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Abstract 
Natural regeneration of woody vegetation in pastoral hill country:  

A case study of Oashore Station, Banks Peninsula  

 
by 

David Owen Pedley 

 

There is a recognised need to establish more permanent indigenous forest throughout the world to 

mitigate climate change and enhance declining biodiversity. In New Zealand, the Climate Change 

Commission He Pou a Rangi has recommended the establishment of 300,000 hectares of new 

indigenous forest by 2035, with a focus on areas of hill country with marginal productivity for 

agriculture. A significant barrier to the achievement of this goal is the cost and logistical difficulties of 

restoration planting and direct seeding in hill country landscapes. Reliance on natural regeneration 

has the potential to be a more practical and economically viable option, particularly where large 

areas are involved. However, the rate of natural regeneration and key factors enabling it within 

pastoral hill country landscapes are not well understood. 

Based on aerial imagery, object-based image classification was used to detect changes in woody 

vegetation over a 16-year period on Oashore Station, a 540ha hill country property on Banks 

Peninsula, Canterbury. The focus was on identifying areas of the property that had changed from 

grassland to woody shrubland as the first stage in a successional process of natural regeneration 

from pasture to indigenous forest. Random forest machine learning and logistic regression were then 

used to evaluate the influence of different variables on the observed natural regeneration, including 

the impact of environmental factors and grazing regimes. 

The results for this study indicate that only 3.3% of Oashore Station experienced observed natural 

regeneration of woody vegetation in pasture between 2003 and 2019. The key factor influencing 

natural regeneration was the proximity of existing woody vegetation, with areas within 2m of 

existing woody vegetation being significantly more likely to experience natural regeneration. Cattle 

grazing was also found to have a significant negative impact on regeneration of woody vegetation, 

with regeneration most likely to occur in areas that had been free of cattle grazing for at least 10 

years. Grazing by sheep and other environmental factors were not found to have a significant impact 

on natural regeneration.  
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These findings have implications for hill country farmers considering natural regeneration on pastoral 

land with similar conditions and can help to identify locations where regeneration is most likely to 

occur. Areas with a higher proportion of existing woody vegetation should be prioritised for natural 

regeneration, with cattle grazing generally excluded from such areas. However, even in favourable 

conditions, the establishment of indigenous forest through natural regeneration is likely to be a slow, 

incremental process. This should be recognised in financial incentive schemes such as the Emissions 

Trading Scheme and has implications for the achievement of broader goals seeking to increase the 

amount of permanent indigenous forest on marginal hill country. If significantly faster rates of 

natural regeneration are desired, additional strategic interventions and support may be necessary.  

 

Keywords: natural regeneration, indigenous forest, woody vegetation, biodiversity, pastoral hill 

country, livestock production, environmental factors, grazing, image classification, random forest 

Oashore Station, Banks Peninsula, Canterbury, 
New Zealand (base map from ArcGIS Pro by Esri) 
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Chapter 1 

Introduction 

1.1 Problem Statement 

Climate change and biodiversity loss have been described as the twin emergencies facing humanity 

(McCraine et al., 2019). Although these are complex and multifaceted problems, one potential 

solution that can help to address both issues is the increased establishment of permanent indigenous 

forest (Chartres et al., 2020).  

In New Zealand, a potentially suitable location for new indigenous forest is marginal hill country of 

low productive value (Wright, 2016). In addition to public benefits, indigenous forest has the 

potential to provide economic benefits to landowners and mitigate local environmental problems 

such as soil erosion that are common on hill country land (Chartres et al., 2020). The New Zealand 

Climate Change Commission has recommended the establishment of 300,000 hectares of new 

permanent indigenous forest by 2035 (He Pou a Rangi Climate Change Commission, 2021). However, 

a significant barrier to the achievement of this goal is the cost and logistical difficulties of restoration 

planting at the required spatial scale.  

It is generally accepted that the most practical and economically viable method to establish 

indigenous forest on marginal hill country is through reliance on natural regeneration (Bergin, 2012; 

Bergin & Gea, 2005; Carswell et al., 2012; Chazdon, 2017; Davis et al., 2009; Scion, 2019). However, 

natural regeneration is a slow and complex process that occurs at variable rates and can be affected 

by a wide range of factors (Chazdon & Guariguata, 2016; Wilson, 1994). To support the 

establishment of indigenous forest and achieve its associated benefits, it is critical that the key 

factors that enable or inhibit natural regeneration are well understood. 

This research identifies and evaluates the key factors that influence natural regeneration on marginal 

hill country and the potential rate of change, based on geospatial analysis of Oashore Station on 

Banks Peninsula, New Zealand. This includes consideration of a range of environmental factors and 

the impact of grazing by cattle and sheep. The research is focussed on the regeneration of woody 

vegetation in open pasture, which is a critical early phase in the succession towards indigenous forest 

and can be particularly challenging due to competition with exotic grasses (Bergin & Kimberley, 2014; 

Davis et al., 2009; Ledgard & Davis, 2004; Miller & Wells, 2003). Regeneration of forest in open 

pasture also provides the opportunity to qualify for carbon credits under the New Zealand Emissions 

Trading Scheme and the potential for short term ongoing income from continued grazing. 
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Improved understanding of these factors among hill country farmers will help them to develop more 

effective and targeted natural regeneration strategies for their land, improving economic viability 

and providing greater confidence to embark upon a change of land use. This may help to increase the 

overall rate of establishment of indigenous forest on marginal hill country, providing local 

environmental benefits and contributing to national and global goals regarding the mitigation of 

climate change and biodiversity loss.   

1.2 Research objective and questions 

Based on a geospatial analysis of Oashore Station on Banks Peninsula, New Zealand, the key 

objectives of this research are: 

¶ to identify the rate of natural regeneration of woody vegetation in open pasture; and 

¶ to evaluate the key factors that enable or inhibit natural regeneration of woody vegetation in 

open pasture.  

The research questions that will be addressed to achieve this objective are as follows:  

1. Where, how much, and at what rate has natural regeneration of woody vegetation occurred in 

pasture on Oashore Station between 2003 and 2019? 

2. What are the implications of the amount of observed natural regeneration over time for hill 

country farmers wanting to participate in the Emissions Trading Scheme and for the 

achievement of national objectives for new indigenous forest? 

3. What are the key environmental factors that have influenced the observed natural 

regeneration of woody vegetation in open pasture?   

4. What influence has cattle and/or sheep grazing had on the observed natural regeneration of 

woody vegetation in open pasture? 

5. Can these findings be used to predict the natural regeneration of indigenous forest that may 

occur on Oashore Station in the future? 

6. What is the applicability of these findings to other hill country locations?   

7. Based on the above, what general principles and strategies apply to hill country farmers 

seeking to maximise natural regeneration of indigenous vegetation? 

8. What are the key limitations of this research, including the use of geospatial methodology to 

study natural regeneration?  
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1.3 Thesis structure 

This thesis is divided into six chapters. This first chapter identifies the research problem and provides 

an overview of the research objective and questions. Chapter two is a literature review that 

summarises the current state of knowledge regarding the benefits of indigenous forest, different 

methods for establishing indigenous forest, barriers and challenges for natural regeneration, factors 

influencing natural regeneration, and methodologies used in the literature to study natural 

regeneration.  Chapter three introduces the study site and explains the methodology adopted for this 

research. Chapter four presents the results of this study, with Chapter five answering the key 

research questions posed above and identifying areas requiring further study. The thesis concludes 

with Chapter six, which summarises the key findings of this research and its implications.   
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Chapter 2 

Literature Review  

This literature review is divided into six sections. The first section (2.1) provides an overview of the 

importance of permanent indigenous forest and the benefits this can provide, including a discussion 

about the role of marginal hill country for establishing indigenous forest. This is followed by a 

summary of the different methods for establishing indigenous forest (section 2.2), including natural 

regeneration. Section 2.3 considers some of key barriers and challenges for natural regeneration. 

Section 2.4 then goes on to examine the existing literature regarding the factors that influence 

natural regeneration, followed by a discussion of the methodologies used in other natural 

regeneration studies (section 2.5). The final section (2.6) provides a brief overview of the key findings 

from the literature review and the knowledge gap that this research is intended to address. 

2.1 The importance of permanent indigenous forest 

Climate change and biodiversity loss are two major global environmental challenges, which have 

been referred to as the twin emergencies facing humanity (McCraine et al., 2019). The effects of 

climate change are already being experienced across the globe, including sea level rise and increased 

frequency of extreme weather events (IPCC, 2014).  These changes are occurring in tandem with a 

spiralling decline in biodiversity, substantially reducing the ecosystem services on which society 

depends (Attenborough, 2020). In New Zealand, a recent report by the Department of Conservation 

(2020) confirmed the continuing decline of the country’s unique indigenous biota and concluded that 

biodiversity in New Zealand is in a state of crisis.  

The solutions to these challenges are complex and multi-faceted. However, one key strategy that can 

simultaneously help to address climate change and biodiversity loss is the establishment of 

permanent indigenous forest (Chartres et al., 2020).  

2.1.1 Benefits of permanent indigenous forest 

Trees play an important role in climate change mitigation by sequestering greenhouse gases from the 

atmosphere (Griscom et al., 2017). The establishment of new forest as a carbon sink is a natural 

climate solution that forms an important component of climate change response strategies 

throughout the world (Griscom et al., 2017). In New Zealand, exotic plantation forest species such as 

Pinus radiata have high rates of carbon sequestration due to their fast growth (Kimberley et al., 

2014). However, sequestration rates for Pinus radiata generally peak at around 20 years and then 

gradually decline (Kimberley, 2021). In addition, much of the stored carbon can be lost when the 
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forest is harvested, depending on how the wood is processed and used (Schlamadinger & Marland, 

1999). In contrast, indigenous forest species absorb carbon more slowly, but continue to do so for a 

longer period of time, with sequestration rates generally peaking in indigenous forests between 60 

and 90 years old (Kimberley, 2021; Kimberley et al., 2014). Permanent indigenous forests are 

therefore recognised by the New Zealand Climate Change Commission as an important long term 

carbon sink, with the Commission recently recommending the establishment of an additional 25,000 

ha of permanent indigenous forest in New Zealand per year to create 300,000 ha of new indigenous 

forest by 2035 (He Pou a Rangi Climate Change Commission, 2021). 

Climate change targets are key drivers stimulating the need for additional forests. However, an 

increase in forests also provides the opportunity to improve indigenous biodiversity outcomes and 

increase ecosystem services to humans (Lin et al., 2013). Exotic monocultures with high carbon 

sequestration are often preferred by landowners for climate mitigation as they provide a more rapid 

return on investment (Lin et al., 2013). However, such monocultures provide less support for 

indigenous species  compared to diverse indigenous forests (Chartres et al., 2020). A New Zealand 

study quantified the biodiversity co-benefits of two lowland indigenous forests and confirmed that all 

aspects of ecological integrity and species richness increased concurrently with carbon accumulation 

during the succession to indigenous forest (Carswell et al., 2012).  

A recent collaborative international study by scientists from around the world set out the ten golden 

rules for reforestation and highlighted the negative outcomes that can be associated with exotic 

monoculture plantations, including the displacement of indigenous biodiversity (Di Sacco et al., 

2021). Di Sacco et al. (2021) promoted a ‘native forest approach’ that increases carbon sequestration 

and indigenous biodiversity recovery, whilst improving human livelihoods through enhanced 

ecosystem services. This is consistent with a case study in the Ohiwa catchment in New Zealand, 

which estimated the value of different ecosystem services in exotic forest compared to indigenous 

forest (Yao & Velarde, 2014) . This study found that although exotic forest had a higher value for 

provisioning services, indigenous forest had a higher overall value of ecosystem services due to 

recreation benefits, species conservation and improved regulation of erosion and flooding. 

Despite the recognised benefits of indigenous forest, the rate of establishment remains low in New 

Zealand. Between 2008 and 2020, only 3,600 ha of native forest were afforested and included in the 

New Zealand Emissions Trading Scheme (ETS), which equates to a rate of 300ha/year (Chartres et al., 

2020). This is nowhere near the 25,000 ha/year targeted by the New Zealand Climate Change 

Commission. At this rate, it would take 1,000 years (rather than the targeted 14 years) to reach the 

total 300,000ha of indigenous forest recommended by the Climate Change Commission. There is 

therefore an urgent need for increasing the establishment of indigenous forest in New Zealand. 
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2.1.2 The role of marginal hill country for establishing indigenous forest  

There are approximately 10 million hectares of hill country land throughout New Zealand, which is 

generally defined as land with a slope of 15 degrees or greater with an altitude below 1000 metres 

above sea level (Cameron, 2016). Hill country is considered to be “marginal” if there are moderate to 

extreme limitations on its long term productive use for pasture or forestry, due to factors such as 

erosion risk, soil characteristics, and climatic limitations (Shepherd et al., 2008; Trotter et al., 2005). 

In New Zealand, this is represented by classes 6, 7 and 8 in the New Zealand Land Resource Inventory 

(Newsome et al., 2008). Manaaki Whenua Landcare Research has estimated that there is 

approximately 2.8 million hectares of marginal land (classes 6, 7, 8) that is not already in forest and 

may be capable of supporting tree species (Chartres et al., 2020).  

The majority of non-forested marginal hill country in New Zealand is used for extensive sheep and 

beef farming (West et al., 2020). However, pastoral farming on such land can be very challenging 

given the inherent constraints of the environment. Due to its steep topography, hill country is 

generally not accessible by tractor or other large farm machinery, which limits its ability to be 

cultivated for intensive pasture production, crops, and dairy farming (West et al., 2020). These steep 

slopes often require that any external inputs such as fertiliser are applied by helicopter, the cost of 

which is prohibitive for many farmers (Peart & Woodhouse, 2021). Furthermore, irrigation systems 

are very difficult and costly to implement, which increases reliance on rainfall and makes hill country 

communities more vulnerable to drought (Cameron, 2016). Due to these limitations, stocking rates 

on marginal hill country are generally very low compared with stocking rates on flatter land, which 

substantially limits the economic return from livestock production systems (Peart & Woodhouse, 

2021). This low productivity makes farming on marginal hill country particularly vulnerable to the 

volatility of the financial markets, such as recent declines in the price of coarse wool (Burry, 2020).  

