughout the year, but also able to 
determine whether a plant’s nutrient content is high or low (Mills et al., 1991; selection 
of the best resources from all available ones, see Johnson, 1980 & chapter 2), hence 
having a number of plants with low nutrient levels within a population would not 
necessarily mean that the birds cannot acquire the resources they require (Mills et al., 
1991). However, this would still require spending more time finding the right plants 
depending on how many tussocks had low nutrient levels, which would require them to 
spend more energy on finding the right food. As a further complication, the birds at 



 68 

Burwood are confined inside the breeding pens and do not have the option to disperse 
to other areas if a very localized phenomenon causes a population of tussocks to be less 
nutritionally valuable. 

Consequences for monitoring and release site assessments 

The main purpose of this study was to quantify possible patterns in Takahē breeding 
success in relation to fine-scale habitat features at Burwood, and to investigate the 
relevance of collecting information on such micro-habitat features as part of any 
reintroduction site assessment. To this end I have detected a pattern in pen nutrient 
levels that may explain the low clutch fertility in the S10 breeding pen. This finding 
might have two consequences for the design of future population monitoring and release 
site assessments. 

First, the possible effect of nutrient deficiencies on productivity in Takahē suggests 
that micro-habitat assessments for reintroductions might be required to determine the 
quality of candidate release sites. This approach would work best if the relationship 
between environmental variables and their effect on a species was already explored 
mechanistically (Kearney et al., 2010), but would still allow for valuable insights by 
simply comparing a set of candidate release sites against the source population of a 
species. Due to the variety of genotypes and phenotypes within a species, not all 
individuals of a population will be equally adapted to any new site (Blondel et al., 2006; 
Jule, Leaver, & Lea, 2009; Osborne & Seddon, 2012; see also chapter 2). A micro-
habitat assessment focusing on nutrients and micro-climate can help guide founder 
selection accordingly. In addition, while not part of this study, assessing micro-habitat 
features also allows for the detection of pathogens, and less obvious, but lethal, 
ecological threats, such as water quality (The Guardian, 2018; see chapter 2). 

Second, the finding emphasizes the benefits of linking productivity records to 
measurements of environmental factors. To date, the current DOC population 
monitoring collects breeding records and general information on the birds. While this 
information is extensive, it is not spatially linked nor collected in conjunction with 
recording of environmental variables. However, once this link is established, as I 
attempted in this study, we would not only improve our ability to detect patterns in 
breeding success, we would further be able to explain these patterns and improve our 
ecological knowledge of this species, and how this species is being affected by its 
environment. In addition, the last major effort to investigate Takahē ecology and 
behavior had been undertaken in the 1970’s and 1980’s in Mill’s research. A new set of 
extensive eco-physiological studies and/or utilizing stable isotope analyses might 
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compliment these past studies with present-day methodologies and may further improve 
our understanding of the species. 

In conclusion, these two consequences provide valuable information to further 
discuss the main objective of this thesis: How can we improve our understanding of 
selecting quality release sites for endangered species? Due to the high costs associated 
with a micro habitat assessment, a decision about it needs to be made on a case-by-case 
basis and under consideration of the ecological understanding of a species. It may help 
to reduce the overall risk of a translocation project. Designing a monitoring that links 
population data with spatially-referenced environmental information on the other hand, 
has the potential of significantly improving any reintroduction program in which such 
an approach is not yet applied. While it may take a number of reproduction cycles of a 
species to accumulate sufficient data, the knowledge gained from such a monitoring 
program will greatly improve any future reintroduction attempt.  
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5. MANAGEMENT COSTS 

 

 
Takahē transmitter change in the Murchison Mountains. Reintroduction programs are among the 
most expensive conservation interventions. Photo credit: Sven Stadtmann.   
 
 
 
 
 
 
 
 
 
 
 
This research chapter was produced in collaboration with Viktoria Kahui at the Economics Department of 
the University of Otago. Ralf Ohlemüller provided guidance on integrating the economics methodologies 
with geographic information systems. I developed the methodology, collected the data and performed 
analysis. 



 71 

5. Integrating Habitat Management Costs into 
Reintroduction Planning 
Abstract: Species reintroductions are among the most expensive conservation 
interventions. I argue that the costs associated with these projects are not evenly 
distributed across the landscape and that incorporating management costs, opportunity 
costs, and land acquisition costs into reintroduction planning can help make more 
sustainable and transparent management decisions. Using habitat management of New 
Zealand’s South Island Takahē (Porphyrio hochstetteri) as a case study, I developed a spatial 
framework to estimate the costs of establishing and managing reintroduction sites and 
demonstrate how landscape components such as land cover and topography, as well as 
land use capability, can influence the costs of managing an area of land. The main 
finding of this chapter was the existence of a trade-off between management costs of a 
reintroduction site and opportunity costs, which I used as a proxy for human-wildlife 
conflicts. In consequence, I recommend the selection of a reintroduction site to be made 
under consideration of ecological quality, economic sustainability and the potential of 
conflict. 

5.1 Introduction 
Reintroductions, the deliberate release of organisms into the wild within their 
indigenous range (Griffith et al., 1989; Seddon et al., 2007; IUCN/SSC 2013), are 
considered to be among the most expensive conservation interventions (Miller et al., 
1999; Weise, Stratford, & van Vuuren, 2014). These high-risk projects require planners 
to make decisions in the face of uncertainty and carefully balance funds between a 
variety of activities, such as captive breeding, capturing specimens in the wild, release 
site assessment, transport, release, and population monitoring (Helmstedt & 
Possingham, 2014; IUCN/SSC, 2013). 

While costs are often being considered to be an important aspect affecting the 
outcome of a conservation intervention (Cook et al., 2017; Iacona et al., 2018; 
McCarthy et al., 2012), a study found that only three percent of all published 
translocation projects report on costs (Fischer & Lindenmayer, 2000). The IUCN book 
series “Global Re-Introduction Perspectives” provides some of the most comprehensive 
project summaries available but does not include a standardized accounting section 
(Soorae, 2016). 

To date, only a very limited number of studies have investigated the financial 
aspects of species translocation projects (Canessa et al., 2014; Helmstedt & Possingham, 
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2014; Kleiman et al., 1992; Weise et al., 2014). For instance, Weise et al. (2014) assessed 
the costs of large carnivore translocations for three species in Namibia. Large carnivores 
are known to be among the most expensive reintroduction candidates due to the 
operational challenges associated with the translocation of predatory wildlife (Miller et 
al., 1999). In another example, Helmstedt and Possingham (2014) developed cost 
scenarios for the management of three prospective translocation sites for the bridled 
nail-tail wallaby (Onychogalea fraenata). These costs can be further broken down into five 
types, which have to be considered at different stages of the project management cycle. 

Types of costs occurring in reintroduction projects 

Naidoo et al. (2006) identified five types of costs that need to be considered in any 
conservation intervention: 

Acquisition costs include all expenses that are required to buy a property. If a 
candidate translocation site with good habitat quality is outside state-owned 
conservation land, these costs might occur when acquiring this property from a 
landowner. 

The acquisition of property from private landowners often involves extensive 
negotiations and preparations that result in transaction costs. In the context of 
species translocations, transaction costs can also occur when initiating public campaigns 
for raising awareness and for seeking local community acceptance of the reintroduction 
candidate. This is particularly relevant for the translocation of large carnivores (Linnell, 
Swenson, & Anderson, 2001) which have long been subject to persecution and 
misunderstanding, and which can generate strong human emotions (Bright & 
Manfredo, 1996). 

Opportunity costs are defined as forgone opportunities, a measure of what could 
have been gained from the use of resources for the next best alternative. Opportunity 
costs mostly occur when acquiring privately owned land but can also apply to 
management costs in terms of forgone management efforts (costs) for the next best 
conservation project. Including these costs reveals the full social and economic 
consequences of a conservation intervention (Naidoo et al., 2006). 

Damage costs include all costs associated with economic and property damage 
(and potentially human fatalities) that are the result of a conservation project. For 
instance, damage to cultivation will occur when a group of translocated herbivores 
disperses from its release site and wanders off into farmland, feeding on the crops. 

Finally, habitat, the combination of resources and environmental conditions that 
promotes occupancy by a given species (Hall et al., 1997; see also chapter 2), is 
considered to be among the most critical aspects affecting the outcome of a 



 73 

reintroduction (Griffiths, 1989; Kleiman, 1989; Wolf et al., 1998; Cheyne, 2006; 
Seddon et al. 2014). However, habitat of good quality might not be available freely and 
sometimes needs to be restored or continuously managed (Osborne & Seddon, 2012). 
This can result in high management costs, such as for the control of invasive species 
(Birmingham, 2018). 

While this terminology has been well established in the conservation community by 
Naidoo et al. (2006), we will briefly highlight these definitions from an economic 
perspective. In economics, costs are divided into fixed costs (costs that are independent 
of production levels, e.g. establishment costs, wages, rent, insurance) and variable costs 
(costs vary with the level of production, e.g. cost of materials, energy use etc.). In the 
current context, acquisition and transaction costs are likely to be understood as fixed 
costs, whereas damage and management costs are variable costs. Opportunity costs can 
be both fixed and variable. 

Research objective  

Costs are not evenly distributed across the landscape (Balmford et al., 2003), and studies 
have found that it can be beneficial to measure the costs of conservation actions spatially 
(Dobson et al., 1997; Naidoo & Ricketts, 2006), acknowledging that conservation is 
inherently a spatial process (Naidoo et al., 2006). I argue that this spatial variability of 
costs can potentially have a strong effect on the selection of translocation sites, and that 
this has yet to be considered fully in the context of reintroduction biology. 

Using New Zealand’s habitat management for South Island Takahē (Porphyrio 
hochstetteri) in the Murchison Mountains as a case study, I use information on landcover, 
topography, and land ownership to assess the costs associated with the selection and 
establishment of translocation sites. Merging these results with information on habitat 
quality in the synthesis chapter of my thesis, I intend to provide an example of how 
combining information on ecological quality and the financial costs of a candidate 
release site can be utilized to make sustainable management decisions. 

5.2 Methods 
I assess acquisition costs, management costs and opportunity costs of Takahē habitat 
throughout mainland New Zealand. These costs include all expenses required to 
prepare a site to receive founder birds, as well as the ongoing management to sustain 
critical site features so that habitat for Takahē is maintained. Takahē habitat are the 
resources and environmental conditions that allow the species to persist and reproduce. 
Habitat has been identified as alpine herb fields, low production grasslands and tall 
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tussock grasslands following a review of previous research and using the New Zealand 
Land Cover Database (chapter three). 

In addition, I evaluate the costs of acquiring any Takahē habitat that is currently 
privately owned. This may not be necessary in New Zealand CoIn this case, acquisition 
and opportunity costs will be incurred. Assessing the costs of currently non-protected 
habitat will be less relevant to the management of Takahē, since there are still large 
areas of habitat within publicly-owned conservation land available (see chapter 3). 
However, the information could support other conservation programs in improving the 
way that such costs are considered. 

My study species is the South Island Takahē (Porphyrio hochstetteri), a New Zealand 
endemic rail that was once abundant throughout most of the tussock grasslands in the 
eastern coastal and central parts of New Zealand’s South Island (Lee & Jamieson, 2001; 
Grueber and Jamieson, 2011; see also chapter 1, 3 & 4). The majority of the Takahē’s 
former range is currently overrun by mammalian predators. Any attempt to release 
Takahē in their indigenous range therefore needs to be accompanied by an extensive 
ground-trapping regime with trap checks, baiting, and maintenance throughout the 
year. I use the management data from a Takahē population in the Murchison 
Mountains of Fiordland, detailed in Birmingham (2018), as a baseline for any future 
release site. 

Using landscape information to estimate costs of conservation interventions 

To assess the management costs of Takahē habitat I adapt the methods of spatial 
overlays (Store & Kangas, 2001; Larson et al., 2003), as well as raster calculations, for 
the purpose of accounting. The basic principle of spatial overlays is to analyze landscape 
and topographic information stored in raster datasets. Each raster measures one habitat 
criterion, such as slope, temperature, or rainfall, which is then weighed based on its 
ecological importance for the target species. By overlaying these datasets, a habitat map 
can be created for the focal species on the basis of the selected variables. Other than 
estimating habitat quality, the stored information can be used to investigate the effect of 
landcover and topography on the management costs of a translocation site. For 
example, the general principle is that dense and steep forest slopes are harder to work 
on than flat and open grassland, and therefore more expensive to manage. 

To measure expenses spatially, I model all costs per raster cell. In our models we 
will address management costs, land acquisition costs, and opportunity costs, following 
the Naidoo et al (2006) framework. I do not include transaction costs, as these are 
unlikely to vary spatially by raster cell. Transaction costs are very complex costs that 
include a range of expenses such as travel expenses, catering, hiring mediators and 
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doing PR work. I could not see a combination of spatial criteria that would adequately 
display these costs on a map. Damage costs were disregarded as well, because they do 
not apply in the case of Takahē. The species does not attack humans and does currently 
not have the numbers to cause serious damage in agricultural areas. 

Cost Assessment 

I split the management costs for a translocation site by creating two base cost raster 
- Operational costs and establishing costs – to which I can add additional cost 
factors, such as land cover and slope. The operational costs are the annual expenses 
for keeping and managing the habitat quality at a level that allows individuals to survive 
and reproduce, and hence to support population growth and persistence. Habitat 
management for Takahē largely entails ground-based predator control, population 
monitoring of predators, and the maintenance of infrastructure, such as tracks and huts. 
The establishing costs are all expenses to be made before the release of a founder 
group. This includes the installation of a trapping perimeter, cutting tracks, and building 
huts for the trappers. An overview of all types of cost used in the analysis is provided in 
Table 11, and the full calculations for these costs are included in Table 12. 

Table 11 Cost multipliers applied in the models. Costs were calculated per 64 square meters, 
which is the size of a grid cell in our GIS raster. 

Type of cost Cost per cell 

Base operational costs NZ$ 0.010752 

Base establishing costs NZ$ 0.170496 

Terrain multiplier NZ$ 0.0625 per meter rise 

Transport multiplier NZ$ 0.00922 per meter distance 

Land cover multiplier NZ$ 0.128 (establishing costs only) 

Opportunity costs See Table 13 

Acquisition costs See Table 14 

Base operational costs 

The most important aspect of predator management for Takahē is to have people in the 
field that are continuously managing an extensive trapping regime, along a track 
network, throughout the year. These spring traps vary in size and are usually deployed 
in wooden boxes and equipped with bait to lure predators such as stoats, hedgehogs, 
rats and feral cats. Maintenance is required in regular intervals to dispose of carcasses, 
re-bait and re-set the traps. 
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While options for aerial poisoning are available and extensively used in other parts 
of New Zealand, spreading bait pallets from helicopters in a Takahē management area 
is currently considered to pose a risk to the birds as many of them will have been bred in 
captivity where their diet had been supplemented with pellets of similar shape (G. 
Greaves, pers. comm.). As an alternative, the Department of Conservation installed an 
extensive ground trapping regime in the Murchison Mountains: 400km of track, with 
one trap set every 115 meters, spread across a management area of 50,000 hectares (see 
Figure 11 for a map of the trapping network). In other words, 0.0512 meters of track per 
64 square meters, which is the area size of a raster cell in our GIS model, are the 
approximate requirements to establish a Takahē habitat management regime anywhere 
in New Zealand (see Table 12, item ID 1-9). The traps deployed for predator control in 
the Murchison Mountains are designated as model DOC-200, which had been designed 
to target stoats, ferrets and other mustelids as the Takahē’s main predators 
(Birmingham, 2018).  

 

 
Figure 11 Predator control network for Takahē habitat in the Murchison Mountains 
(Department of Conservation, unpublished data). 

To estimate how long a full check of this trapping and track network would take I apply 
Naismith’s rule, which states that a hiker of average fitness can walk 5 km per hour over 
even terrain (Naismith, 1892), meaning that he or she could walk about 10,000 meters 
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on even terrain during an 8-hour work day, including breaks and with a safety time 
buffer of 12.5 minutes per hour. This timeframe would allow trappers to check 87 traps 
per day, one per 115 m, assuming that a trap check will take no longer than 3 minutes 
on average (Table 12, item ID 10-15). 