In addition to economic vulnerability, farming on marginal hill country is subject to several 

environmental challenges. The steep slopes and inherent instability of marginal hill country 

frequently result in soil erosion and the loss of the more productive topsoil. Mobilised sediment is 

then transported into adjacent lakes and rivers, reducing surface water quality and adversely 

affecting both in-stream and on-farm biodiversity (McIvor et al., 2011).  These environmental 

impacts will be further exacerbated by climate change, which is likely to result in more drought and 

more frequent high intensity storms (Cameron, 2016). With a growing awareness of the 

environmental impacts and increasing regulation, farmers who fail to address these issues can be 

subject to operational constraints, loss in product value, and the creation of negative public 

perceptions that undermine the social right to farm (McWilliam & Gregorini, 2018). 
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Given these economic, environmental, and social challenges, many hill country farmers are 

interested in alternative uses for their land (Bergin & Kimberley, 2014; Peart & Woodhouse, 2021). 

The low productivity of marginal land means that there is a reduced opportunity cost associated with 

the cessation of agriculture, which encourages the consideration of alternatives compared to more 

productive rural land (New Zealand Productivity Commission, 2018). Exotic plantation forestry is one 

potential alternative to pastoral agriculture on marginal hill country. However, there is increasing 

interest in the establishment of indigenous forest to improve soil conservation, indigenous 

biodiversity, and water quality (Bergin & Kimberley, 2014).  This is supported by the Parliamentary 

Commissioner for the Environment, who has proposed the widespread reversion of marginal 

farmland to indigenous forest due to the environmental benefits it provides (Wright, 2016).  

2.2 Methods for establishing indigenous forest 

There are three main methods of establishing indigenous forest: planting seedlings, direct seeding, 

and natural regeneration (Bergin, 2012; Porteous, 1993). This section discusses the pros and cons of 

these different methods and their suitability for establishing permanent indigenous forest on 

marginal hill country.  

2.2.1 Planting seedlings 

The most common method used in revegetation and restoration projects is planting nursery raised 

seedlings (Bergin, 2012). The main benefit of this method is that it allows more control of the species 

that are established and provides a more rapid transition of the land into a vegetated state, 

compared to other methods (Davis et al., 2009). However, its success relies on strong, healthy 

planting stock of tree species that are suited to the site conditions and often requires ongoing weed 

suppression after planting to ensure seedling survival (Davis et al., 2009).  

The biggest drawback of this method  is that it is a labour-intensive and expensive process, especially 

if large areas are being restored  (Bergin & Gea, 2005; Scion, 2019). A survey of restoration 

practitioners found the cost of using this method for large areas may not be cost effective, as 

establishment costs range from  $750 to $50,000 per hectare, compared to annual returns from 

carbon credits of only $40 to $325 per hectare (Carswell et al., 2012).  Furthermore, there are 

significant practical difficulties associated with planting and tending seedlings on steep, erosion-

prone, and sometimes inaccessible, hill country, particularly when establishing heavy container 

grown stock (Davis et al., 2009).  
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2.2.2 Direct seeding 

An alternative option to planting seedlings is broadcasting seed directly onto the ground. Potential 

benefits of this approach are that it is significantly cheaper than planting seedlings, with the ability to 

spread seed over large areas by hand or with broadcast machinery (Davis et al., 2009). However, 

direct seeding has several shortcomings and risks resulting in it being infrequently used by 

restoration practitioners. Key limitations include frequent unavailability of indigenous seeds,  

unreliable germination, and intensive competition from exotic grasses (Douglas et al., 2007).  

Successful direct seeding generally requires complete removal of competing vegetation and exposure 

of soil (Bergin & Gea, 2005), which is generally not practical or desirable on marginal hill country as it 

will exacerbate erosion, causing the loss of productive soils and potential adverse impacts on surface 

water quality. Ledgard, Charru and Davey (2008) demonstrated the effectiveness of herbicide 

application and soil disturbance in encouraging the growth of indigenous seedlings using direct 

seeding in 0.5m² test plots.  However, it was acknowledged by the authors that weed control after 

seedling emergence remained a critical factor, with Bergin & Kimberley (2014) suggesting that such 

approaches would be too labour intensive to be applied at large scales. 

2.2.3 Natural regeneration 

The third potential method for establishing indigenous forest is natural regeneration, which is 

occurring spontaneously on many sites throughout New Zealand (Bergin, 2012). Natural regeneration 

can be defined as a long term and self-organising successional process of forest restoration that 

unfolds in stages based on dispersal of existing species and disturbance events (Chazdon, 2017). The 

successional pathways can be diverse, but generally involve a progression from light demanding 

pioneer species, through to hardy shrubs and taller emergent species under which more shade 

tolerant canopy species can establish and emerge (Wassilieff, 2007; Wilson, 1994) (Figure 1).    

Material removed due to copyright compliance 

Figure 1: Stages of forest succession (modified from Wassilieff, 2007) 
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One of the major potential advantages of natural regeneration compared to other methods is that, in 

suitable locations and conditions (discussed in section 2.4), it can be a relatively low-cost option 

where nature does most of the work (Di Sacco et al., 2021; Wilson et al., 2017). Natural regeneration 

relies upon the existing environment to provide and support propagules of ecologically appropriate 

species, with limited (if any) need for the expensive and labour-intensive use of imported seed or 

nursery raised seedlings.   

There are a range of different approaches for natural regeneration, which exist on a spectrum of 

human intervention (Di Sacco et al., 2021). At one end of the spectrum is minimum interference 

management, which involves removing the most obvious impediments to natural regeneration 

(including grazing, introduced mammals, and deleterious exotic plant species) and allowing nature to 

do the rest (Wilson, 1994). At the other end of the spectrum is active or assisted natural 

regeneration, which may involve a range of measures such as supplementary planting, direct 

seeding, herbicide spraying, and site preparation to stimulate natural regeneration (Davis et al., 

2009). These interventions are inevitably more labour intensive and costly than minimum 

interference management, but can help to reduce competition, provide seed sources, and speed up 

the natural regeneration process (Davis et al., 2009).  

In addition to cost efficiencies, natural regeneration has also been shown to result in improved 

biodiversity outcomes, including higher abundance and species richness for plants, birds and 

invertebrates, compared to active restoration approaches (Crouzeilles et al., 2017). The stochastic 

nature of natural regeneration can lead to heterogenous, biodiverse and resilient forest landscapes 

at a scale that would not be practical by relying on other methods (Chazdon & Guariguata, 2016). For 

these reasons, the general consensus in the literature is that relying on natural regeneration is the 

preferred and most economically viable method for establishing permanent indigenous forest, 

particularly on marginal hill country due to the difficulties of planting and direct seeding in such 

locations (Bergin, 2012; Bergin & Gea, 2005; Carswell et al., 2012; Chazdon, 2017; Davis et al., 2009; 

Scion, 2019).  

2.3 Barriers and challenges for natural regeneration  

Notwithstanding the benefits of natural regeneration, it is not without its challenges. By its very 

nature, rebuilding a forest ecosystem through natural regeneration is a slow process that can take 

multiple human generations. This can be seen as an inefficient use of land and a highly risky 

investment (Chazdon & Guariguata, 2016). Furthermore, an inherent characteristic of natural 

regeneration is its uncertainty, where species often colonise opportunistically and somewhat 

unpredictably. Although this process of gradual self-assembly can enhance diversity and resilience, it 

is not always compatible with financial incentive schemes that are based on a more orderly and 
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predictable trajectory of forest restoration (Chazdon & Guariguata, 2016). These factors can pose a 

significant barrier to the establishment of new permanent indigenous forest through natural 

regeneration, as discussed further below.  

2.3.1 Financial incentives for farmers 

The decision about whether to establish new forest in reliance on natural regeneration will ultimately 

be made by those that own and control the land where such forest may be located. For hill country 

farmers considering alternative land uses, there are a range of factors that interact as an amalgam to 

create drivers or barriers to change. However, it is generally recognised that economic factors are the 

most powerful factor driving farmer decision making about the use of their land (Journeaux et al., 

2017). If a change in land use is not profitable or economically viable, this will significantly limit 

uptake by farmers. Notwithstanding the marginal viability of much hill country land, if farmers are 

expected to forgo or reduce their income from agriculture in favour of indigenous forest, there must 

be some form of income or financial incentive to stimulate the desired change and support the 

ongoing work that will be required. 

Carbon credits and the ETS 

In New Zealand, the primary mechanism that is designed to create an economic incentive for new 

forests is the New Zealand Emissions Trading Scheme (ETS)1. The ETS is part of the Climate Change 

Response Act 2002 and was developed as a method of meeting New Zealand’s international climate 

change obligations. Under the ETS, landowners can receive carbon credits for establishing and 

managing forests in a way that increases carbon storage, with one New Zealand Unit (NZU) 

representing one tonne of carbon dioxide (Ministry for Primary Industries, 2015). These NZUs 

(otherwise known as carbon credits) can then be sold to emitters of greenhouse gases to offset their 

emissions, providing a valuable income source for the owners of forest land (Thompson, 2019b). 

Carbon credits can be gained from either exotic or indigenous forests under the ETS (Ministry for 

Primary Industries, 2015). However, in practice, the scheme is much more compatible with the 

predictable and rapid growth of exotic plantation forestry, particularly when compared to the 

relatively slow and uncertain natural regeneration of indigenous forests. The key requirements of the 

ETS and the challenges they present are summarised below.  

 
1 An alternative financial incentive scheme is the One Billion Trees Fund, which is administered by the Ministry 

for Primary Industries. However, the Ministry is not currently accepting any more applications as the number of 
applications in progress will exceed the limit of the fund, if approved (Ministry for Primary Industries, 2021). 
Unless the scheme is renewed, the One Billion Trees Fund is likely to be of limited relevance to future decision 
making on rural land use change. 
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Land must be eligible – new forest in open pasture  

Under the Kyoto Protocol, 1 January 1990 is the baseline date for establishing New Zealand’s 

international climate change obligations. Only forests that were established after this date are 

considered to be new forest that can be counted towards New Zealand’s Kyoto Protocol obligations 

(Ministry for Primary Industries, 2015). As such, a key prerequisite to eligibility for carbon credits 

under the ETS is that the land must not have been forested as of 1 January 1990. 

Although this may sound like a relatively simple requirement, it can be difficult to determine in 

practice, particularly for indigenous vegetation with no clear date of establishment (Thompson, 

2019b). The primary method for determining land cover in 1990 is the use of aerial photos. However, 

imagery is not available for all parts of New Zealand and is often of insufficient resolution to 

accurately identify the land cover that existed at the time (Thompson, 2019b). Where aerial photos 

indicate there may have been existing woody vegetation, the current interpretation of the Ministry 

of Primary Industries is that forest species may have been present and therefore the land is ineligible 

for carbon credits (Thompson, 2019b).  

What this means in practice is that land will generally only be eligible for carbon credits if it is 

currently (or has recently been) open pasture. Although much marginal hill country would meet this 

requirement, achieving natural regeneration in open pasture poses several practical challenges, as 

discussed below. This requirement also precludes land from qualifying if it is dominated by exotic 

woody shrubs such as gorse (Ulex europaeus), even though such vegetation has the potential to 

support the long-term regeneration of indigenous forest (Wilson, 1994, 2003; Wilson et al., 2017). 

Forest must meet qualifying requirements – large and well advanced  

Assuming the land meets the initial threshold of eligibility (i.e. open pasture), it will not start 

generating carbon credits under the ETS until the area of forest is sufficiently large and well 

advanced. More specifically, the Climate Change Response Act 2002 requires that the land must be 

at least 1 hectare in area and have (or be likely to have) forest species that are capable of reaching 

5m in height at sufficient density to provide a tree crown cover of more than 30% in each hectare 

(Ministry for Primary Industries, 2015). These requirements can be somewhat uncertain and 

subjective, with the onus on the landowner to provide MPI with satisfactory information 

demonstrating that these requirements have been met.  

The landowner is then required to monitor the change in carbon stock in the forest over time and file 

emission returns with MPI (Karpas & Kerr, 2011). This can be done using forestry look-up tables 

(forests under 100ha), or through a site-specific field measurement approach (forests over 100ha) 

(Carver et al., 2017). This means that the rate of growth has a direct bearing on the amount of carbon 

credits that are earned over time. The landowner will not start receiving carbon credits and the 
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associated income until the forest regeneration progresses to a state where the above qualifying 

requirements can be satisfied and the change in carbon stock can be calculated (Thompson, 2019b). 

It is therefore important that landowners understand the likely rate of natural regeneration and the 

factors that influence the process to identify and prioritise areas that are most likely to experience 

the most noticeable change.   

Carbon credits can be held or sold to emitters based on the market price at that time. From a record 

low of $1.60 per unit in March 2013, the price of carbon credits has now risen to $25 per unit, which 

is constrained by a price cap within the ETS that is designed to protect New Zealand exporters 

(Thompson, 2019b).  Notwithstanding this cap, many companies are opting to voluntarily offset their 

emissions and are paying in excess of this price, with carbon credits from permanent indigenous 

forest attracting a premium due to the reputational benefits this can provide (Chartres et al., 2020). 

This indicates that although the ETS may not be well designed to accommodate natural regeneration 

of indigenous forest, there is high demand for carbon credits associated with this activity due to the 

benefits it provides.   

2.3.2 Natural regeneration in open pasture 

As discussed above, natural regeneration will generally need to occur in open pasture to qualify for 

carbon credits under the ETS. However, establishing indigenous forest in open pasture through 

reliance on natural regeneration can be a challenging task. This is primarily due to the suppressive 

effect of exotic grasses, which compete with indigenous seedlings for light, nutrients, and moisture 

(Bergin & Kimberley, 2014; Davis et al., 2009; Ledgard & Davis, 2004; Miller & Wells, 2003). It has 

been suggested that this competition can be reduced by herbicide spraying or screefing to remove 

the surface vegetation (Porteous, 1993). However, this is more commonly used as preparation for 

planting seedlings and is generally not practicable or desirable for large and erosion prone hill 

country landscapes. In the absence of such interventions, natural regeneration in this environment 

may require an additional phase of bracken invasion before seedlings can establish, or rely on 

marginal encroachment from the edge of existing vegetation, which shades the adjacent grass and 

reduces competition (Esler, 1967; Wilson, 1994). 