To model the costs involved, I use the average salary costs for field technicians in 
New Zealand as a baseline, which, in 2018, was NZ$ 300 per day. This is equivalent to 
NZ$0.03 per meter of track (=300/10,000). Multiplying NZ$ 0.03 x 0.0512 (meter of 
track per cell) gives us NZ$ 0.001536, which are the costs for a single trap check. Seven 
checks per year, including a hut maintenance check, are required to suppress predators 
and thus to keep the habitat quality at a level that equals that of the Murchison 
Mountains, which gives us a value of NZ$ 0.010752 (=0.001536*7) per grid cell – the 
base operational cost per cell for one management year (Table 12, item ID 16-20 ). 

Base establishment costs 

The base establishment costs for Takahē habitat include track cutting and deploying 
traps, as well as the installation of huts. For calculating the base costs, I assume that this 
work takes place on even terrain and in the absence of any obstacles. Given that 
installing a trap line in open grassland involves only setting up track markers, rather 
than modifying terrain and vegetation, these costs would not be more than those of a 
single trap check. Hence, the base track cutting costs are NZ$ 0.001536 per cell (Table 
12, item ID 21). 

The costs for constructing the huts will be independent of the area they are built in. 
In the Murchison Mountains management area, a total of 22 huts have been installed, 
at a cost of NZ$ 60,000 per hut, including sign-off (G. Ledgard, pers. comm.), i.e. a total 
of NZ$ 1,320,000 in hut costs for a 50,000-hectare management area. Therefore, the 
costs for the huts per raster cell (64 square meters) are NZ$ 0.16896. Adding to this the 
NZ$ 0.001536 for establishing the track network gives a base establishment cost of NZ$ 
0.170496 per cell (Table 12, item ID 22-26). 

Depending on the specific topography and accessibility of a candidate species 
translocation site, the number of huts required will vary. The number of huts in the 
Murchison Mountains is therefore being used as a best guess estimate in this cost model. 

Terrain multiplier 

A terrain multiplier is used to estimate the effect of ascending steep terrain on 
management costs. According to Naismith’s rule, the amount of time it takes to walk a 
track increases by one hour for every 600 meters rise in altitude. Using the 2018 hourly 
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rate of NZ$ 37.50 for a field worker, the costs for 1-meter rise of altitude are NZ$ 
0.0625 (Table 12, item ID 27 - 29).  

Land cover multiplier 

Once a track-cutting crew has established a trap line, the vegetation will have little or no 
effect on the performance of field workers along the track. However, establishing a track 
in an area of forest or scrub requires a significantly higher effort compared to that 
required for open grasslands. According to DOC, establishing a track in a Fiordland 
forest costs about NZ$ 2500 per km, or NZ$ 2.50 per meter. Given that there are 
0.0512 meters of track per raster cell, the terrain modifier for dense vegetation, such as 
forests and scrubland, is 0.0512 x NZ$ 2.50 = NZ$ 0.128 per cell. Assuming the effect 
of open vegetation on track cutting to be negligible, we use the costs of a single trap 
check as modifier for this type of land cover: NZ$ 0.001535. 

Helicopter transport 

Given that most areas need to be accessed by helicopter, I include the distance to 
heliports for personnel and material transports in my calculations by using the 
operational costs of a McDonnell Douglas MD 500 series helicopter, which is NZ$ 9.22 
per km at standard cruise speed (Business Jet Traveller, 2018). 

Land acquisition costs 

To model the land acquisition costs of private land for conservation purpose, I obtained 
a dataset of forestry and pasture farm sales between 2013 – 2017 (Appendix 1) 
containing the annual median land values per hectare. While land values can still 
fluctuate within a district, I assume that this dataset will be sufficiently accurate, 
allowing me to spatially assess land acquisition costs. 
 

Opportunity costs 

For the annual opportunity costs, I assume the dairy industry to be the potentially most 
profitable form of land use in New Zealand as an upper limit. Any opportunity costs are 
therefore based on the foregone financial opportunity of operating a dairy farm instead 
of using the land for conservation purposes. I use the New Zealand land use capability 
index (LRIS, 2013), detailed in Tab. 13, and calculate opportunity costs based on these 
capability classes. 

As a next step, I use the dairy production rates published by Dairy NZ to calculate 
the opportunity costs per land use capability class. Due to data limitations, I am able 
only to obtain data on revenues. Ideally, I would have liked to include costs to derive 
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profits. Given that costs are likely to be inversely related to productivity, I can 
approximate the profitability of dairy production by land use capability classifications. 
More specifically, I assume a linear relationship between productivity and land use 
capability such that the Dairy NZ production rates refer to the land use capability class 
of the highest productivity (class 1). A dairy farm on this type of land could produce, on 
average, 716 kg of milk solids per hectare per year (Dairy NZ, 2018), which would, at 
recent market rates, sell for NZ$ 6.41 per kg (Agri HQ, 2018). Given that the average 
milk solid revenue of one hectare is NZ$ 4,589.56, I determined the opportunity costs 
for a 64 square meter grid cell to be NZ$ 29.37 (see Table 12, items 34-38). Dividing 
NZ$ 29.37 by 5, I subtracted NZ$ 5.874 for each land use capability.  
While there are a total of 8 classes in the land use capability index (see Table 13), some 
of these classifications indicate equal limitations for pasture (e.g. classes 2 & 5 y indicate 
only “slight” limitations for pasture). This reduced to 6 the number of different index 
values we assigned. I assigned the NZ$ 29.37 to the highest land use capability class. 
Assuming a linear relationship between revenue and land use capability, I divided this 
value by 5 and subtracted NZ$ 5.874 for the second-highest capability classes (“slight 
limitations”). I then subtracted the same value from this class again and continued this 
procedure until we reached the class 8 – extreme limitations, for which any agricultural 
production is virtually impossible. Hence, the opportunity costs for this class are NZ$ 0 
– assuming that residential or other industry are not options either. 
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Table 12 Calculations. The items on this list were used or calculated chronologically, starting with 
the lowest ID, and are referenced throughout the chapter to provide further insight on how the cost 
models were developed. 

ID Item Value Source/ formula 

1 Murchison Mts Takahē Management area 50,000 ha Birmingham (2018) 
2 Management area in square meters 500,000,000 m2 50,000 ha * 10,000 
3 Length of trapping network 400 km Ledgard, pers. comm. 
4 Length of trapping network in meters 400,000 m 400 km * 1,000 
5 Number of traps 3450 Ledgard, pers. comm. 
6 Meters of track per trap 115 m 400,000 m / 3450 
7 Meters of track per square meter 0.0008 400,000 / 500,000,000 
8 Size of GIS raster 64 m2 LINZ 
9 Meters of track per grid cell 0.0512 0.0008 * 64 m2 