Figure 2 below (Martínez‐Ramos et al., 2016) illustrates the effect of agricultural land use on natural 

regeneration potential. This highlights that as rural landscapes become more modified by agriculture 

(i.e. cattle pastures, extensive monocultures), the cost and time to achieve forest regeneration 

increases. This is due to the reduction in biotic factors that enable regeneration (e.g. seed dispersal) 

and the additional barriers to regeneration that exist in a modified agricultural landscape (e.g. weed 

species competition). These challenges emphasise the need to clearly identify and understand the 

factors that support and enhance natural regeneration in modified pastoral landscapes.  
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Material removed due to copyright compliance 

 

Figure 2: Conceptual drawing illustrating the effect of agricultural land use on regeneration 
potential (from Martínez-Ramos et al., 2016) 

2.3.3 Uncertainty and risk  

There are some successful examples of natural regeneration in New Zealand hill country, such as 

Hinewai Reserve on Banks Peninsula (Wilson, 1994). In addition, broad calculations indicate that 

carbon farming of indigenous forest has the potential to be economically viable and comparable to 

the returns from sheep farming on marginal hill country in some circumstances (Scion, 2019; 

Thompson, 2019b). However, the success and viability of natural regeneration can be site specific, 

which creates significant uncertainty for landowners about the general applicability and practicality 

of this approach. As discussed in section 2.4 below, the factors affecting natural regeneration of 

indigenous forest are complex and not well understood. Key considerations include the likely rate 

and success of natural regeneration in different locations and the appropriate management actions 

to support the transition from pasture to a forested landscape.  

This uncertainty and lack of information creates risk, which can function as a barrier to efficient 

decisions (Funk & Kerr, 2009). In the face of this risk, many farmers are likely to either continue 

farming on marginal land, or pursue the economically attractive option of exotic plantation forestry, 

which provides a more rapid return on investment and is much more compatible with the 

requirements of the ETS (Thompson, 2019b). The potential for a proliferation of exotic forestry on 

marginal hill country has been identified a significant risk to the ecological and landscape values of 
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New Zealand’s hill country and a lost opportunity to restore biodiversity through natural 

regeneration of indigenous forest (Peart & Woodhouse, 2021) . 

To overcome these barriers, changes may be required to the legislative framework governing the ETS 

and/or new financial incentives introduced to encourage the establishment of indigenous forests 

(Chartres et al., 2020; Thompson, 2019b). However, such regulatory change is outside the scope of 

this study, which is based on consideration of the legislative framework that currently exists. In the 

absence of regulatory change, natural regeneration as an alternative rural land use is an uncertain 

prospect that seems likely to remain on the margins of financial viability. The purpose of this 

research is to help alleviate some of this uncertainty for hill country farmers by improving our 

understanding of the factors that influence natural regeneration and the rate at which such 

regeneration occurs.  

2.4 Factors influencing natural regeneration  

Natural regeneration is a complex ecological process that can be influenced by a wide range of 

factors (Chazdon & Guariguata, 2016; Forbes et al., 2021; Wilson, 1994). These factors can be 

grouped into two broad categories, being environmental factors and management factors, each of 

which is discussed below. 

2.4.1 Environmental factors  

There is a variety of environmental characteristics that can enable or inhibit the occurrence of 

natural regeneration on a particular site. Some of the key factors are listed below, followed by a 

discussion of the literature regarding their role and relative importance for natural regeneration: 

¶ temperature (Mason et al., 2013); 

¶ rainfall (Mason et al., 2013; McCracken, 1993); 

¶ soil moisture (Sass & Sarcletti, 2017; Simon et al., 2019); 

¶ elevation (Forbes et al., 2021); 

¶ solar radiation (Príncipe et al., 2014);  

¶ slope (Bergin & Kimberley, 2014); 

¶ local woody vegetation (Di Sacco et al., 2021; Mason et al., 2013); and 

¶ potential seed sources (Crouzeilles et al., 2020; Grinand et al., 2020; Molin et al., 2018).  
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A study by Mason et al. (2013) investigated the factors and processes governing natural afforestation 

over large spatial spaces using ‘snapshot’ non-forest survey plots throughout New Zealand. A key 

finding of this study was that mean annual temperature was one of the most influential predictors of 

tree species occurrence in the study plots, with the presence of tree species declining steadily below 

9°C. Where the mean annual temperature was above 9°C, temperature was not a significant factor in 

relation to the occurrence of tree species.  

In relation to the influence of rainfall on natural regeneration, Mason et al. (2013) did not identify 

this as a significant factor. However, an earlier report by McCracken (1993) stated that rainfall was an 

important variable in situations where regeneration was occurring under gorse and broom covered 

land. McCracken (1993) considered that annual rainfall above 1200mm was most desirable, with dry 

environments below 700mm the least suitable for regeneration. However, the guidance in 

McCracken (1993) seems to be based on the personal experience of the author, rather than the 

findings of a specific study.  

An alternative measure of moisture availability that may detect more local variability than 

precipitation is a topographic wetness index (TWI), which uses the influence of surrounding 

topography to estimate the soil moisture in a specific location. However, there is no consensus in the 

literature on the relevance of TWI, with several studies reporting an insignificant or negative impact 

of high topographic wetness on natural regeneration of forests (Sass & Sarcletti, 2017; Simon et al., 

2019).  There are no known New Zealand studies evaluating the influence of TWI on natural 

regeneration of indigenous forest. 

Another topographic variable that has been found to have a significant relationship with 

regeneration is elevation. In a recent study, Forbes et al. (2021) studied the regeneration of native 

species in a clear-felled exotic plantation near the Whirinaki Valley in the North Island of New 

Zealand. Based on a study site of 320-658m above sea level, Forbes et al. (2021) found that elevation 

was strongly and positively correlated with indigenous woody stem density. However, it was noted 

that higher elevations were also strongly correlated with reduced weed presence and that further 

research was required to confirm whether the higher stem density was due to higher elevation or 

reduced competition with weeds. The potential relevance of competition from weed species 

(particularly exotic grass species) is discussed further below.  

Potential solar radiation (PSR) is another environmental characteristic that has been identified as 

having a significant influence on natural regeneration (Príncipe et al., 2014). PSR represents the sum 

of direct and diffuse radiation and can be estimated based on the geographic location, aspect, slope, 

and altitude of a specific location. Príncipe et al. (2014) considered the potential influence of PSR on 

the regeneration of woodlands in a semi-arid region of Portugal. This study found that PSR had a 
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negative relationship with holm oak tree cover, with high PSR values limiting water availability and 

reducing the probability of seed germination. 

Slope is a topographic feature that forms part of the calculations for both TWI and PSR and may have 

a significant influence on natural regeneration in its own right. Bergin & Kimberley (2014)  found that 

regeneration of totara (Podocarpus totara) in the presence of grazing was more prevalent on steeper 

slopes, with totara being almost entirely absent on sites with slopes less than 20 degrees. The 

explanation was that steeper slopes are drier and less fertile, with less competing herbaceous cover, 

which provides a more favourable environment for natural regeneration of native seedlings. This is 

consistent with the findings in Forbes et al. (2021), which also noted the correlation between 

reduced competition and increased presence of indigenous woody species.  

The presence of local woody vegetation is another factor that can have an important influence on 

natural regeneration, with Mason et al. (2013) finding that the tree occurrence increased significantly 

with the increasing woody cover (measured as the percentage of shrubland or forest cover within a 

25m radius). This pattern was attributed to the role of woody vegetation in reducing local abiotic 

stress, such as ameliorating the negative effects of temperature. This is consistent with the 

experience in Hinewai Reserve on Banks Peninsula, where shrub gorse (Ulex europaeus) has acted as 

an effective nurse species to support the growth of shade loving indigenous seedlings (Wilson, 1994). 

The positive influence of local woody vegetation may also be due to its role in shading and 

suppressing the growth of adjacent exotic grasses, which are known to limit the establishment of 

indigenous seedlings (Bergin & Kimberley, 2014; Davis et al., 2009; Ledgard & Davis, 2004; Miller & 

Wells, 2003).  Several international studies have highlighted the importance of existing vegetation on 

natural regeneration, with Di Sacco et al. (2021) identifying existing vegetation as the factor that had 

the most immediate effect on regeneration pathways.  

Linked to the issue of existing vegetation is the availability of potential seed sources. Unlike some 

exotic species, New Zealand indigenous vegetation is dominated by species that have short lived 

seed banks (Rowarth et al., 2007), with very little indigenous seed present in grassland soils 

(Partridge, 1989). Most indigenous species rely on seed dispersal by wind or birds from remnant 

patches of existing vegetation (Wilson et al., 2017), with the dispersal distance of propagules from 

indigenous New Zealand tree species generally limited to a few hundred metres (Canham et al., 

2014; Wotton & Kelly, 2012). Availability of potential seed sources has therefore been used as a key 

variable for predicting locations where natural regeneration of forests are likely to occur in New 

Zealand (Mason et al., 2013; Trotter et al., 2005). This is consistent with several international studies, 

which found that natural regeneration was more likely to occur in close proximity to the forest edge 
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due to the increased availability of potential seed sources (Crouzeilles et al., 2020; Grinand et al., 

2020; Molin et al., 2018).  

The above studies indicate that there are a wide range of environmental factors that may influence 

natural regeneration of tree species. However, these findings are not without their limitations. In the 

New Zealand context, most predictive studies of natural regeneration are based at very large spatial 

scales (hundreds of thousands of square kilometres) using nationally available data sets (Mason et 

al., 2013; Shepherd et al., 2008; Trotter et al., 2005). Although this is useful for estimating regional or 

national capacity for regeneration, these approaches have not been tested at the scale of individual 

properties, which is likely to be of more relevance to farmers of marginal hill country. Most of these 

studies are also based on the occurrence of tree species and do not consider the initial transition 

from pasture to woody shrubland that occurs before the emergence of tree species and is an 

important part of the longer-term successional process of natural regeneration.    

Furthermore, there is significant variability in the environmental and climatic conditions of the sites 

on which those studies have been based. For example, many international studies are based in 

tropical regions that are characterised by high annual temperatures and precipitation (Crouzeilles et 

al., 2020; Molin et al., 2018). Even within New Zealand there can be considerable variation in climate 

between a region such as Northland (Bergin & Kimberley, 2014) and southern regions like Banks 

Peninsula. Existing studies also identify some uncertainty about the influence of certain factors (e.g. 

elevation (Forbes et al., 2021)), with somewhat inconsistent findings in relation to variables such as 

precipitation (Mason et al., 2013; McCracken, 1993) and soil moisture (Sass & Sarcletti, 2017; Simon 

et al., 2019).  

Based on the above, there is a need for improved understanding about the environmental factors 

that affect natural regeneration of indigenous forest in a temperature climate that it is typical of 

much of New Zealand’s hill country. In particular, there is a clear research gap regarding the 

environmental factors that are most influential in the initial transition from pasture to woody 

shrubland at the scale of individual hill country properties.  

2.4.2 Management factors  

In addition to the environmental characteristics of a particular site, the natural regeneration of 

indigenous forest can also be influenced by how it is managed (Davis et al., 2009). There are several 

external factors that can impede natural regeneration if not properly controlled, including introduced 

mammals, deleterious exotic plant species, and grazing by stock (Wilson, 1994).    

Introduced species, both plants and animals, can be severely detrimental to natural regeneration.  

Feral mammals such as goats, rabbits, hares, and possums graze on indigenous vegetation, which can 
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adversely affect existing vegetation and significantly reduce the potential for natural regeneration 

(Porteous, 1993; Wilson, 2003). Similarly, certain invasive plant species such as Old Man’s Beard 

(Clematis vitalba), Japanese Honeysuckle (Lonicera japonica) and Sycamore (Acer pseudoplatanus) 

(among others) actively outcompete the regeneration of indigenous vegetation (Wilson, 1994). 

Notwithstanding the importance of this issue, it has not been considered in this study given the 

inability to accurately measure or control for the influence of pest species.  

As discussed in section 2.2.3 above, there a range of management techniques that can be applied as 

part of a more active regeneration approach, including supplementary planting, herbicide spraying, 

and soil preparation. One relatively common technique is applied nucleation, where patches of 

woody vegetation (sometimes known as a woodland islets) are planted to enhance seed dispersal 

and the establishment of other species (Benayas et al., 2008; García et al., 2020). This approach has 

been shown to increase tree cover and diversity, compared to unaided natural regeneration (Holl et 

al., 2020).  However, the effectiveness of these techniques has not been evaluated in this study as 

they have not been utilised on the study site.  

The key management factor that has been assessed in this research is the grazing of livestock, 

particularly cattle and sheep. As discussed above, grazing is currently the predominant use of hill 

country land in New Zealand and provides farmers with their primary source of income through the 

sale of animal products (West et al., 2020). Given the importance of maintaining an ongoing income 

for farmers, it is therefore important to consider whether any level of continued stock grazing is 

compatible with natural regeneration objectives.  

Some practitioners consider that for natural regeneration to be successful, all stock grazing should be 

precluded due to the detrimental impact of grazing on indigenous seedlings (Wilson, 1994; Wilson et 

al., 2017). This approach of excluding all grazing has been particularly effective in locations such as 

Hinewai Reserve on Banks Peninsula, which natural regeneration has occurred on gorse covered 

pasture (Wilson, 1994; Wilson et al., 2017). Smale et al. (2008) compared grazed and ungrazed forest 

remnants over 50 years and found that grazed fragments were in an advanced stage of degradation 

with almost no palatable indigenous shrubs, inhibiting the potential for natural regeneration.  

The above examples demonstrate that in the presence of woody cover (such as gorse or forest 

fragments), continued grazing of the understorey will preclude the regeneration of palatable 

indigenous species that would otherwise occur. However, the situation is not as clear when 

attempting to encourage regeneration in open pasture. As discussed above, it is well established that 

a thick sward of exotic grass can outcompete indigenous seedlings for light, nutrients and moisture, 

creating a significant barrier to natural regeneration  (Bergin & Kimberley, 2014; Davis et al., 2009; 
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Ledgard & Davis, 2004; Miller & Wells, 2003). In this context, short-term low intensity grazing may 

have a role to play as part of a regeneration strategy in open pasture (Davis & Meurk, 2001). 

The intention of such an approach is to utilise stock grazing to suppress the grass sward and 

encourage the growth of less palatable woody species, such as kānuka (Kunzea ericoides), matagouri 

(Discaria toumatou), and tōtara (Podocarpus totara). Once these pioneer species are present, grazing 

is then removed to allow more palatable indigenous species to establish (Christchurch City Council, 

2019; Davis et al., 2009). There are some examples in other parts of New Zealand where grazing has 

been found to contribute to the establishment of unpalatable woody species in grassland, such as  

cattle grazing to encourage the regeneration of tōtara (Podocarpus totara) in Northland hill country 

(Bergin & Kimberley, 2014) and South Westland river terraces (Miller & Wells, 2003). Observations 

have also been made about the impact of heavy grazing by sheep and cattle on Kapiti Island, which 

reduced competition from other plants and promoted the invasion by light loving pioneer species 

such as kānuka (Kunzea ericoides) (Esler, 1967).     

Notwithstanding the above examples, most research on natural regeneration is focused on the 

impact on environmental characteristics and does not consider the potential role or impact of 

ongoing grazing activity. Further research is therefore required to better understand the impact of 

different types of grazing (i.e. cattle v sheep) on the regeneration patterns of indigenous species, 

particularly in hill country environments that are dominated by open pasture. This is particularly 

important given the potential for grazing to provide ongoing income for farmers in the early stages of 

forest regeneration before the land qualifies for carbon credits under the ETS. 

2.5 Methodologies for studying natural regeneration 

A range of methodologies have been used to study natural regeneration, both in New Zealand and 

internationally. This section provides a summary of the methodologies used in several studies and 

evaluates the pros and cons of different approaches to provide the context and rationale for the 

methodology that has been adopted in this study. The discussion is divided into the following two 

parts, which is consistent with the approach used in this research: 

¶ Identifying areas of natural regeneration; and 

¶ Identifying factors that influence natural regeneration. 

2.5.1 Identifying areas of natural regeneration  

To study the phenomenon of natural regeneration, it is generally necessary to first identify locations 

where such regeneration has occurred. One potential method is the use of transects and field plots, 

where regeneration of seedlings is physically identified and measured on a specific study site. This is 
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the most commonly utilised approach in New Zealand (Bergin & Kimberley, 2014; Forbes et al., 2021; 

Mason et al., 2013; Miller & Wells, 2003) and has been used in numerous overseas studies (Elgar et 

al., 2014; Hishe et al., 2021; Kolo et al., 2017; Moreno-Fernández et al., 2015; Poirazidis et al., 2012; 

Tyagi et al., 2011). 

A key benefit of this field-based approach is that it ensures an accurate record of the vegetation 

species, composition, and area coverage in a specific location at a given time. However, in order to 

accurately record vegetation change, long term monitoring is often required due to the slow rate at 

which natural regeneration occurs (Tyagi et al., 2011). The alternative is to make assumptions about 

the state of vegetation that existed at some past date (e.g. following clear fell of a plantation forest 

(Forbes et al., 2021)) or focus sampling only on young seedlings as a representation of new 

regeneration (Kolo et al., 2017). Field based sampling can also impose some practical limitations, 

with a large number of dispersed plots often required to capture the full range of environmental 

variation that may influence natural regeneration processes.   

One alternative to field measurements is the use of land cover datasets to detect change in 

vegetation over time, which is an approach that has been adopted in several international natural 

regeneration studies (Crouzeilles et al., 2020; Grinand et al., 2020; Molin et al., 2018) . Land cover 

datasets are often produced by governmental authorities to categorise land within a country or 

region into different classes based on their dominant land cover, including vegetated and non-

vegetated areas. In New Zealand, the primary resource is the Land Cover Database (LCDB), which 

identifies 33 land cover classes across mainland New Zealand and has been updated approximately 

every five years since 1997 (Landcare Research NZ Limited, 2020). Comparing the class of a specific 

location for different dates provides the ability to detect change over time, including the presence of 

regeneration where an area has changed from a non-vegetated to a vegetated state. However, a 

common limitation of such datasets is that they are generally produced at course spatial scales, 

which limits their utility for analysis and change detection at smaller scales. For example, the LCDB 

has a comparable accuracy to New Zealand’s 1:50:000 topographic database and is intended to be 

used for national and regional scale analysis (Landcare Research NZ Limited, 2020), not at the scale of 

individual properties.  

For higher resolution detection of vegetation change, an alternative method is the comparative 

analysis of historical aerial or satellite imagery. This is becoming increasingly popular due to the 

availability of high-resolution aerial imagery and has been used in several natural regeneration 

studies in other countries (Borda-Niño et al., 2021; Carmel & Kadmon, 1999; de Rezende et al., 2015; 

Mast et al., 1997; Príncipe et al., 2014). The key benefit of using aerial or satellite imagery to study 

vegetation dynamics is that it provides information with high resolution (for detection of small scale 
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change), a large spatial extent (to capture environmental variation) and long term coverage (to 

detect change over time) (Kadmon & Harari-Kremer, 1999).   

Traditionally, information was acquired from aerial photographs through manual visual 

interpretation, which can be a subjective and time-consuming process (Morgan et al., 2010). To 

achieve more objective and consistent results, digital image classification can be used to convert a 

multi-band image into a number of discrete classes or categories (Kucharczyk et al., 2020). The 

classification process can be supervised or unsupervised (i.e. with or without a training stage) and 

can be based on either pixels or objects, with supervised object-based classification generally the 

preferred method. Rather than treating each pixel individually, object-based classification segments 

the image into objects based on the spatial relationship of neighbouring pixel values. This is 

considered to better mimic human visual interpretation and provide more accurate image 

classification results compared to a pixel-based analysis (Kucharczyk et al., 2020). The typical output 

of an image classification process is a thematic classified map, which is effectively a higher resolution 

and more accurate version of the land cover datasets described above. This can then be used to 

detect the locations where natural regeneration has occurred by focussing on parts of the study area 

that have transitioned from one class (i.e. grassland) to another class (i.e. shrub or forest).  

In summary, most New Zealand studies are based on observations of species in study plots at a single 

point in time, with assumptions made regarding prior vegetation cover to draw conclusions about 

natural regeneration (Bergin & Kimberley, 2014; Forbes et al., 2021; Mason et al., 2013; Miller & 

Wells, 2003). Due to the slow speed at which natural regeneration occurs, there are no known 

studies that are based on actual observed natural regeneration change that is measured multiple 

times over an extended period. In international studies, the use of landcover datasets and aerial 

photos have been used as an alternative to identify and assess change in vegetation over time 

(Borda-Niño et al., 2021; Carmel & Kadmon, 1999; Crouzeilles et al., 2020; de Rezende et al., 2015; 

Grinand et al., 2020; Mast et al., 1997; Molin et al., 2018; Príncipe et al., 2014). However, this 

approach is not known to have been used in any New Zealand studies of natural regeneration. This 

provides an opportunity for this research to improve our understanding of natural regeneration 

through the application of new methods.  

2.5.2 Identifying factors that influence natural regeneration   

Once areas of natural regeneration have been identified, some form of modelling or statistical 

analysis is then required to evaluate the relationship between the regeneration patterns and the 

various factors that are the subject of investigation. There is a wide variety of analysis methods that 

have been used in studies involving natural regeneration. Two common methods are the use of 
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machine learning models (such as random forest), and more traditional statistical techniques using 

regression analysis, each of which is discussed further below.  

Machine learning models 

Random forest modelling is a form of machine learning using the random forest algorithm (Breiman, 

2001). Random forests is an “ensemble learning” technique, which is based on the aggregation of a 

large number of decision trees to create a predictive model (Boulesteix et al., 2012). Each decision 

tree uses random portions of the training data to predict an outcome, which can be categorical or 

continuous. These predictions are then combined to determine the outcome of an unknown point, 

which can be validated against excluded portions of the training data. Each explanatory variable used 

in the model is evaluated for its ability to predict the outcome and given a measure of variable 

importance (Boulesteix et al., 2012).  

Since its introduction in 2001, random forest modelling has become a popular and widespread tool 

for making predictions (Couronné et al., 2018).  Key advantages of this method are that it can cope 

with highly correlated predictor variables, capture complex non-linear relationships, and has high 

prediction accuracy (Boulesteix et al., 2012; Cutler et al., 2007; Moreno-Fernández et al., 2015). It is 

therefore not subject to some of the same constraints or distributional assumptions that exist for 

other statistical tests and can be more suitable for evaluating complex ecological interactions (Cutler 

et al., 2007; Moreno-Fernández et al., 2015). Given these benefits, random forest modelling and 

other similar machine learning techniques (such as boosted regression tree modelling) have been 

applied in several natural regeneration studies in recent years (Crouzeilles et al., 2020; Forbes et al., 

2021; Grinand et al., 2020; Mason et al., 2013). 

One potential limitation of random forest is that it is focused on prediction, rather than explanation 

(Couronné et al., 2018). Often referred to as a “black box” classifier, random forest is not considered 

to be the optimal tool for statistical inference about the relationships between explanatory and 

dependent variables (Cutler et al., 2007). Although random forest does provide a measure of variable 

importance, this measure is known to be less reliable with highly correlated data (Gregorutti et al., 

2017) and may result in selection bias when using a combination of continuous and categorical 

predictors (Boulesteix et al., 2012). This limitation reflects the general trade-off that exists between 

accuracy of prediction and interpretability of results when working with complex data.  

Regression Analysis  

A more traditional statistical method that is still widely used is regression analysis, of which there are 

many different forms. One type of regression analysis that has been applied in several natural 

regeneration studies is binary logistic regression (Bavaghar, 2015; Bergin & Kimberley, 2014; Kolo et 

al., 2017). Unlike linear regressions, a binary logistic regression involves a logit scale transformation 
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that can accommodate binary outcomes (i.e. presence or absence of regeneration), continuous or 

categorical explanatory variables, and non-linear relationship between the outcomes and predictors 

(Stoltzfus, 2011), all of which are common characteristics of ecological phenomena.    

One of the main benefits of logistic regression is the ability to more directly assess the relationship 

between the explanatory variables and the dependent outcome (Stoltzfus, 2011). A significance 

value and odds ratio are calculated for each explanatory variable, which can provide a clearer 

understanding of the nature, direction, and magnitude of relationships. However, one downside of 

logistic regression is that there are a number of critical assumptions that must first be satisfied in 

order for the results to be accurate and reliable (Stoltzfus, 2011).  

One such assumption is the requirement for observation independence, which is often violated if 

there is spatial autocorrelation between sample points. Spatial autocorrelation is a phenomenon 

based on Tobler’s first law of geography, that “everything is related to everything else, but near 

things are more related than distant things” (Tobler, 1970). Put another way, there is a tendency for 

sites clustered together to have similar values. This is a common issue in biogeographical and 

observational studies, which may mean that the observations are not independent and overstate 

levels of significance (Bergin & Kimberley, 2014; Legendre, 1993). There is ongoing debate about 

whether spatial autocorrelation is a bane or benefit for modelling and statistical tests, which may 

depend on the scale of spatial inference (Pawley & McArdle, 2018). Further discussion on the tests 

for spatial autocorrelation and other key assumptions of logistic regression is provided in the 

methodology chapter.  

As is evident from the above discussion, random forest modelling and binary logistic regression both 

have their own benefits and limitations. As discussed further in the Chapter 3, both methods have 

been used in this study to produce complementary and comparative results that provide a more 

holistic understanding of natural regeneration patterns and processes.  

2.6 Literature review summary 

The conversion of marginal hill country pasture into indigenous forest can help to meet climate 

change obligations, enhance indigenous biodiversity and provide local environmental benefits for hill 

country land (Chartres et al., 2020). The general consensus in the literature is that the most cost 

effective and viable method of achieving this outcome is relying on natural regeneration processes 

(Bergin, 2012; Bergin & Gea, 2005; Carswell et al., 2012; Chazdon, 2017; Davis et al., 2009; Scion, 

2019). However, there remains uncertainty regarding the factors that influence natural regeneration 

and the rate at which such regeneration occurs. This can contribute to landowner reluctance to 
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embark on natural regeneration projects and increase the risk that such projects may not achieve the 

desired outcomes.  

The key knowledge gap that this study seeks to address is the influence of environmental and 

management factors on the transition from open pasture to woody shrubland, which is an important 

early successional stage for natural regeneration. This research focusses on a temperate hill country 

location that is under-represented in current New Zealand research and enables evaluation of a 

range of environmental factors. The key management variable that is assessed is the effect of sheep 

and beef grazing on natural regeneration, which has not been widely studied and is an important 

issue for farmers when considering the practicality and economic viability of natural regeneration in 

pastoral hill country. As discussed further in the following chapter, this study utilises a combination 

of geospatial and statistical methodologies that have not been widely used to study natural 

regeneration in New Zealand 

By focussing on these knowledge gaps, this research is intended to alleviate some uncertainty for hill 

country farmers considering alternative land uses. This may help to support the targeted 

commencement of natural regeneration projects on marginal hill country and maximise their success 

through site specific design of regeneration strategies. For example, the understanding gained from 

this research may help farmers to identify those parts of their properties that are likely to experience 

the most rapid regeneration and inform whether grazing has any role to play in the ongoing 

management of the site. This is critically important to encourage greater uptake and assist those that 

undertake a change in land use for the wider public benefit. By testing new methods, this research 

may also provide the basis for further study that develops a more comprehensive understanding of 

natural regeneration in different settings.  

As acknowledged in the discussion chapter, this research cannot and does not provide a complete 

answer to all uncertainties associated with the complexities of natural regeneration, nor will the 

findings be universally applicable to all locations. It is also recognised that even improved 

understanding may not be sufficient to change behaviours where significant financial barriers 

remain. Nonetheless, by adopting new methods, in a new location, with a broad range of variables, it 

is hoped that this study will contribute to the existing body of knowledge on natural regeneration 

and support the overall goal of increased establishment of permanent indigenous forest.  
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Chapter 3 

Methodology 

3.1 Study Location: Banks Peninsula 

The study area for this research is Banks Peninsula (Te Pātaka o Rākaihautū), which is located on the 

east coast of the South Island of New Zealand, southeast of Christchurch (Figure 3).  

  

Figure 3: Banks Peninsula, Canterbury, New Zealand  

Banks Peninsula covers an area of approximately 1,120km² and is characterised by steep, rugged 

topography with a large number of bays, valleys and ridges (Peart & Woodhouse, 2021). The 

peninsula was formed by the eruption of two basaltic shield volcanoes, which created an isolated 

island that was gradually connected to the mainland of the South Island through glacial gravel 

outwash from the Southern Alps (Weaver et al., 1985). The majority of Banks Peninsula is classified 

as hill country (as defined in Cameron, 2016), with slopes above 15 degrees and a maximum 

elevation of 920m.  The varied topography creates numerous microclimates, with general climatic 

patterns of high rainfall in winter, dry summers, and median annual temperatures between 10 and 

13 degrees Celsius (Macara, 2016).     
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Banks Peninsula was selected as the study location because it satisfied all the following key selection 

criteria, each of which is discussed further below: 

¶ The presence of marginal hill country used for sheep and/or beef grazing;  

¶ Capability of the area to naturally regenerate into indigenous forest; and 

¶ Examples of long-term natural regeneration projects in pastoral landscapes.  