10 Distance a person can walk on even terrain 5 km/h Naismith (1892) 
11 Average length of a trap check (without walking) 3 minutes Ledgard, pers. comm. 
12 Time to check 87 traps (without walking) 261 minutes 87 * 3 
13 Time to walk 10,000 meters on even terrain 2 hours 5 km/h * 2 
14 Safety time buffer, lunch, breaks 1 hr 40 minutes Personal experience 
15 Length of a trap check day 8 hours 261 minutes + 2 hrs + 2 hrs (ID 12 + 13 + 14) 
16 Average pay per day for NZ field technicians NZ$ 300 Anonymous, pers. comm. 
17 Pay per meter of track NZ$ 0.03 NZ$ 300 / 10000 m (ID 16 / ID 13) 
18 Cost of a single trap check per grid cell NZ$ 0.001536 NZ$ 0.003 * 0.0512 (ID 17 * ID 9) 
19 Trap checks per year 7 Ledgard, pers. comm. 
20 Base operational cost for one year NZ$ 0.010752 NZ$ 0.001536 * 7 (ID 18 * ID 19) 
21 Base track cutting cost per cell NZ$ 0.001536 Work effort equals that of a single trap check 
22 Number of huts per 50,000 hectares 22 Ledgard, pers. comm. 
23 Cost per hut including sign-off NZ$ 60,000 Ledgard, pers. comm. 
24 Cost of 22 huts NZ$ 1,320,000 60,000 * 22 
25 Hut cost per cell NZ$ 0.16896 NZ$ 1,320,000 / 500,000,000 * 64 (ID 24 / 2 * 8) 
26 Base establishing costs NZ$ 0.170496 NZ$ 0.001536 + NZ$ 0.16896 (ID 18 + 25) 
27 Time to climb 600 meters of altitude 1 hour Naismith (1892) 
28 Hourly Pay of field technicians NZ$ 37.50 NZ$ 300 / 8 hours (ID 16 / ID 15) 
29 Costs of 1-meter rise in altitude NZ$ 0.0625 NZ$ 37,50 / 600 (ID 28 / ID 27) 
30 Track cutting costs for 1 kilometer NZ$ 2,500 Ledgard, pers. comm. 
31 Track cutting costs per meter NZ$ 2,50 NZ$ 2,500 / 1000 m 
32 Land cover modifier per cell, dense vegetation NZ$ 0.128 0.0512 * NZ$ 2,50 (ID 9 * item 31) 
33 Operational costs of a MD 500 helicopter per km NZ$ 9.22 Business Jet Traveller (2018) 
34 Average milk solid production per hectare 716 Kg Dairy NZ (2018) 
35 Revenue per kg milk solid NZ$ 6.41 (Agri HQ, 2018) 
36 Average milk solid revenue per hectare NZ$ 4,589.56 716 kg * NZ$ 6.41 
37 Average milk solid revenue per square meter NZ$ 0.458956 NZ$ 4,589.56 / 10,000 
38 Average milk solid revenue per grid cell NZ$ 29.37 NZ$ 0.458956 * 64 m2 
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Table 13 Opportunity costs per land use capability class. I assume a linear relationship between 
these classes: No limitations, slight limitations, moderate limitations, severe limitations and unsuitable. I only 
considered the opportunity costs for pasture, hence classes 5 and 6 received the same cost values as 2 and 3. 

Land use capability class Cost per 64 sqm cell and year 

1 – no limitations for agriculture NZ$ 29.37 

2 – slight limitations for agriculture NZ$ 23.496 

3 – moderate limitations for agriculture NZ$ 17.622 

4 – occasional farming possible NZ$ 11.748 

5 – unsuitable for crops, only slight limitations for pasture NZ$ 23.496 

6 – unsuitable for crops, moderate limitations for pasture NZ$ 17.622 

7 – severe limitations for any form of agriculture NZ$ 5.874 

8 – extreme limitations, unsuitable for agriculture NZ$ 0 

GIS application 

I used ESRI’s ArcGIS Pro platform (v.2.2) for the spatial analysis. All information is 
stored in 8x8 meter raster datasets which were snapped to the grid of the digital 
elevation model of New Zealand (LINZ, 2012). 

The first analytical step was to apply the base operational costs and base 
establishment costs. I used the “Create constant raster” tool to create two raster datasets 
where each cell received the same constant value. One raster received the value 
0.010752 (the base operational cost), the other 0.170496 (base establishing costs). 

To determine the effect of terrain, I used the “Slope” tool on the digital elevation 
model of New Zealand and identified the percent slope of each cell. Using the “Raster 
calculator” tool, I multiplied each cell of the new slope raster by 0.008 to determine the 
rise per cell in meters. I could not correct for a specific direction within the cell, so this 
calculation assumes that the rise occurs over a distance of precisely 8 meters per cell 
along either its north-south or east-west axis. As a consequence, I assume that a traveler 
would also travel along either the north-south or east-west axis. This creates a highest-
cost scenario of ascending or descending the steepest slope in each cell. The rise value 
was then multiplied by 0.0625, which are the costs per meter rise. The resulting raster 
was a terrain-cost model based on Naismith’s rule, as introduced in the previous section. 
This cost mode is very conservative.; it calculates the highest possible cost per cell as if a 
field worker would always need to climb the maximum slope. However, tracks can also 
be created along contour lines and to follow more even terrain, which would 
significantly lower the terrain cost. 
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For the land cover-cost model, which affects the base establishing costs only, I 
added the New Zealand Land Cover Database, LCDB (Landcare Research, 2012) and 
reclassified relevant land cover into “dense vegetation”. Land cover classes with open 
vegetation do not provide major obstacles for a track cutting crew and are already being 
reflected the in the base establishing costs. While Takahē habitat typically encompasses 
only the LCDB classes “tall tussock grassland”, “alpine herb fields” and “low-
production grasslands”, I included additional land cover classes, since installing a 
trapping regime involves deploying traps not only in Takahē habitat, but also in a buffer 
zone around a reintroduction site. I did, however, include only those land cover classes 
that could, in theory, be managed. Areas such as residential sites, glaciers, and water 
surfaces were excluded from this model as it would be impossible to install an effective 
trapping regime in such sites. Using the “Reclassify” tool, the value for dense vegetation 
was changed to 0.128, which is the cost of cutting a track per cell. The values for the 
other land cover classes were set to 0 as they are not expected to have an effect on track 
cutting costs. For this calculation I did not differentiate between types of dense 
vegetation. All scrublands and forest of any type within a manageable area would 
receive the cost factor of NZ$ 0.128 per cell.  

Calculating the costs of helicopter transport was achieved by adding the locations 
of New Zealand’s heliports to the map and by using the “Euclidean distance” tool. This 
tool creates a new raster and estimates the distance of its cells to the nearest heliport. 
The distance (in meters) was multiplied by 0.00922, the flight costs of a McDonnel 
Douglas MD 500 per meter. This model considers a direct flight path from the heliport 
to the target cell. Given the possibility of anthropogenic or geographic obstacles 
increasing the flight distance, the results of this model are to be used as a minimum 
estimate of flight costs. 

For mapping land acquisition costs, I calculated the average land value per 64 
square meters (the size of a raster cell) for each district using the annual median values 
and integrated this information into a district shapefile obtained at Land Information 
New Zealand. This shapefile was then converted into a raster, with each raster cell 
receiving the corresponding land value from their district. 

The annual opportunity cost model was created by using the “Reclassify” tool on a 
raster of New Zealand’s land use capability index. The classes were then replaced with 
the cost values according to Table 13. 
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5.3 Results 
For the models, I considered only those areas that would be manageable as part of 
predator control scheme for a Takahē translocation site. These areas not only include 
the actual Takahē habitat (which are the LCDB landcover classes “tall tussock 
grasslands”, “alpine herb fields” and “low-production grasslands”), but also areas such 
as natural forests and scrubland. However, the grey areas are considered neither 
habitat, nor manageable. These could be features such as glaciers, water bodies, and 
areas of high human activity, i.e. settlements and intensive agriculture. 

Terrain 

The GIS function for the terrain modifier determined one value for each cell, namely 
the steepest slope that occurs in that cell. Hence, the model calculates the highest 
possible costs as if the track would always follow the steepest slope. This provides a 
maximum cost, rather than an average, given that costs could be lower if the track 
follows even terrain within the cell. According to Figure 12 a), the terrain costs are 
potentially the highest in the rugged parts of the Southern Alps, in particular Fiordland 
and the Aoraki Mt. Cook region, whereas management areas on the North Island and 
along the east- and west coast of the South Island are the lowest. 

Land Cover 

Figure 12 b) indicates that most of the management areas that require extensive track 
modification are situated in the South Island, in particular along the Southern Alps and 
natural forest areas in Otago. North Island management areas appear more open. 

Transport 

Coverage of heliports appears to be sufficient to reach most regions on both islands, 
with a few high cost pockets on the west coast of the South Island and the eastern tip of 
the North Island, see Figure 12 c). 

Opportunity Costs 

The opportunity costs are effectively zero (indicating few or no opportunities for 
agricultural land use) in most parts of the Southern Alps on the South Island and begin 
to increase the further one moves away from the mountain range towards the east or 
west coasts, see Figure 12 d). A similar pattern occurs on the North Island, with lower 
opportunity costs in mountainous regions, compared to the flatter regions. 
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Land Acquisition 

The costs of land acquisition are particularly high in on the North Island, with Bay of 
Plenty, Waikato and Auckland being among the most expensive areas to buy land. On 
the South Island, the prices in the Tasman region are very high, with average prices in 
Canterbury, Otago and Southland. Lower prices for land occur on the West Coast and 
Northland, as well as Tasman, see Table 14 and Figure 12 e) 
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Figure 12 Conservation intervention cost models for Takahē translocation sites: a) 
Terrain costs, b) Vegetation costs, c) Transport costs, d) Opportunity costs and e) Land acquisition 
costs. Figure 4-2 a) - c) are a breakdown of conservation management costs (Naidoo et al., 2006), 
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while the opportunity- and land acquisition costs can be displayed as individual models. High 
resolution maps are available in Appendix 4. 

 
Figure 12 Conservation intervention cost models for Takahē translocation sites: a) 
Terrain costs, b) Vegetation costs, c) Transport costs, d) Opportunity costs and e) Land acquisition 
costs. Figure 4-2 a) - c) are a breakdown of conservation management costs (Naidoo et al., 2006), 
while the opportunity- and land acquisition costs can be displayed as individual models. High 
resolution maps are available in Appendix 4. 

Table 14 Land acquisition costs per region. Mean values for forestry and pasture farm median 
sale prices between 2013-2017. 

Region Mean cost per hectare (NZ$) Mean cost per cell (64 sqm, NZ$) 

Auckland 25,693 164.4352 

Bay of Plenty 18,445.8 118.05312 

Canterbury 13,603.2 87.06048 

Gisborne 8479.25 54.2672 

Hawke’s Bay 10,296 65.8944 

Manawatu-Whanganui 9,248 59.1872 

Marlborough 6,670.8 42.69312 

Nelson no data no data 

Northland 10,189.2 65.21088 

Otago 11,634 74.4576 

Southland 18,245.8 116.77312 

Taranaki 20,611.6 131.91424 

Tasman 9,826.8 62.89152 
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Waikato 19,204 122.9056 

Wellington 8,712 55.7568 

West Coast 6,431 41.1584 

Combining these cost models into two additional maps, yields a map for both one-off 
costs occurring during the establishment phase of a reintroduction site, as well as the 
ongoing operational costs, as displayed in Figure 13 a) and b). Transport costs are 
disregarded in this visualization as they are the highest cost factor that would otherwise 
overshadow all the other costs. The maps in Figure 13 a) and b) were calculated as 
follows: 

• One-off costs: Base establishing costs + land acquisition costs + land cover costs 
• Ongoing costs: Base operational costs + terrain costs * 7 + opportunity costs 

Note that the terrain costs were multiplied by 7 as they would occur with each of the 7 
annual trap checks considered in this analysis (which are already included in the base 
operational costs) The opportunity costs occur once per year. 

 
Figure 13 One-off costs (a) and ongoing annual costs (b) of Takahē habitat 
management. 
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5.4 Discussion 

The main objective of this chapter was to develop a methodology to spatially assess the 
management costs of conservation interventions, in particular those that occur in 
association with species translocation projects. The resulting maps demonstrate that the 
costs of establishing release sites are not evenly distributed across the landscape, but are 
subject to ecological, topographic, and socio-economic factors that vary spatially. 

Some of the cost factors are inversely related: The terrain costs, which are part of 
the ongoing costs, are usually higher in areas with low opportunity costs, as rougher 
terrain allows only for very limited commercial land use. However, there is some 
overlap between high cost areas of both terrain and opportunity costs in the eastern 
foothills of the Southern Alps.  

Transport costs are the highest cost factor to be considered as part of any ongoing 
management (and to a limited extent during establishment phase). In theory, this could 
be a recurring cost that would need to be included for any of the seven annual trap 
checks – assuming that no cheaper means of transport is available. However, if a 
candidate release is accessible by land transport, this might not be the case and much of 
this cost could be eliminated.  

The second-highest factor can be the land acquisition costs, which are particularly 
high in more densely populated areas of the North Island, or the more populated central 
and eastern parts of the South Island. However, since there are still large areas of 
habitat available within protected areas, these costs can be disregarded for most, if not 
all, release sites in the near future. For New Zealand, it is worth pointing out that 
conservation projects are usually strongly supported by the public - making land 
acquisition costs a less relevant issue overall. Instead, the transaction cost for engaging 
with landowners and negotiating a conservation deal may be higher. However, due to 
the limitations described in the methods section I am unable to spatially assess this cost 
type. 

While some conservation managers may be reluctant to include opportunity costs 
in an economic feasibility assessment, these costs can provide important insights, as they 
indicate the potential of human-wildlife conflicts. For instance, a candidate release site 
might be of high ecological quality and seem manageable due to its easy accessibility 
and proximity to human infrastructure. However, if the associated opportunity costs are 
very high, so is the risk of conflict in that area. This could result in high transaction 
costs, as conservation managers would have to react to pressure to opening such areas to 
economic use.  
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I recommend calculating opportunity costs for protected areas as well, even though they 
are currently not subject to human land use. Conservation is a luxury resource and 
subject to public demand and policy-making. Having a protected area for an 
ecologically valuable area today does not necessarily mean that this status of protection 
will remain in the future. If decision makers find that the opportunity costs are too high 
to sustain protection the protected area integrity could be challenged – as the recent 
exploratory test drilling for tungsten and gold in the Whakaari Conservation Area 
demonstrates (Otago Daily Times, 2019). 

Application of the models. 

So how should we use these models? Ultimately, we recommend that any ecological 
feasibility assessment should come first (see chapter 3 & 4). Having selected a set of 
candidate release sites of high habitat quality, cost modeling can then be used to 
determine the level of accessibility, whether the opportunity costs (and therefore the risk 
of conflict) are acceptable, and whether the projected ongoing costs are acceptable, so 
that a site is manageable in the long term. The cost models provide a level of detail that 
allows for more precise planning of habitat management measures than previously 
possible. Combining information on land cover and terrain at the fine scale of 8x8 m 
grid cells enables us to more effectively plan habitat management measures, such as 
establishing tracks and huts in low cost areas of any candidate release site. 

Picking a site with low costs also depends on how the one-off costs of the 
establishment phase are compared to the ongoing management costs. The latter 
strongly depend on discount rates. If the discount rate is high, then people will care less 
about the future management costs, and ongoing costs will, when discounted, be 
relatively small. On the other hand, if a low discount rate is applied, it indicates greater 
concern about ongoing management costs, and thus the ongoing costs will be higher in 
any economic projection. In our example, we determined both the costs of establishing 
a release site and those that would occur continuously as part of the ongoing 
management of the species. The way how both these types of costs are considered across 
time has very different effects when predicting the financial feasibility of a project.  

Making this kind of projection is very difficult in the context of conservation 
projects. I did not use any discount rates in my models as discounted costs are usually 
weighed against the profit that a business decision might yield over time. In the context 
of conservation, it is hard to measure the financial benefits of a project in the first 
instance. While concepts such as ecosystem services allow for the monetization of 
certain conservation interventions (i.e. ecotourism benefits, flood protection, or climate 
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change mitigation), it is currently not possible to measure the financial benefits of a 
project that does not return financial benefit to a community. 

Going beyond the example of Takahē in New Zealand, the selection of 
conservation areas is a difficult balancing act in which the ecological quality of a site, 
management costs, and opportunity costs need to be considered concurrently. The 
objective is to find sites that have a high habitat quality, but they need also to be 
accessible and manageable, which will tend to favor sites closer to human infrastructure, 
since the transport costs (which are the most expensive part of the management costs) 
will be reduced. This will ultimately raise the opportunity costs, as proximity to humans 
also means tapping into land with higher land use capability and interest. I urge 
practitioners to consider the socio-economic situation of a candidate release site before 
making any decision purely based on ecological judgement. If the project concerns a 
species that is at immediate risk of extinction, high opportunity costs may well be 
acceptable if the establishment of a protected area will improve the threat status of the 
target species. That, however, is a decision that needs to be made on a case-by-case 
basis. 

Caveats 

Overall, the critical factors chosen translate very well into a spatial model. There are 
however, a number of issues that need to be addressed in terms of the reliability of the 
model. 

Spatial resolution 

The analysis of this chapter was performed at a different scale from that in the overlays 
in chapter three. Originally, I intended to use the same 8-m grid resolution for the 
habitat models, however due to the low resolution of the climate datasets I decided to 
use the 25-m grid instead. In retrospect it would have been desirable to perform both 
analyses at the same level of detail which would have allowed for an easier integration of 
the results. 