3.1.1 Abundant marginal hill country used for sheep and/or beef grazing 

As discussed in the literature review, marginal hill country has been identified as a potential location 

for the establishment of indigenous forest because of the significant challenges associated with 

farming this land. Due to its rugged topography, the majority of Banks Peninsula is categorised as 

classes 6, 7 and 8 under the New Zealand Land Resource Inventory, which indicates non-arable land 

with moderate to severe limitations on pastoral use (Newsome et al., 2008). Much of these 

limitations are caused by the steep topography, which increases susceptibility to erosion and 

precludes high intensity farming methods, such as ploughing and the widespread application of 

fertiliser and seed (Peart & Woodhouse, 2021).   

Notwithstanding these limitations, Banks Peninsula has a long history of farming activity. After early 

industries of whaling, forestry and cocksfoot seed production, extensive sheep and beef grazing has 

been the major industry on Banks Peninsula since the 1960s (Ogilvie, 1990). With the support of 

government subsidies, stocking rates peaked in the 1970s and 1980s, but have since declined due to 

economic reforms and successive drought years, with the maintenance of pasture proving 

uneconomic for many farmers (Peart & Woodhouse, 2021). Based on the Statistics New Zealand 

Agricultural Census data from 2002, pastoral agriculture continues to dominate the landscape with 

approximately 86% of Banks Peninsula in either grassland (61%) or tussock and danthonia (25%) 

(Boffa Miskell, 2007).  

In 2002, approximately 68% of the farms on Banks Peninsula were focussed on sheep and beef 

grazing to produce wool and meat (Boffa Miskell, 2007). However, the ongoing economic viability of 

this activity is under increasing strain, with coarse wool recently selling for as little as $1/kg and the 

cost of shearing exceeding the value of the wool (Burry, 2020). The collapse of the wool market has 

caused many Banks Peninsula farmers to focus on sheep and beef meat production on higher quality 

pastures on the more accessible parts of their farms, with less grazing on the steeper hill country 

(Peart & Woodhouse, 2021). Because of these challenges, many farmers are interested in alternative 

uses for their hill country land, which creates an important driver for consideration of natural 

regeneration.  
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3.1.2 Capability to naturally regenerate into indigenous forest  

In addition to the presence of marginal hill country, in order to be a suitable location for this 

research, the area must have the underlying capability to naturally regenerate into indigenous forest 

and support a permanent forest landscape. This can be determined by considering the historical land 

cover of the area and the changes that have occurred over time.  

Banks Peninsula was once almost entirely covered in indigenous forest, which likely contained a 

mixture of beech, podocarp/hardwood forest and tussock shrubland (Wilson, 1994). Following 

human arrival, the Banks Peninsula environment experienced significant change, including a period 

of intensive clearance by European settlers for timber and agriculture (Peart & Woodhouse, 2021). 

By the start of the 20th century, the remaining indigenous forest on Banks Peninsula was estimated at 

around 320 hectares (Ogilvie, 1990). By the year 1920, only approximately 1% of the original forest 

cover on Banks Peninsula remained (Wilson, 2003).  

Since that low point, indigenous forest coverage has slowly increased as stocking rates have 

decreased, and the land has been allowed to regenerate. Figure 4 and Figure 5 below provide 

comparative estimates of indigenous forest cover for 1920 and 2000 respectively, with the forest 

cover estimated to have increased 15 fold during this period (Wilson, 2003).   

Material removed due to copyright compliance 

Figure 4: Estimated indigenous forest cover on Banks Peninsula in 1920 (from Wilson, 2003) 
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Material removed due to copyright compliance 

Figure 5: Estimated indigenous forest cover on Banks Peninsula in 2000 (from Wilson, 2003) 

The above history reveals two key points. Firstly, it shows that the area can support an indigenous 

forest landscape. Secondly, it shows that the land retains the ability to regenerate back into 

indigenous forest over time if given the opportunity. These are both critical factors that support the 

use of Banks Peninsula as a focal area for studying natural regeneration.  

3.1.3 Examples of long-term natural regeneration projects 

The final key criterion that was considered when selecting a study area was whether there were any 

examples of long-term natural regeneration projects that could form the basis of site-specific 

research. Given the slow speed of natural regeneration, this required properties that had been 

managed to support natural regeneration for a minimum of ten years to increase the prospects of 

observable change in vegetation.  

The most high profile example of natural regeneration on Banks Peninsula is Hinewai Reserve, which 

was established on gorse covered pasture in the south-east of the Peninsula in the late 1980s 

(Wilson, 1994).  Through a process of minimum interference management, this area has been 

transformed into 1,250 hectares of regenerating native bush, making it the largest private indigenous 

forest reserve in New Zealand (Peart & Woodhouse, 2021). As an early adopter of this approach, 

Hinewai Reserve qualified for carbon credits to provide an ongoing income and has served as a 

practical demonstration of the potential for natural forest regeneration on Banks Peninsula.  
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For this purpose of this study, a limitation of Hinewai is that it relied on existing woody vegetation 

cover (e.g. gorse) to support natural regeneration, which is a different context than the open pasture 

environment that is the focus of this research. Fortunately, partly due to the success of Hinewai, 

there are several other examples of long-term natural regeneration projects on Banks Peninsula, 

with many landowners voluntarily protecting land for conservation purposes. These initiatives have 

been supported by organisations such as the Banks Peninsula Conservation Trust, which provides 

financial and practical support for landowners through covenants, fencing and land management 

advice (Peart & Woodhouse, 2021). One example of a private property managed for natural 

regeneration is Oashore Station, which is the study site for this project and is discussed below.  

3.2 Study Site: Oashore Station 

For this research, it was determined that a case study of a single property was the most appropriate 

approach to adopt.  Case studies are used in a variety of fields to help answer how or why questions 

in environments over which the researcher has little control (Yin, 2009). In contrast to experimental 

method, case studies can enable a more holistic evaluation of real-world contexts, which is 

particularly important for landscape ecology and the objectives of this study. This can provide the 

opportunity to develop new theories and strategic actions that can help explain and predict the 

future (Francis, 2001).  

3.2.1 Site description and use 

Oashore Station is a hill country station of approximately 540 hectares located on the southern coast 

of Banks Peninsula, adjacent to Birdlings Flat and Lake Forsyth (Figure 6). Like most of Banks 

Peninsula, Oashore Station has varied topography characterised by steep slopes on the sides of the 

valleys, with flatter land (<15 degrees) on the ridge tops and valley floors (Whyte, 2002).  There are 

three bays on the southern coast, being Oashore Bay, Tokoroa Bay (Figure 7), and Hikuraki Bay, all of 

which have valley systems that extend up into the higher elevations of the property. The site is 

bisected by and accessed from Bossu Road, which runs along a central ridge and provides extensive 

views into the wider landscape (Figure 8). 

The elevation of the site ranges from sea level to approximately 450m above sea level. The climate is 

cool temperate, oceanic and subhumid (Whyte, 2002) and follows the general altitudinal gradient on 

Banks Peninsula of cooler temperatures and higher rainfall at higher elevations (Wilson, 1992). The 

valley slopes predominantly face northwest or southeast, with northwest slopes typically warmer 

and drier due to higher sun exposure and the warmer northwest wind. Southeast slopes exhibit the 

opposite pattern with less solar radiation and increased exposure to colder southerly winds.  
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Figure 6: Location of Oashore Station on the southern coast of Banks Peninsula, Canterbury  

 

Figure 7: Tokoroa Bay, viewed from Oashore Station looking southwest (D. Pedley, 2021)  

 

Figure 8: View from Bossu Road west to Lake Forsyth and Kaitorete Spit (D. Pedley, 2021)  
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All the land on Oashore Station is classified as category 6 or 7 under the New Zealand Land Resource 

Inventory. This reflects the marginal utility of the land for pastoral farming due to factors such as 

landform, soil, and erosion (Newsome et al., 2008; Shepherd et al., 2008; Trotter et al., 2005). 

Notwithstanding these limitations, Oashore Station has a long history of human occupation and has 

been actively farmed for sheep and cattle production since the mid-1800s (Whyte, 2002). This 

farming activity persists on much of the site, as discussed in further detail below.  

As a consequence of human activity, very little of the original vegetation cover remains, with large 

areas of the station now dominated by exotic pasture grasses. Despite this modification from its 

original state, a range of different indigenous vegetation types are present on the site, including 

tussock grassland, regenerating native scrub and some remnant lowland hardwood forest in stream 

gullies (Whyte, 2002).  Common shrub species present throughout Oashore station include 

matagouri (Discaria toumatou), scrub pōhuehue (Muehlenbeckia complexa), New Zealand broom / 

tarangahape (Carmichaelia australis) and various Coprosma species, all of which are tolerant of light 

grazing (Whyte, 2002). In addition, there are several shelter belts (exotic conifer species) and other 

mixed plantings around the curtilage of buildings. Identifying the location of existing woody 

vegetation on the site was an important component of this study and is discussed later in this thesis.  

The previous extent of the station was approximately 243 hectares, which was purchased by a 

private owner in 1999 with the primary aim of restoring the native ecology of the site. An ecological 

restoration plan was developed in 2002 by the station manager Kate Whyte, which sought to restore 

self-sustaining indigenous ecosystems on Oashore. A key objective to achieve this goal was to 

encourage successional regeneration of indigenous plant communities that were typical of the area 

(Whyte, 2002).  The restoration model was based on minimum interference management, which 

aims to remove obvious impediments to natural regeneration and allow natural regeneration 

processes to occur (Wilson, 1994). This is the same principle that was applied at Hinewai Reserve, as 

discussed above. However, one important difference was that due to the higher proportion of dense 

pasture at Oashore, grazing has been allowed to continue in some areas to try and support the 

establishment of browse tolerant native woody species (Whyte, 2002).  

 In 2008, the adjacent Craignish Farm (approximately 300ha, as shown on Figure 9 below) was 

purchased and incorporated within Oashore Station, bringing the total area of the station to its 

current size. The entire site continues to be managed under the 2002 ecological restoration plan. To 

support the conservation objectives and protect areas of remnant vegetation, two new covenants 

have been established under the Banks Peninsula Conservation Trust (BPCT) to complement a pre-

existing Queen Elizabeth II National Trust (QEII) covenant (Figure 9). There is also a separate area in 

Oashore Gully that has been fenced to exclude all stock but is not subject to a formal covenant.  
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Figure 9: Covenants and conservation areas on Oashore Station  

Grazing has now been excluded from all the conservation and covenant areas (Figure 9) but 

continues on the balance of the station under a lease arrangement. Figure 10 below identifies those 

parts of the station that are currently grazed by sheep and/or cattle. Further detail on how grazing 

has changed on the site over time is provided later in this thesis.  

 

Figure 10: Current grazing (2021) on Oashore Station  
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3.2.2 Reasons for site selection  

Several sites on Banks Peninsula were considered as potential candidates for this study. This process 

primarily involved literature review and informal discussion with a range of key stakeholders, 

including the Banks Peninsula Conservation Trust, the Rod Donald Banks Peninsula Trust, 

Christchurch City Council regional parks staff, and various owners of private land throughout Banks 

Peninsula.  

Although several potential sites were identified, Oashore Station was ultimately selected as the most 

appropriate study site when considered against site selection criteria. Table 1 below provides a 

summary of the five site selection criteria that were used, a brief explanation of why they are 

relevant for this study, and a summary of how Oashore Station meets those criteria. In addition to 

these key criteria, the current and formers managers of Oashore Station were very interested and co-

operative, with a wealth of information regarding the site conditions, management and changes that 

have occurred over time. This was another factor that supported the use of Oashore Station as the 

case study for this research. 

Table 1: Assessment of Oashore Station against site selection criteria 

# Site Criteria  Relevance / Importance Oashore Evaluation  

1 Long term 
management 
for natural 
regeneration 

Necessary to detect change in 
vegetation given slow speed of natural 
regeneration.  

The site has been managed for 
the purpose of supporting natural 
regeneration of indigenous 
vegetation for almost 20 years. 

2 Large 
proportion of 
open pasture 
and grassland  

Regeneration in open pasture is a focus 
of this research due to the greater 
potential for carbon credits and the 
challenges associated with regeneration 
in this environment.   

Although there are some areas of 
existing woody vegetation, the 
site is clearly dominated by open 
pasture. 

3 Observed 
regeneration 
in pasture  

To better understand the factors 
affecting natural regeneration, areas 
where regeneration has occurred must 
first be identified. 

Interview responses and initial 
site observations confirmed that 
there had been observed 
regeneration over time.  

4 Wide range of 
environmental 
conditions 

This is necessary in order to test the 
influence of different environmental 
factors on natural regeneration.  

There is a wide environmental 
variation across the site, 
including topographical factors 
such as elevation, slope, and 
aspect. 

5 Variable 
grazing 
regimes 

This is necessary to evaluate the impact 
of different grazing patterns on natural 
regeneration over time. 

Different parts of the site have 
been subject to varied grazing 
regimes over time, including 
grazing by both sheep and cattle. 
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3.3 Research Design 

This research was based on geospatial methodology and analysis. As described by De Smith et al. 

(2021), geospatial analysis is concerned with what happens where by utilising geographic information 

to link features and phenomena to their locations. By investigating spatial patterns and relationships, 

we can obtain a broader and more in depth understanding of spatial processes. This is directly 

relevant to the research objectives, which seek to identify the extent of vegetation change over time 

and understand how spatial variation in environmental and management factors influences the 

natural regeneration of woody vegetation. 

Under this umbrella of geospatial analysis, the specific methodology adopted was the revised PPDAC 

approach developed by De Smith et al. (2021), which stands for: Problem; Plan; Data; Analysis; 

Conclusions. PPDAC is a dynamic, iterative, and cyclical process represented in Figure 11 below. 

Material removed due to copyright compliance 

Figure 11: Revised PPDAC approach for geospatial analysis (from De Smith et al., 2021)  

Applying the PPDAC approach to this study, the ‘problem’ stage included a literature review to 

identify the research questions, as discussed in the preceding sections of this thesis. The ‘plan’ for 

how to address the research questions was developed through an iterative process as preliminary 

data were collected. An important component of this planning stage was to identify a suitable study 

site through semi-structure interviews, as discussed further below. 
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Once Oashore Station was confirmed as the study site, the broad objectives from that point were: 

¶ To identify the parts of Oashore Station that had naturally regenerated from grassland to 

woody vegetation over time; and  

¶ To analyse the relationship between those areas of regeneration and a range of 

environmental and management factors to better understand how those factors may enable 

or inhibit natural regeneration of indigenous forest. 