Terrain modifier 

The model for the terrain costs was developed by using costs as a function of terrain rise. 
The application of Naismith’s rule proved very useful in determining the costs per meter 
rise. However, the model may have overestimated the costs as it considered the 
performance of a hiker of “average fitness”. Most DOC personnel and private 
environmental contractors in New Zealand have an extreme level of fitness that would 
significantly lower the time to ascend a peak. Further research could include sending 
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hikers up specified tracks where distance and rise are known and to record their time. 
This procedure would increase the accuracy of the model. 

Vegetation modifier 

The vegetation cost model was developed by assigning a cost factor based on track 
cutting costs in Fiordland to any grid cell of our map that was identified as being 
covered by vegetation other than grassland. This factor will add to the base 
establishment costs.  

While the track-cutting costs for Fiordland forests can be considered as a reliable proxy 
for other natural forests in New Zealand, the model assumes that the costs are similar 
for other types of dense vegetation such as bush and scrub land. Here, the costs might 
have been overestimated. Means of verification would include following a number of 
different cutting crew and measuring their performance on various types of land cover. 

Transport costs 

This model was built using the operating costs of an MD 500 which is one of the most 
commonly used helicopters in New Zealand. The costs may differ slightly depending on 
payload and which of the sub-models of the helicopter are being used. If a different type 
of helicopter is applied in a project, this model can be easily adjusted for the new 
operating costs. 

Opportunity costs 

The opportunity costs were built as a linear function of land use capability and dairy 
production revenue. There is certain room for error in this assumption depending on 
how effective a business works, however it will give managers an important indication of 
the economic consequences of a conservation intervention. 

Such a model could be used for a conservation project in any discussion whether to 
develop an area or to leave it for conservation purposes. However, it is also important 
for considering the full social impact of a conservation intervention and will facilitate for 
a transparent stakeholder consultation. 

Land acquisition costs 

The main concern using the land acquisition data is that these costs can vary within a 
district. Areas around major cities are usually more sought after than remote areas. 
However, the remote areas tend to be of higher habitat quality due to less human 
disturbance in the case of Takahē (see chapter 3). In addition, the dataset I used 
included the median sales of both forestry and pasture farms combined, hence I were 
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unable to distinguish between forested and non-forested areas in this analysis. While 
land acquisition costs may be a secondary issue in New Zealand, the methodology could 
prove useful overseas for reintroduction candidates. 

Conclusion 

A conservation intervention, such as a species translocation, is ultimately an 
economic decision. It cannot be made solely by ranking candidate sites based on 
ecological criteria alone. Costs will occur, and they are strongly connected to the 
ecological requirements of the target species. Identifying these costs in conjunction with 
the requirements of a species early in the project management cycle is therefore strongly 
recommended and will allow the project to be planned for sustainability using both 
ecological and financial considerations. 

While it seems self-evident, I need to emphasize that due to their individual habitat 
requirements, habitat management costs will vary between species. However, the 
methodology that I introduced is certainly transferrable. I have demonstrated that it is 
possible to use Naidoo et al. (2006) as a framework for a spatial assessment of habitat 
management costs, using the South Island Takahē as a case study. Applying this 
framework to a different species would require identification of the management actions 
that are usually taken as part of that species’ conservation management, and to 
determine how these costs are influenced by landscape composition, geography, and 
socio-economic conditions. This information can then be used within a GIS to visually 
represent the estimated distribution of costs. 

Initiating and managing a conservation project is rarely a straightforward process. 
Such projects are inherently interdisciplinary ventures that require decision-making that 
considers a complex array of social, financial, and ecological factors. I sought here to 
improve our understanding of how the ecological and financial aspects of a project can 
interact, and I aimed to provide conservation managers with an example for how to 
better incorporate management costs into the project planning process. Costs vary 
spatially, as does habitat quality, and considering both factors early in any project will 
inform better management decisions, both for the species and the coin purse. 
 



 93 

6. CONCLUSION 

 

 
Takahē chick at the Burwood Takahē Center. Photo credit: Sven Stadtmann.   
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6. Conclusion 
The main objective of this study was to provide a framework and worked example for 
the selection of high-quality habitat for species translocations. To conclude this thesis, I 
will discuss the following four topics: 

• The habitat concept in the context of reintroductions, in particular the 
advantages of using species-specific concepts in the context of reintroductions 

• Multi-scale approaches to release site selection, which I found to be a 
cost-effective option for the identification and screening of candidate release sites 

• The role of monitoring in release site assessments, particular its 
relevance for improving ecological knowledge - by establishing spatial links 
between population parameters and environmental variables 

• Integrating habitat management costs into reintroduction planning 
and options for using cost data to make better management decisions. 

I will outline the main findings of my thesis and highlight recommendations for 
reintroduction practice, and avenues for future research. 

6.1 The Habitat Concept in the Context of Reintroductions 
My first research chapter developed a theoretical framework for my thesis and 
investigated the use of “habitat” and habitat-related terms in the context of conservation 
translocations. Before attempting to investigate habitat quality, it is essential to clarify 
the usage of “habitat”. 

Habitat remains a widely applied concept, but one has to be aware that one of two 
paths will be taken when using this concept in a project. One path involves using habitat 
as an ecological concept that describes the features of an environment in which an 
organism lives, such as certain vegetation associations (Daubenmire, 1968, Rountree & 
Able, 2006). The other path defines habitat as the resources and conditions present in 
an area that sustain occupancy - including survival and reproduction - by a given 
organism (Hall et al., 1997); this is a species-specific definition. 

In the context of reintroductions, I recommend using a species-specific definition of 
habitat when discussing release sites, for the following reasons. First, and most 
importantly, applying an ecological habitat concept risks focusing a release site 
assessment solely on the quantity of perceived resources at a candidate release site, while 
placing less emphasis on resource quality. Given that the underlying theme of the 
ecological habitat concept is the description of vegetation features and other landscape 
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components, such an approach would primarily ask “What is there, and how much of it 
is there?”, and fail to ask, “How good is what is there?” (see chapter two, example of 
Prigioni 1995). Acknowledging Johnson’s (1980) four-level model of habitat selection by 
an organism (see chapter two and three for further definition), a release-site assessment 
based only on an ecological model of habitat would overlook the fourth level of selection 
at which an organism would choose the best resources from all those that are available. 
A well-designed release-site assessment needs to consider this final level of resource 
selection as well, and a species-specific concept would, by definition, include that step. 

Second, Matthewson & Morrison (2013) found that ecological habitat concepts 
ignore the temporal and spatial variation of resources and their contribution to 
population development, rendering ecological habitat concepts essentially useless for 
management purposes. This is a particularly critical issue for high-risk projects such as 
species translocations, which, by design, need to be highly adaptive to ensure the 
greatest probability of success (McCarthy et al., 2012; Varley & Boyce, 2006). Finally, 
the use of species-specific concept has already been directly advocated for use in the 
field of reintroduction biology (Armstrong & Seddon, 2008) and promoted in the IUCN 
reintroduction guidelines, simply by putting the species of interest at the center of 
planning (IUCN/SSC, 2013). 

6.2 A Multi-Scale Approach to Release Site Selection 
With a species-specific habitat concept and Johnson’s four levels of habitat selection in 
mind, I now had the opportunity to outline a method for release-site assessment that 
considers both the quantity of resources at a candidate release site, as well as the overall 
habitat quality. Under consideration of the time and resource constraints under which 
most NGOs and governmental environment departments operate, I believe that a two-
step approach which considers habitat quality at different scales could be a cost-effective 
way to determine release areas for the species of interest. 