The ‘data’ and ‘analysis’ stages of this study reflected the above objectives, with the first part of the 

analysis using aerial image classification and change detection methods to identify areas of 

regeneration on Oashore Station. The second part of the analysis used modelling and regression 

techniques to evaluate how different spatial variables may have influenced the observed 

regeneration. Figure 12 below provides a diagrammatic summary of the data collection and analysis 

stages (divided into two parts), each of which is discussed further in the sections that follow. The 

diagram should be read from left to right, which reflects the sequential stages in which the research 

method was carried out over time. 
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3.4 Semi-structured interviews 

As mentioned above, a critical component of the planning phase was to identify a suitable site to use 

as a case study for this research. The criteria for site selection are discussed in section 3.2.2 above 

and were based on a consideration of the research objectives, relevant literature, and the intended 

method of geospatial analysis. Some of these criteria were able to be assessed through the 

evaluation of publicly available data. However, to supplement and verify this information, semi-

structured interviews were carried out with the owners and/or managers of potentially suitable sites.  

A semi-structured interview is a personal interview where the interview topics and questions are 

determined prior to the interview to provide a guide for discussion but need not be followed strictly 

during the interview itself. Rather, the intention is to encourage dialogue and enable the interviewer 

to probe and ask follow-up questions based on the participant’s responses (Kallio et al., 2016). Prior 

to the interviews, an interview guide with draft questions was prepared and externally reviewed for 

bias. This included a combination of open and closed questions, with closed questions ensuring that 

important factual information was obtained and open questions allowing the participant to express 

themselves in their own words based on what they thought was important (Magnusson & Marecek, 

2015). Approval was obtained from the Lincoln University Human Ethics Committee before 

proceeding with the interviews.  

The interview participants were chosen through a snowball method, with each respondent asked to 

comment on other potential participants to identify further interviewees (Babbie, 2001). Potential 

participants were first contacted by phone and/or email and provided with a copy of the interview 

guide outlining the topics for discussion and a consent form explaining how the information would be 

used. Interviews were recorded and lasted approximately one hour, with six separate interviews 

carried out between March and June 2021.  The information that was obtained from the interviews 

was then assessed against the site selection criteria to determine the most suitable study site. 

3.5 Data collection 

3.5.1 Base imagery  

A key part of this study was identifying areas on Oashore Station where natural regeneration has 

occurred over time. However, natural regeneration of indigenous forest is a slow process that can 

take place over many years or decades. In the absence of long-term study plots and associated 

observational records, the most viable method to detect such change is through the analysis and 

comparison of historical aerial or satellite imagery (Príncipe et al., 2014).  
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Most publicly available satellite imagery is low resolution (~30m), which is too coarse to detect 

changes in vegetation at the scale required for this study. The base imagery was therefore sourced 

from Google Earth Pro for desktop. Elshayal Smart GIS open-source software (Elshayal, 2021) was 

used to download high resolution RGB tiled georeferenced imagery from Google Earth Pro, which 

was then imported into ArcGIS Pro as a mosaic dataset. This method of extracting imagery from 

Google Earth Pro for use in subsequent image classification has been adopted in several other similar 

studies (Ayhan & Kwan, 2020; Guirado et al., 2017; Malarvizhi et al., 2016).  

The above process was completed to source high resolution imagery from two separate dates, being 

January 2003 (Figure 13) and January 2019 (Figure 14).. It was important to source imagery from a 

similar time of year to enable an accurate comparison of the two images, as vegetation may have a 

different appearance in different seasons. Images from mid-summer were chosen to help reduce the 

presence of shadows in the image. The aerial imagery had three bands (RGB only) with an 

approximate resolution of 0.25m. No further metadata were available for the imagery. Additional 

aerial and satellite imagery was available for other dates and from various other sources. However, 

all such imagery was of insufficient resolution to utilise in this study and/or did not provide complete, 

unobstructed coverage of the site. The selected images represented the best imagery available at the 

time of this research. 

 

Figure 13: Aerial imagery for Oashore Station for January 2013 (Google Earth, Image© 2022 Maxar 
Technologies) 
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Figure 14: Aerial imagery for Oashore Station for January 2019 (Google Earth, Image© 2022 Maxar 
Technologies)  

3.5.2 Spatial data for explanatory variables  

In addition to the base aerial images, spatial data were required regarding potential explanatory 

variables that may influence natural regeneration. Based on the literature review discussed earlier in 

this thesis, several potential explanatory variables were identified. Spatial data for each variable 

were then obtained and/or created from a range of sources.  

Table 2 below identifies the variables used, a description of the relevant data, and the source from 

which the data were obtained. Further explanation of how these data were derived and prepared 

prior to use in analysis is provided later in the methodology.  

Table 2: Description and source of spatial data for explanatory variables  

Variable  Data description and source 

Elevation 1m resolution raster digital elevation model (DEM) downloaded from 
LINZ data service. Values reflect elevation above mean sea level.  

Aspect 1m resolution raster of aspect (0-360°) derived from DEM, Values reflect 
direction of the slope face.  
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Slope 1m resolution raster of slope (0-90°) derived from DEM. Values reflect 
the steepness of the slope 

Solar radiation  1m resolution raster of potential solar radiation (WH/m2) derived from 
DEM. Values reflect amount of solar radiation received during a year.  

Topographical 
wetness 

1m resolution raster of topographical wetness, derived from DEM. Values 
based on SAGA wetness index as an indication of soil moisture.  

Distance to vegetation  Distance to closest vegetation (m) calculated based on the 2003 image 
classification results (excluding mature exotic). Values reflect distance to 
potential seed sources.  

Presence of local 
woody vegetation 

Amount of woody vegetation within a 25m radius (%), calculated based 
on the 2003 image classification results. Values reflect local woodiness, 
which can reduce abiotic stress and grass competition.   

Years without grazing 
(cattle and sheep) 

Based on information obtained from interviews (discussed below) and a 
vector layer of existing fence lines provided by the station manager. 
Values indicate years without grazing.  

 
Several of the factors listed above are directly discussed in the literature review and have been 

considered in other studies, including elevation, slope, solar radiation, and topographic wetness. Two 

variables not included are mean annual temperature and precipitation. The reason for this was that 

the spatial data available for those factors were of insufficient resolution to provide any meaningful 

variability across the site. Elevation was therefore used as a proxy for both temperature and rainfall, 

with Banks Peninsula known to have a gradient of reducing temperature and increasing precipitation 

as elevation increases (Wilson, 2003). This is consistent with the available rain gauge data for 

Oashore Station, with the average annual rainfall between 2009 and 2017 being approximately 17% 

higher at Oashore House (844mm at elevation 210m.a.s.l) compared to the rainfall at Magnet Bay 

(722mm at elevation 6m.a.s.l.). 

Another potential factor that was not considered is the soil type and composition on the site. There 

are several reasons why this was not included, the first being that it was not identified in the 

literature as a significant factor for natural regeneration. Secondly, there were insufficient data 

available about soils on Oashore Station to carry out any meaningful analysis. The only available data 

were from the Fundamental Soil Layer (part of the NZLRI), which showed very little spatial variability 

of soils across the site.  

In relation to existing vegetation, two separate variables were used. The first variable was the 

amount of existing vegetation within a 25m radius. This variable was used in Mason et al. (2013) and 

is intended to reflect local woodiness, which may have a role in suppressing grass competition and 

reducing abiotic stress. The second variable was the distance to the closest existing vegetation, which 

provides an indication of the availability of potential seed sources. Due to its relationship with seed 

sources, this variable excluded mature exotic vegetation visible in aerial photos such as shelter belts 
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and plantings around the curtilage of buildings. For both variables, the identification of existing 

vegetation was based on the image classification results for the 2003 imagery, as discussed below.  

The final row in Table 2 above relates to the length of time that different parts of the station had 

been free from grazing pressure, with cattle and sheep considered separately due to their different 

impacts. This information was based on the records and recollections of the current and former 

managers of Oashore Station, being Antony Johnson and Kate Whyte, who participated in a semi-

structured interview on 21 May 2021. In addition, email correspondence occurred between May and 

September 2021 to confirm which parts of the station had been grazed by sheep and/or cattle at 

different times. It was noted that there may have been some occasional stock incursions during the 

periods when grazing was excluded (K. Whyte, A. Johnson, personal communication, 21 May 2021).  

3.5.3 Field data 

Two site visits of Oashore Station were carried out on the 11th and 17th of August 2021 from 

approximately 9.30am to 4.30pm each day. The primary purpose of these site visits was to collect 

ground truth data on land cover at various points throughout the site to enable an accuracy 

assessment to be completed for the image classification results of the 2019 imagery. 

Prior to the site visit, random points were created across Oashore Station and loaded into a webmap 

that could be accessed offline via the ArcGIS Collector app. The site visit involved navigating to each 

of those points using the inbuilt GPS on an OPPO AX5 Smartphone and the navigation functionality in 

ArcGIS Collector, which provided an average in-the-field accuracy of plus or minus 3 metres. At each 

point, the following steps were completed:    

¶ A representative photograph of the location was taken; 

¶ The GPS accuracy (in metres) was recorded; 

¶ The point entry was modified to record whether the area (within the accuracy distance of the 

point) was dominated by vegetation or grassland; and 

¶ Further observations regarding the vegetation or features were noted in an accompanying 

notebook (as required).  

Additional random points were collected throughout the site visit to supplement the pre-determined 

random points and compensate for points that were either inaccessible (due to terrain or land cover) 

or had low GPS accuracy. Further details on how these points were used in the accuracy assessment 

is discussed later in this chapter.  
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3.6 Analysis (Part 1): Image classification and change detection 

The overall purpose of the first part of the analysis was to identify the parts of Oashore Station that 

had regenerated from grassland to woody vegetation between 2003 and 2019. This involved several 

steps, each of which is discussed further below.  

3.6.1 Georeferencing 

In order to detect change between images of two different dates, it is important to ensure that the 

images are accurately aligned so that comparisons can be made between pixels or cells that 

represent the same area (Carmel & Kadmon, 1999). If pixels from one image are compared to non-

corresponding pixels from another image, false changes may be detected and genuine changes may 

be overlooked (Faiza et al., 2012).  

The 2019 image was extracted from Google Earth as a georeferenced image. However, its spatial 

accuracy was unknown given the absence of image metadata. The image was therefore visually 

compared to other data layers with more reliable spatial accuracy, including the 1m Digital Elevation 

Model. This process confirmed that the 2019 image was well aligned with other data layers and was 

therefore used as an accurate starting point from which to base the georeferencing exercise. 

In comparison to the 2019 image, the 2013 image was not well aligned and was offset by a 

considerable margin. Using the georeferencing tool in ArcGIS Pro, 418 control points were added to 

the two images. A spline transformation was applied, which was used as the preferred 

transformation method due to its high local accuracy. This transformation resulted in good alignment 

between the two images, with the root mean square errors (RMSE) being 0.02695 (forward), 

0.020134 (inverse) and 0.007221 (forward-inverse), and a residual value of approximately 0.06. 

Notwithstanding these low RMSE values (indicating good alignment), it is very difficult to achieve a 

100% accuracy when georeferencing two images. This is one of the key reasons for the additional 

visual validation step discussed in 3.7.1 below. 

3.6.2 Image pre-processing 

A convolution filter was applied to sharpen images and improve the segmentation phase of the 

image classification. For the 2019 image, a ‘smoothing 3x3’ filter was applied, followed by the 

‘sharpening 3x3’ filter. For the 2003 image, this approach added too much noise in the output and a 

basic ‘sharpen’ filter was used as an alternative. Before and after thumbnail images in Figure 15 

below show the effect of the filtering for each image date. Although the change may not appear 

significant, this pre-processing provided a marked improvement in the image classification results.  
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Figure 15: Before and after comparison for filtered imagery (Google Earth, Image© 2022 Maxar 
Technologies) 

After filtering the images, each image was clipped to the Oashore site boundary. The purpose of this 

step was to simplify the image classification process and improve its accuracy by removing elements 

with a wide range of spectral values that were not the focus of the analysis.  

Another pre-processing step that may be carried out when comparing images from different dates is 

atmospheric and/or radiometric corrections. However, given the absence of metadata associated 

with the Google Earth Pro imagery, it was not possible to determine whether such corrections were 

necessary or had already been completed. In the absence of this information, accuracy assessments 

and visual validations were carried out to ensure the accuracy of the image classification and change 

detection results, as discussed further below. No specific pre-processing was carried out to address 

shadows in the imagery, which were limited by the mid-summer imagery and the low height of most 

vegetation on the site. Shadows from tall exotic vegetation such as shelter belts were manually 

excluded from the analysis prior to change detection, as discussed in section 3.6.5 below.  

3.6.3 Image classification 

Supervised object-based image classification was applied to convert the 2003 and 2019 aerial images 

into classified land cover maps for use in change detection. Only two land cover classes were used, 

being ‘grassland’ and ‘vegetation’. A larger number of classes were trialled, including categories such 
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2019 (before) 2019 (after) 
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as bare ground, rock, and different types of vegetation. However, adding additional categories 

generally reduced the accuracy of the results and was not necessary to achieve the study objectives.  

As mentioned, the focus of this study was to identify those areas on Oashore Station which had 

changed from grassland in 2003 to woody vegetation in 2019. Where change did occur, it is 

acknowledged that the type of vegetation that initially regenerates may influence the long-term 

successional process and species composition. However, for the purpose of this study (and given the 

limitations of the image classification process), it was assumed that any change from grassland to 

woody vegetation was a positive progression towards natural regeneration of indigenous forest on 

the site. No attempt was made to identify the species or type of woody vegetation present, other 

than the general observations that were made during the site visits for the purpose of ground 

truthing the image classification results.  

The image classification process has several component parts, including the creation of a 

classification schema, segmentation of the base image, preparation of training samples, and the 

creation of a classified raster. This process was carried out using the image classification tools and 

functions in ArcGIS Pro and is summarised in Figure 16 below.  

    Create Classification 
Schema 

    

 

INPUT 

Pre-processed Image 

   Create Training 
Samples 

 

   

 

Segmentation    Train Classifier 

     

  Classify Raster   

  

 

  

  OUTPUT 

Classified Raster 

  

Figure 16: Basic steps in object-based image classification  

 
Each step in the process involved several different parameter settings, which were adjusted as 

required to improve image classification results. The process of determining the optimum settings for 

each step in the process has been described as a “heuristic, subjective, challenging, and time-
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intensive trial-and-error process” (Kucharczyk et al., 2020). Table 3 below provides a summary of the 

purpose of each step and the settings that were ultimately found to achieve the most accurate image 

classification results for this study.  