Using the example of selecting release sites for the South Island Takahē (Porphyrio 
hochstetteri), I chose a GIS approach as the first stage of a release-site assessment. As an 
initial step, I used the Hall et al. (1997) habitat concept as a framework to determine the 
resources and conditions that have an effect on the performance and survival of Takahē 
at a given site. This list of criteria could prove valuable in any translocation project, as 
creating a list of habitat factors for the target species provides insights into our 
knowledge of the biology of that species. Determining these factors not only includes 
creating a list of criteria, but also requires knowledge about the relative importance of 
the individual factors. For instance, in my example, I had to discuss with practitioners 
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how temperatures and rainfall thresholds are perceived to affect the breeding 
performance of Takahē. While climate variables are known to have an effect on the 
performance of birds and egg fertility (King’Ori, 2011; Eason & Moorhouse, 2005), and 
Takahē experts believe that certain temperature regimes negatively affect the birds, 
exact thresholds had never been quantified. To summarize this finding: Creating a list of 
habitat criteria including their thresholds for good and bad conditions can help identify 
knowledge gaps in the ecology of a species. If too many of these gaps exist, a 
reconsideration of the reintroduction might be advisable as planners could encounter an 
unmanageable number of unknowns. 

Having defined a set of resources and environmental conditions that affect the 
quality of a release site, the next step would be to determine at which scale these factors 
are measurable. For Takahē, I found that quantitative habitat criteria such as 
presence/absence of palatable plants and terrain cover are measurable at landscape 
level by using geographic information systems. At this level, the release-site assessments 
allowed for a fast, cost-effective screening of the landscape for candidate release sites (see 
chapter 3). While this approach depends on the availability of public geographic data, 
the method can be useful for an initial landscape screening in a scenario in which 
planners have no prior idea where to put a species.  

However, not all habitat criteria can be assessed using a map, in particular the 
quality of resources, but also the micro-scale habitat requirements for small or cryptic 
species. In this case, a field sampling design that captures the abundance and quality of 
palatable resources will be required to determine the likely performance of a species at a 
given site. I tested such a sampling design in chapter four as part of the investigation 
into Takahē productivity at the captive rearing unit Burwood.  

To determine micro-habitat quality, I aimed to collect climatic data at former nest 
locations to determine breeding success in correlation with temperature and humidity 
around each nest site. I further identified the nutrients that are known to have an effect 
on the breeding success of Takahē (Jamieson, 2004). While collecting climatic data with 
automatic loggers proved to be a relatively straightforward task, the main constraint of 
the nutrient sampling design was the significant amount of time and resources to be 
invested for a thorough micro-habitat investigation. Due to the high cost of nutrient 
analyses I was not able to analyze vitamins content, but instead focused on a set of 
minerals and fats that were considered important for Takahē and were also cost-
effective to analyze. Nevertheless, I was able to identify one of the pens as an outlier, 
which allows me to hypothesize that the low breeding success in this pen may be linked 
to nutrient deficiencies, such as the low manganese content of the tussocks when 
compared to other breeding pens. 
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Overall, I found this two-stage process for release-site assessment to be a feasible 
approach to assess a variety of habitat features at the specific different levels of species 
habitat selection. The high costs of the nutrient analysis might be problematic, given the 
time and resource constraints of practitioners. However, I found a considerable amount 
of auto-correlation between my variables (see chapter 4), hence an investigation of a full 
nutrient set might not necessarily be required in every case. Instead, one could analyze a 
single sample first and then remove any auto-correlated nutrients from further analysis. 
While the costs of even a reduced nutrient analysis remain considerable, I still 
recommend including these expenses as an inherent part of any reintroduction project 
unless there is quantifiable evidence that resource nutrient content either does not vary 
significantly or is not strongly associated with fitness. The translocation of any species 
will always be a challenging, risky task, and overlooking even a single local-scale 
component, such as the salinity of water sources, can be devastating, as evidenced by the 
Black Rhino translocation in July 2018 which resulted in the death of all 13 founder 
individuals (The Guardian, 2018, see also chapter two). 

6.3 The Role of Monitoring in Release Site Assessments 
Part of chapters three and four involved working with third-party data which had been 
collected as part of the long-term population monitoring of Takahē by the Department 
of Conservation. While the usability of this data was somewhat limited for the research 
questions that I investigated, utilizing the data provided valuable insights in the design 
of monitoring programs for conservation translocations, in particular how such data 
could be used to inform the assessment of release sites. 

There is no doubt that the data collected by DOC has provided invaluable insights 
into the development and dynamics of Takahē populations throughout New Zealand. 
The database for the Murchison Mts. Takahē population was the main cornerstone for 
the development of key population models (Hegg et al., 2013), and enabled us to make 
predictions about the future population developments at that site. The main 
shortcomings of the current DOC monitoring design are limitations in spatial 
referencing, and the need to link population data with environmental features. For 
instance, while there are available more than 400 records for the productivity and 
breeding success of Takahē nest sites in the Murchison Mountains, only 41 of these are 
spatially referenced, and of these only 23 had full productivity records (see chapter 4). In 
addition, while there is a large amount of productivity data available, this data have 
never been collected in conjunction with potential explanatory environmental variables. 
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In conclusion, we know a lot about the population dynamics of the birds in the wild, but 
the exact causes of breeding success and failure, remain largely unknown. 

The main lesson from investigating the DOC monitoring data is that linking 
population data with environmental features and spatial referencing would significantly 
improve the quality and usability of the data beyond the modelling of population trends 
and projections. Once these links are established, the data quality would allow for the 
development of comprehensive habitat models, possibly even mechanistic models of 
resource selection (Kearney et al., 2010), which in return will inform the selection of 
reintroduction sites. By providing us with detailed information on the interactions of a 
species with its environment, monitoring data can then be used to determine habitat 
criteria and their thresholds with high accuracy. 

6.4 Integrating Habitat Management Costs into Release Site 
Selection 
Financial planning for a species translocation is the point at which conservation 
aspiration meets reality. The best habitat is effectively useless if we cannot afford to 
manage it, or if we had to invest funding that could have otherwise been used to realize 
five additional conservation interventions. Using the work of Naidoo (2006) as a 
framework, I considered nature conservation as a spatial process and developed an 
approach to spatially model critical costs that can be incurred in the context of Takahē 
translocations throughout New Zealand. These are: management costs, land acquisition 
costs, and opportunity costs. I was further able to determine whether the costs are 
incurred one-off prior to release, or whether they would be continuous. 

As outlined in chapter five, the modelling of these costs is case-specific. Target 
species other than Takahē are likely to require a very different management approach, 
which would alter the costs that would have to be calculated. However, I still consider 
the approach transferrable. In my example, I calculated and modelled the costs of 
trapping and installing a predator control regime at a candidate release site, based on 
experience in habitat management at one of the wild Takahē populations in the 
Murchison Mountains. While management techniques for other species would require a 
different cost calculation approach, the basic principle remains the same: conservation, 
and habitat management are spatial processes, making the cost calculations a matter of 
estimating distances, measuring the effects of terrain and land cover on achieving 
habitat management objectives within certain time frames, as well as measuring the 
costs of achieving a habitat management objective in the absence of obstacles. 
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One practical example of integrating financial costs and ecological knowledge for 
conservation planning could be overlaying spatial information on opportunity costs 
(chapter 5) with high quality habitat (as identified in chapter 3.), see Figure 14. Here, I 
applied a clip in ArcGIS Pro to the opportunity cost layer created in chapter 5. The 
mask layer for the clip is an extract of the high-quality habitat classes (class 4 and 5, see 
chapter 3). From all areas that I calculated opportunity costs for, only those that fell 
within high-quality Takahē habitat were considered. 

The result is a map of opportunity costs for high-quality Takahē habitat. In Figure 
14 I chose an example at Lake Summer Forest Park. This is a “foothill situation” which 
I described in chapter 3: The eastern foothills of the Southern Alps have, in comparison, 
usually a higher habitat quality than the Southern Alps themselves. Their proximity to 
human settlements also increases their land use potential, which raises opportunity costs. 
However, the map also indicates the spatial heterogeneity of costs as found in chapter 5.  

By comparing sites using this map, conservation planners now have the opportunity 
to discuss whether the relative risk of having these conflicts occur is worth taking in 
favor of choosing a release site with high habitat quality. This approach can be applied 
to other cost factors as well to determine the long-term feasibility of a site (checking the 
ongoing costs), or to make more accurate predictions about the establishing cost – both 
of which will ultimately help make more sustainable management decisions. 