Table 3: Purpose and settings for each step in the image classification process 

Step Purpose Settings / Details 

Segmentation To segment the image into distinct objects 

by grouping pixels together with similar 

colour or shape characteristics. 

Spectral detail: 18; spatial 

detail: 13; minimum segment 

size: 10 

Create schema To identify the classes that will be used in 

the image classification process. 

Two classes: ‘Grassland’ and 

‘Vegetation’ 

Create training 

samples 

To create polygons within the image and 

specify the class of the pixels / objects 

within those areas.  

72 training samples created for 

each image (36 for each class)  

Train classifier / 

Classify raster 

To classify the image into classes based on 

the segmentation results and training 

samples. 

 

Classifier: Random Trees 

Trees: 500; Tree Depth: 30; 

Samples/class: 1000 

Segment attributes: converged 

colour; mean digital number; 

compactness 

 
The result of the above process was two classified rasters showing the distribution of grassland and 

vegetation across Oashore station in 2003 and 2019, as presented in the results chapter. Some minor 

manual reclassification was required to the images to remedy obvious classification errors, which 

particularly occurred around the clipped boundary edge of the images.  

3.6.4 Accuracy assessment 

To test the accuracy of the resulting image classification rasters, an accuracy assessment was 

completed using the ground truth data collected from field visits, as described above. As a 

preliminary step, the ground truth class for each point that had been visited was compared with the 

corresponding image classification result for those points. Where those classifications were not the 

same, the points were investigated in further detail. This revealed that five points identified as 

‘Vegetation’ in the field, but classified as ‘Grassland’ by image classification, were very close to areas 

classified as ‘Vegetation’ (within 1.5m). Given that this distance was within the GPS accuracy 

(generally plus or minus 3m), those points were considered to be within the margin of error and 

were therefore manually moved into the nearby classified ‘Vegetation’ area. 

After these modifications and removal of any points for which ground truth data were not obtained, 

100 ground truth points remained, with 49 in grassland and 51 in vegetation based on ground truth 
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observations. The location of the ground truth points is illustrated in Figure 17 below. Using these 

points, a new accuracy point layer was created for the 2019 image with fields for ‘classified’ and 

‘ground truth’. Each field was given a value of either 1 for ‘grassland’ or 2 for ‘vegetation’ based on 

the results of the 2019 image classification and the ground truth data. The confusion matrix tool in 

ArcGIS was then used to calculate producer accuracy, user accuracy and kappa coefficient values as 

measures of accuracy for the 2019 image classification, as discussed in the results chapter.  

 

Figure 17: Location of ground truth points used for accuracy assessment  

For the 2003 image, reliable accuracy assessment is more challenging given the inability to obtain 

ground truth data for a past date. An alternative process was therefore utilised whereby ‘pseudo’ 

ground truth data was prepared based on a visual interpretation of the 2003 aerial imagery to assess 

whether vegetation existed at each point in 2003. The same 100 points were used as for the 2019 

assessment, which resulted in an altered distribution between vegetation and grassland due to the 

differing vegetation cover at that time. This interpretation was carried out without reference to the 

image classification results to avoid any bias in the results. The confusion matrix tool was then used 

to assess for accuracy in the same way as for the 2019 image. Although this is less reliable than using 

actual ground truth data, it nonetheless provides a level of reassurance that the results of the 2003 

image classification process have an acceptable level of accuracy.  
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3.6.5 Change detection 

Following completion of image classification and a subsequent accuracy assessment, a change 

detection process was then completed using the categorical change method in the Change Detection 

tool in ArcGIS Pro. This tool compares one classified raster to the other to identify pixels within the 

image that have changed from one category to another.  

Prior to running Change Detection, anthropogenic elements such as buildings and exotic shelter belts 

(including associated shadows) were manually digitised and erased from the imagery to avoid the 

irrelevant detection of change in such areas. This approach of manually removing extraneous 

anthropogenic features has been adopted in other similar studies (Carmel & Kadmon, 1999).   

For this study, the changes were grouped into the three groups described in Table 4 below. The 

result of this change detection step was a new change detection raster at 0.25m resolution, with 

each cell given a value representing the change detection grouping.  

Table 4: Change detection groupings for classified rasters  

Group 2003 Image 2019 Image Relevance 

1 Grassland Grassland Areas of grassland that have remained unchanged – no 
detected regeneration of woody vegetation 

2 Grassland Vegetation Areas of grassland that have regenerated into woody 
vegetation  

3 Vegetation Any Pre-existing areas of woody vegetation – not relevant for 
this study 

3.7 Analysis (Part 2): Modelling  

The key output from Part 1 of the analysis was a raster identifying those parts of the site that had 

regenerated from grassland to vegetation and those areas of grassland where no change had been 

observed. The next step (Part 2) was to model the relationship between those areas and range of 

variables to assess the influence of those variables on natural regeneration patterns.  

Two separate methods were used in this part of the analysis. The first is random forest modelling, 

which is a form of machine learning using the random forest algorithm (Breiman, 2001). The second 

method is a more traditional statistical model based on a binary logistic regression. As discussed in 

the literature review, each of these methods have different strengths and weaknesses and were used 

in combination to provide a more comprehensive evaluation of the influence of different factors on 

natural regeneration. Prior to the use of these modelling techniques, further data preparation was 

required for both the dependent and explanatory variables, as discussed further below. 
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3.7.1 Dependent variable – point creation and validation 

The change detection raster for the dependant variable was converted into polygons and then into a 

series of points using the Create Random Points tool in ArcGIS Pro. Each point was coded as either 1 

for regeneration or 0 for no regeneration, based on the results of the image classification and change 

detection. A total of 400 random points were initially created across the study site, with an even 

number in each class.  

The points were separated by a minimum distance of 50m, which was the maximum separation 

distance that could be incorporated whilst maintaining a reasonable sample size, as discussed further 

below. The purpose of this separation distance was to reduce the potential for spatial 

autocorrelation between sample points (Bavaghar, 2015), as discussed in the literature review. 

Once the separated random points were created, a visual validation process was then carried out to 

assess each point for accuracy. This involved comparing the point location to the underlying change 

detection raster and base imagery to ensure that it represented a point of actual observed 

regeneration. Potential errors and inaccuracies that were assessed during this validation process 

included: 

¶ Errors in the image classification process, where either image was clearly incorrectly 

classified as vegetation and/or grassland at that point.  

¶ Errors in the change detection results due to any misalignment in the base imagery and/or 

artifacts in the change detection raster (such as at the edge of the clipped image).  

Where obvious errors were detected, those points were modified and/or deleted from the analysis. 

Additional points were then manually added or removed to achieve a total sample size of 300 points, 

including 150 points where regeneration had occurred and 150 points where there had been no 

regeneration, as presented in the results chapter. A total of 300 points was considered to be an 

adequate sample size for both analysis methods. Although there is no minimum sample size for 

random forest analysis, it is considered to work best with several hundred observations (Esri, n.d.). 

The general rules of thumb for sample sizes in logistic regression are discussed further below.  

3.7.2 Explanatory variables - Data preparation  

Table 5 below identifies the various explanatory variables that were included within the analysis and 

summarises the data preparation and transformations that were carried out for each variable. All 

data preparation was carried out in ArcGIS Pro (version 2.8.3), except for topographic wetness, which 

was calculated using SAGA GIS (Version 8.0.0).  
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Table 5: Data preparation and resolution of explanatory variables 

 Attribute Data preparation  Res. 

Elevation None. Downloaded digital elevation model suitable for use. 1m 

Aspect Used Aspect tool to derive raster from DEM with continuous values for 

aspect. Ran Reclassify tool to separate values into following categories 

that reflect orientation of site and predominant weather patterns: 

northeast (0°to 90°); southeast (90° to 180°); southwest (180° to 270°); 

northwest (270° to 360°); flat. 

1m 

Slope Used Slope tool to derive raster from DEM.  1m 

Area Solar 

Radiation 

Ran Area Solar Radiation tool using DEM as input. 

Set time configuration to “whole year” and 2011 (mid-point of study 

period). Left all other settings as default.  

1m 

Topographical 

wetness 

Ran SAGA Wetness Index tool in the Hydrology package of SAGA GIS 

using DEM as input and keeping all other values as default. 

1m 

Percent 

Vegetation 

within 25m 

Ran Focal Statistics on 2003 image classification result that identifies 

vegetation. Use settings of circle, 25m radius, map units, and sum. 

Used Raster Calculator to convert values to percentage. 

0.25m 

Distance to 

vegetation 

Ran Raster to Polygon tool to convert 2003 image classification result to 

polygons of existing vegetation (modified to exclude mature exotic 

vegetation – e.g. shelter belts)  

Ran Euclidean Distance tool to calculate distance to vegetation edge  

0.25m 

Years without 

grazing 

(sheep and 

cattle) 

Created new polygon layers of different areas/blocks across station and 

added new attributes to each polygon with a value of years where there 

had been no active grazing (cattle and/or sheep), based on information 

obtained from station managers.  

Used Polygon to Raster tool to create one raster for years without sheep 

grazing, and a separate raster for years without cattle. 

0.25m 

 
The output for each variable was a separate raster layer (resolution specified above) containing 

values for that variable. The raster values were then extracted to the dependent variable point layer 

as additional attributes.  

3.7.3 Machine learning – Random forest  

Once the above data preparation steps had been completed, random forest modelling (based on the 

random forest algorithm by Breiman (2001) was carried out using the Forest Based Classification and 

Regression tool in ArcGIS Pro. This requires the inputs described above, being a point layer for the 



 49 

dependent variable and explanatory variables as separate rasters, distance features, or attributes of 

the dependent variable.  

There are number of model parameters that can be adjusted to influence model performance. The 

following parameters were used in the final model to achieve optimum accuracy: 

¶ Number of decision trees = 2000 (increased from default value of 100) 

¶ Minimum leaf size = default (default for classification is 1) 

¶ Maximum tree depth = default (data driven, average value was 22) 

¶ Data available per tree = 100%, taken randomly from two thirds of the data 

¶ Number of randomly sampled variables – default (calculated by dividing the total number of 

explanatory variables by three) 

To determine which explanatory variables should be included in the model, a recursive variable 

selection method was adopted, which is a type of backward selection approach (Boulesteix et al., 

2012). All explanatory variables were included in the initial model to provide a baseline for accuracy 

and predictive performance. Multiple iterations of the model were then run, sequentially removing 

the variable with the lowest variable importance value. If the removal of one or more variables 

improved the performance and accuracy of the model, they were excluded from the final model. This 

revealed that the combination of variables with the highest overall accuracy was to retain all 

variables in the model. The inclusion of all variables in a random forest model is considered to be the 

preferred approach when the primary objective is the identification of relevant factors, rather than 

pure predictive performance (Degenhardt et al., 2019).  

To test the accuracy of the model, 20% of the data was excluded from the model and used for 

validation, with 50 separate validation runs being carried out. This external validation is in addition to 

the “Out of Bag” errors that are automatically calculated to test the internal validity of the model. 

Each run of the model used a random seed and a different combination of training and validation 

data, which produced similar but slightly different results. For this reason, the process described 

above was repeated ten times, with the results being an average of these ten runs to produce more 

reliable and representative figures.  

Another important output from the random forest model is the variable importance measure (VIM), 

which helps understand which explanatory variables are most influential when predicting outcomes. 

In ArcGIS Pro, VIM is calculated using Gini coefficients, which indicates the importance of a variable 
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for creating splits in the decision trees (Boulesteix et al., 2012). ArcGIS Pro describes VIM as “the 

number of times a variable is responsible for a split and the impact of that split divided by the number 

of trees” (Esri, n.d.). Measuring variable importance using the Gini index is known to have some 

limitations, including the potential for selection bias when using a combination of continuous and 

categorical predictors (Boulesteix et al., 2012). This is a key reason why random forest was used in 

combination with binary logistic regression (discussed below), which is generally considered to 

provide more interpretable results for variable importance compared to a black box model such as 

random forests (Couronné et al., 2018).    

Although random forest indicates the importance of different explanatory variables, it does not 

reveal the direction of influence (positive or negative). One tool that can be used to better 

understand the relationships between explanatory variables and the dependant outcome is a partial 

dependence plot. These simple plots help to visualise how each individual factor influences the 

predicted outcome, whilst averaging for all other factors, and can reveal whether the relationships 

are positive or negative and linear or more complex (Couronné et al., 2018).  For this study, partial 

dependence plots were created in the Daitaku Online data science platform using input data for the 

explanatory and dependent variables exported from ArcGIS. 

3.7.4 Binary Logistic Regression 

A binary logistic regression was carried out using IBM SPSS Statistics software (version 28.0.0.0) using 

the data imported from ArcGIS. There were a number of assumptions that needed to be checked to 

ensure that the regression results would be reliable (Stoltzfus, 2011). Table 6 below provides a 

summary of those assumptions, how they were tested, and the results of those tests.  

Table 6: Assumptions for binary logistic regression, testing method and results  

Assumption Testing method Results 

Dependent variable 

is binary  

Variable values checked and 

confirmed. 

Dependent variable was coded as 

either 1 (regeneration) or 0 (no 

regeneration). 

Observation 

independence  

After ensuring a minimum 

separation distance between points, 

the standardised residuals from the 

binary logistic regression model 

were checked for spatial 

autocorrelation using the ‘Spatial 

Autocorrelation (Global Moran’s I)’ 

tool in ArcGIS Pro (Carl & Kühn, 

2007).  

The p-value from the Global Moran’s 

I test was not significant (i.e. more 

than 0.05). This confirmed that there 

was no significant spatial 

autocorrelation between the points 

and the observation of independence 

had been met.  
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No 

multicollinearity 

among explanatory 

variables  

Collinearity diagnostics were run in 

SPSS by including all variables in a 

dummy linear regression. If the 

resulting Tolerance value is less than 

0.2 or the Variance Inflation Factor 

(VIF) is more than 5, this can 

indicate a problem with collinearity 

between variables (Pituch & 

Stevens, 2016).   

The Tolerance values for all variables 

were above 0.2 and VIF values were 

below 5. No multicollinearity 

between variables was therefore 

detected and this assumption was 

met.  