 
Figure 14 Opportunity Costs of High-Quality Habitat. All areas marked in shades of red 
have been identified as high-quality habitat (category 4-5, see chapter 3). A higher value on this map 
indicates higher opportunity costs. The area of interest is Lake Summer Forest Park, north of 
Christchurch (green area). 
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6.5 The Road Ahead 

To conclude this research, I would like to propose a number of avenues for further 
research and highlight some implications for conservation policy. I further address issues 
that I encountered during my PhD and provide options for addressing them in future 
studies. 

Systematic reviews 

I recommend an initial review to be conducted into the ecological knowledge relating to 
any reintroduction candidates. It could be worthwhile to investigate our understanding 
of the habitat requirements of these species to identify any significant gaps in knowledge 
that might put species at risk or jeopardize site selection. This study would use a species- 
specific habitat definition as a framework and determine the resources and 
environmental conditions per species. This would produce a valuable database of the 
ecological requirements for a variety of reintroduction candidates. Complementing this 
database with information on how to collect the required data and at which scale would 
make this a very powerful tool. 

In addition, I recommend including more search terms and putting an emphasis on 
retrieving more documents from offline sources. My own review relied mostly on 
resources that were available online. However, using the library retrieval service, while 
more time-intensive, may have shed some light on the quality of unpublished 
documents, in particular technical documents and management plans. 

Overseas Case Study 

Transferring the two-step habitat selection approach to different species, ideally outside 
New Zealand, would be relevant. I can see this to be a practical application and further 
refinement of my research and or the proposed study above.  

If any study intends to continue investigating Takahē or other translocation 
candidates within New Zealand where slope is a relevant criterion, I recommend 
selecting the 15-meter DEM in favor of the 8-meter DEM for the analysis. I have 
already discussed its limitations in chapter 3 but essentially the 8-meter DEM provides 
more accuracy for any spatial analysis. Additionally, if human disturbance is to be 
investigated, the use of building footprints would further improve the accuracy of that 
particular overlay. However, this process will require sufficient computational power. 
While it would be worth to further investigate the application of fuzzy modelling in this 
context aware, one has to be aware that these models will be more complex and hence 
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time-consuming to produce. My approach can be considered as a compromise of cost-
effectiveness and accuracy. 

I have already discussed the limitations of my own sampling design for the micro 
habitat investigation in chapter 4. The main aspects to consider in a similar study would 
be having a sufficient number of climate dataloggers, as well as choosing an extended 
deployment time (possibly 3-4 years). To fully capture the microclimatic conditions of a 
breeding pen would have required several hundred of these loggers. Ideally, I would 
have deployed 100-200 iButtons across each breeding pen in addition to sampling any 
known nest site. Also, due to cost restrictions, I had to pool the nutrient samples. With 
more funding one sample per pen each year for at least three years could be collected, 
covering both summer and winter seasons and yielding more precise measures for the 
nutrient quality of each pen. 

Reintroduction Cost Case Studies 

Applying the spatial analysis of habitat management costs to a different species and 
in a different environment will be informative. Further refinements to allow for more 
accurate predictions may be necessary (see section “caveats” in chapter five). These 
refinements could involve tracking the time of trappers on pre-defined tracks to measure 
their performance on various types of terrain and in various types of land cover. Since I 
have only distinguished between open areas and land covered with dense vegetation 
(scrubland or forests), a study could also investigate the performance of track cutting 
teams in different types of vegetation. 

In addition, I have disregarded the potential benefit of conservation interventions 
in my own research. Developing a methodology to spatially assess any ecosystem 
services provided by a reintroduction may prove valuable. It may be worth pointing out 
that research into spatially quantifying the monetary values of ecosystem services is 
currently on the research agenda of several European countries, making this an ideal 
funding opportunity. 

Finally, the integration of both ecological and economic data in one analysis is 
desirable. By overlaying high-quality habitat with opportunity costs I have already 
provided an example of a practical application. 

Policy Considerations 

Although the IUCN publications such as the Guidelines for Reintroductions and Other 
Conservation Translocations (IUCN/SSC, 2013) and Global Re-Introduction 
Perspectives (Soorae, 2016) provide substantial support for the design and 
implementation of translocation projects, I see potential to include more information on 
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the topic of release site selection within publications, as well as the use of the habitat 
concept. Therefore, I recommend the following two actions: 

1. Add a section on release site selection to the IUCN Global Re-Introduction 
Perspectives template: this series provides overviews of species reintroduction 
projects following comprehensive reporting standards (Soorae, 2016). Including 
a section on release site assessments for each case study would be an opportunity 
to provide additional insights into reintroduction planning and feasibility studies 
for a wide audience of researchers and practitioners. 

2. Define habitat in any future revisions of the IUCN/SSC reintroduction 
guidelines: a possible source of confusion about the term habitat could be that 
ecological habitat concepts are commonly used by governmental institutions in 
policy documents and legislation (Matthewson & Morrison, 2013; Shears, 2007). 
IUCN uses a habitats classification scheme for the IUCN Red List to describe 
vegetation associations. This has been partly adapted from the classification 
scheme of the Ramsar Convention on Wetlands (IUCN, 2012; The Ramsar 
Convention on Wetlands, 2018), which uses the ecological habitat concept. 

The application of species-specific habitat concepts for reintroductions has already been 
introduced (Armstrong & Seddon, 2008; Osborne & Seddon, 2012) and the IUCN 
reintroduction guidelines, although they do not provide a clear definition of the terms, 
promote the use of a species-specific habitat concept. This creates a potential conflict in 
key definitions between IUCN policy outputs. I recommend that any update of the 
IUCN reintroduction guidelines addresses this issue and includes a section on the 
species-specific definition of habitat, outlining why this is the preferred definition for 
reintroduction biology. 

Final Remarks 

In this thesis, I sought to improve our understanding of the necessary process of 
selecting suitable release sites for endangered species, and to highlight the 
interdisciplinary nature of conservation interventions such as translocations. Selecting 
release sites and habitat of good quality will remain a challenging task, but I hope that 
this research will help us make better management decisions. 
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Appendix 1 Farm Sales 
Sales Count 

Region 2014 2015 2016 2017 2018 

Auckland Region 60 77 52 27 11 

Bay of Plenty Region 37 26 29 13 14 

Canterbury Region 126 89 88 38 32 

Gisborne Region 14 13 17 15 6 

Hawke's Bay Region 19 34 23 25 20 

Manawatu-Wanganui Region 89 71 71 61 55 

Marlborough Region 25 21 20 21 9 

Nelson Region   2  1 

Northland Region 103 114 135 107 64 

Otago Region 85 71 60 57 53 

Southland Region 50 58 53 38 50 

Taranaki Region 53 46 37 26 21 

Tasman Region 30 21 23 17 12 

Waikato Region 113 116 78 55 35 

Wellington Region 19 28 23 19 22 

West Coast Region 18 14 7 3 7 

 

Median Price Per Hectare (NZ$) 

Region 2014 2015 2016 2017 2018 

Auckland Region 19,945 32,254 39,570 19,040 17,656 

Bay of Plenty Region 18,975 20,757 20,869 15,760 15,868 

Canterbury Region 16,393 17,410 13,339 10,750 10,124 

Gisborne Region 9,233 6,593 10,593 7,498 - 

Hawke's Bay Region 9,118 12,210 9,996 10,155 10,001 

Manawatu-Wanganui Region 13,409 7,749 7,646 9,222 8,214 

Marlborough Region 5,769 5,798 8,497 8,027 5,263 

Nelson Region   -  - 

Northland Region 9,882 11,700 9,116 9,922 10,326 

Otago Region 12,188 12,000 12,462 12,190 9,330 

Southland Region 19,189 22,307 20,893 15,437 13,403 

Taranaki Region 30,888 28,989 22,262 14,544 6,375 

Tasman Region 8,016 11,388 12,839 9,936 6,955 

Waikato Region 22,638 26,243 18,383 16,456 12,300 

Wellington Region 10,093 9,046 7,059 7,892 9,470 

West Coast Region 7,975 4,887 - - - 
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Appendix 2 High resolution maps – Figure 13 a) – d) 
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Appendix 3 High resolution maps – Figure 6 a) – e) 
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Fig. 6 c) 
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Fig. 6 d) 
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Fig. 6 e) 
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Appendix 4 High resolution map – Figure 12 a) – e) 
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