Linear relationship 

between 

continuous 

variables and log 

odds of the 

dependent variable  

The Box Tidwell test was carried out 

in SPSS, which involves calculating 

the logit of each continuous variable 

and multiplying it by the variable 

value. The resulting values are then 

tested for significance in the logistic 

regression model. If significant 

(<0.05), then the assumption is 

violated (Tabachnick & Fidell, 2007). 

 A significant value was identified for 

Distance to vegetation (<0.001). This 

variable was therefore 

logarithmically transformed  as 

suggested by Tabachnick & Fiddel 

(2007). When the Box Tidwell test 

was run again on the modified 

variable no significant value was 

detected, indicating that the 

assumption of linearity of the logit 

had been met.  

No extreme 

outliers 

The Mahalanobis distance was 

calculated for each point and 

compared it to a chi-square 

distribution with the same degree of 

freedom. Potential outliers were 

identified as having a probability 

value of less than 0.001 (Tabachnick 

& Fidell, 2007).  

Two potential outliers were 

identified. The model was tested 

with and without these points, with 

no significant difference in results. 

The points were therefore retained 

in the model.  

Sufficiently large 

sample size 

There are no strict rules about 

sample size. However, a general rule 

of thumb is that there should be a 

minimum of 10 samples in each 

category (i.e. regeneration / no 

regeneration) for each explanatory 

variable (Stoltzfus, 2011).  

If all nine explanatory variables were 

used in the model, there should be a 

minimum of 90 samples in each 

category (i.e. 180 total samples). The 

sample size of 150 in each category 

(300 total) meets this general rule of 

thumb. 

 
Of the above assumptions, the only one that was potentially problematic was the assumption 

regarding linearity of the logit. As mentioned above, a logarithmic transformation of the ‘distance to 

vegetation’ variable enabled this assumption to be satisfied. However, this transformation altered 

the significance of some other variables in the model and can make it more difficult to interpret the 

strength of the relationship with the dependent outcome. For completeness, two model versions are 

presented in the results, the first based on the original unmodified variables and the second using 

the log transformed version of ‘distance to vegetation’.  



 52 

Once the above assumptions had been checked and modifications made as required, the logistic 

regression model was run using a backward selection approach (similar to random forests), where all 

variables were added and sequentially removed based on their significance values. The final 

combination of variables was that which resulted in the best overall accuracy of the model (as 

indicated by the classification table), even if some of the variables were not individually significant. 

For Version 1, the highest model accuracy was achieved by including distance to vegetation, 

vegetation within 25m, years without cattle, years without sheep and solar radiation. For Version 2, 

the highest accuracy was based on the inclusion of only the first three of the above listed variables. 

Further discussion of the significance of different variables is provided in the results chapter.  

In addition to identifying whether a particular variable has a significant relationship with the 

outcome, binary logistic regression also calculates an odds ratio, which helps to explain the nature of 

the relationship that exists. The odds ratio (Exp(B)) is defined as the odds of the outcome occurring 

versus not occurring for each explanatory variable (Stoltzfus, 2011). If the odds ratio is above one, 

this means that there is a positive relationship between the variable and the outcome (i.e. the odds 

of the outcome occurring increases). An odds ratio below one reflects a negative relationship, with 

the odds of the outcome occurring reducing as the explanatory variable increases.   

3.7.5 Predicting areas of regeneration 

After training the models to determine their accuracy and variable importance, the models were 

then used to predict locations on Oashore Station that were most likely to regenerate in the future. 

This was done to evaluate the potential value of these models in predicting future change, which 

may help to guide landowner decision making, subject to the limitations discussed later in this thesis. 

The random forest model was used for this purpose given its greater predictive accuracy, as 

discussed in the results chapter. Given that the original model was based on regeneration over 16 

years (2003-2019), the prediction is based on likely areas of regeneration 16 years on from the most 

recent vegetation cover information (2019), being the year 2035. This also enabled a comparison 

between the two periods to assess whether rates of regeneration were likely to change over time.  

For this predictive exercise, many of the explanatory variables remained constant as they were based 

on site topography and were unlikely to change (e.g. aspect, slope, elevation, solar radiation, 

topographical wetness). However, the inputs relating to proximity of existing vegetation were 

updated based on the 2019 image classification results to better represent current vegetation. 

Assumptions were also made regarding future grazing, including a scenario where the current mixed 

grazing regime continued (as shown in Figure 10), and an alternative scenario where there was no 

grazing of any kind across the station. The model incorporated 2000 decision trees, with no data 

excluded for validation as the purpose of this exercise was prediction, not assessing model accuracy.  
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Chapter 4 

Results  

This results chapter is divided into four sections. The first section (4.1) presents the results from Part 

1 of the analysis, which sought to identify areas within Oashore Station where natural regeneration 

was observed between 2003 and 2019. The second section (4.2) illustrates the spatial data for the 

key factors that may influence natural regeneration, while the third section (4.3) presents the 

evaluation of how those factors influenced the observed natural regeneration on the site (Part 2 of 

the analysis). The fourth and final section (4.4) presents the model predictions for future 

regeneration on Oashore Station based on different grazing scenarios. 

4.1 Observed natural regeneration on Oashore Station 

4.1.1 Image classification – land cover in 2003 and 2019 

Figure 18 and Figure 19 below illustrate the results of the image classification process for the 2003 

and 2019 imagery respectively. Grassland is shown as pale yellow and woody vegetation as green, 

with areas in white being anthropogenic elements (buildings, exotic shelter belts, roads) clipped from 

the image.  

 

Figure 18: Image classification results for 2003 imagery  
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Figure 19: Image classification results for 2019 imagery  

As noted in the methodology, other than excluding exotic shelter belts and vegetation around 

buildings, no attempt was made to identify the species or type of woody vegetation present. The 

areas identified as ‘Vegetation’ in the above figures may therefore include exotic and indigenous 

species of woody vegetation. 

4.1.2 Accuracy assessment 

An accuracy assessment was carried out for the above image classification result based on a visual 

interpretation of aerial imagery (2003) and actual ground truth data gathered during site visits (2019) 

for 100 points across Oashore Station. The resulting confusion matrices for each accuracy assessment 

are presented in Table 7 and Table 8 below.  

Table 7: Accuracy assessment for 2003 image classification  

  ‘Ground Truth’ Values  

  Grassland Vegetation Total User Accuracy 

Classified 
Values 

Grassland 65 5 70 92.86% 

Vegetation 0 30 30 100% 

Total 65 35 100  

 Producer Accuracy 100% 85.71%  Overall 95% 
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Table 8: Accuracy assessment for 2019 image classification  

  Ground Truth Values  

  Grassland Vegetation Total User Accuracy 

Classified 
Values 

Grassland 49 8 57 85.96% 

Vegetation 0 43 43 100% 

Total 49 51 100  

 Producer Accuracy 100% 84.31%  Overall 92% 

 
The overall accuracy for each image classification was high, which was reflected in Kappa index 

values of 0.886364 (2013) and 0.840447 (2019). For both image dates, the user accuracy for 

vegetation was 100%, meaning that all areas that were classified as vegetation were confirmed to be 

vegetation via ground truthing. However, there were five (2003) and eight (2019) Type 1 (false 

positive) errors for the areas classified as grassland, with the image classifications failing to detect 

the presence of vegetation in some locations, particularly the Forsyth Face covenant area and the 

southwest facing slopes in the valleys of Oashore Bay and Tokoroa Bay.  

These results indicate that the image classification process may underrepresent the amount of 

vegetation present in some parts of the station, particularly younger or lower density vegetation that 

was not as visually prominent in the aerial imagery. Some species (e.g. native broom, tarangahape, 

Carmichaelia australis) also had a spectral signature that was more similar to grassland, compared to 

other species with a darker appearance that were easier to detect (e.g. Matagouri, tumatakuru, 

Discaria toumatou).  To address these potential accuracy limitations, a further visual validation step 

was carried out on the change detection points, as discussed below.  

4.1.3 Change detection and validation – areas of natural regeneration 

Based on the above image classification results, a change detection raster was prepared to identify 

locations where regeneration had occurred. This raster is illustrated as Figure 20, with the category 

descriptions and site coverage for each category provided in Table 9. This indicates that over the 16 

years between 2003 and 2019, approximately 18 hectares or 3.3% of Oashore Station experienced 

observable change from grassland to woody vegetation. Most of Oashore Station (83.9%) was 

grassland that had no evidence of natural regeneration during this time period.   

As discussed in the methodology, the above change detection results were then converted into a 

series of sample points, which were visually validated to ensure that each point was accurately 

classified as either regeneration or no regeneration. The result of that validation process was that 

errors were detected in approximately 25% of the initial sample points. The majority of these errors 

were due to minor misalignment between the two images (notwithstanding the low georeferencing 

error values), which caused an inaccurate change detection result. Following modifications to resolve 

these errors, the final points used in the subsequent analysis are shown in Figure 21.  
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Table 9: Change detection categories, description, and site coverage 

 Category Description Total 
Area 

% of 
Station 

 No regeneration Grassland that remained unchanged ~453ha 83.9% 

 Regeneration Grassland that regenerated into woody vegetation ~18ha 3.3% 

 Pre-existing veg Pre-existing woody vegetation in 2003 ~57ha 10.6% 

 Excluded Shelter belts, building curtilage, roads etc ~12ha 2.2% 

 

 

Figure 20: Results of change detection illustrating areas of regeneration and no regeneration  
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Figure 21: Distribution of dependent variable points after visual validation  

4.2 Spatial data for potentially relevant factors 

As discussed in the methodology, spatial data were collated and prepared for each of the factors that 

were identified as having a potential influence on natural regeneration.  Figure 22 to Figure 30 

present the spatial data that were used and illustrate how each factor varied across Oashore Station.  

The variable topography of the site is evident in the first five figures, including slope, topographic 

wetness, aspect, solar radiation, and elevation. There is a clear pattern of steep slopes down to 

narrow valley floors, with wide flatter areas on the ridges (Figure 22). These flatter areas along with 

the various channels on the site had the highest topographic wetness (Figure 23). Aspect showed a 

clear demarcation between the north-west and south-east facing slopes (Figure 24), with the former 

experiencing much higher solar radiation values due to increased sun exposure (Figure 25).  

Existing vegetation is unevenly distributed across the station, with large, vegetated areas located on 

some of the south-east slopes. This results in higher values for vegetation within 25m (Figure 27) and 

lower values for distance to vegetation (Figure 28) in these locations. Figure 29 and Figure 30 reveal 

the changes in grazing patterns over time, with only the covenanted and conservation areas being 

currently ungrazed by livestock. Cattle grazing has become progressively more restricted and only 

remains in two areas on the site, which broadly corresponds with areas of flatter land.  
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Figure 22: Slope on Oashore Station 

 

Figure 23: Topographic wetness on Oashore Station 
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Figure 24: Aspect on Oashore Station 

 

Figure 25: Solar radiation on Oashore Station 
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Figure 26: Elevation on Oashore Station 

 

 

Figure 27: Vegetation within 25m on Oashore Station 
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Figure 28: Distance to vegetation on Oashore Station 

 

Figure 29: Years without sheep grazing on Oashore Station 
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Figure 30: Years without cattle grazing on Oashore Station 

4.3 Evaluation of factors influencing natural regeneration 

This section presents the results from Part 2 of the analysis, where the above factors were evaluated 

using random forest and binary logistic regression models to test their relative influence on the 

observed natural regeneration of woody vegetation. The first part of the results presents an 

overview of the model accuracy, with the second part evaluating which factors had the most 

significant impact on observed natural regeneration on Oashore Station. 

For the random forest models, all the figures provided below represent the average values based on 

running the model ten times. Full results for each individual run of the model are provided in 

Appendix A. For the binary logistic regression, separate results are presented for Version 1 of the 

model (unmodified explanatory variables) and Version 2 (log transformed version of ‘distance to 

vegetation’), as discussed in the methodology. 

4.3.1 Model accuracy and reliability 

There are various measures of model accuracy, which help to determine whether the model is a 

reliable predictor of events and relationships. When considering value of such models, it is helpful to 

keep mind the following aphorism from George Box: 

ά!ƭƭ ƳƻŘŜƭǎ ŀǊŜ ǿǊƻƴƎΣ ōǳǘ ǎƻƳŜ ŀǊŜ ǳǎŜŦǳƭέ (Box, 1979) 
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Random forest 

The first measure of model accuracy that was calculated was the Mean Squared Error (MSE). 

Otherwise known as Out of Bag (OOB) errors, these figures indicate the overall proportion of 

incorrect classifications based on the data that is part of the training data set, which helps to 

evaluate the accuracy of the model. The overall average MSE for the model was 20.48, which 

indicates that 79.52% of predictions under the model were correct. However, the MSE was lower for 

regeneration (16.32) compared to no regeneration (24.67). This indicates that the model was more 

accurate in correctly identifying areas of regeneration (83.68% correct) compared to areas where 

there was no regeneration (75.33% correct).  

Another measure of model accuracy and performance is calculating the sensitivity and accuracy using 

a confusion matrix. Unlike the MSE (which uses a subset of the forest), sensitivity and accuracy are 

calculated based on cross validation using the 20% of the data that was excluded from the model, 

which allows error metrics to be calculated for the entire forest. ‘Accuracy’ reflects the percentage of 

true or correct categorisations within the entire dataset. ‘Sensitivity’ reflects the percentage of 

correct categorisations for each category, with separate values calculated for regeneration and no 

regeneration. The results are presented in Table 10 below. 

Table 10: Confusion matrix of average sensitivity and accuracy for random forest modelling  

 Sensitivity Accuracy  

No Regeneration 76.5% 
80.40% 

Regeneration 85% 

 
The overall accuracy was 80.40%, with the model demonstrating a higher ability to correctly predict 

areas of regeneration (85%) compared to areas of no regeneration (76.5%). This is consistent with 

the MSE/OOB error values described above, which indicates that the model had a tendency to 

predict more regeneration than was actually observed on the ground. This is important when 

considering the reliability of future predictions, as discussed in section 5.5 below.  

These diagnostics relate to the ability of the model to predict the outcome of ‘unseen’ locations 

within the site that were not used to train the model (i.e. validation data). Diagnostics were also run 

to assess the accuracy of prediction for those data points that were used to train the model (i.e. 

training data). As expected, the results were higher than the validation data set, with the model 

achieving an average accuracy of 99% when predicting the presence of absence of regeneration at 

the sample points that were used to train the model.  

Binary logistic regression 

Binary logistic regression has various measures for model accuracy or ‘goodness of fit’. Both versions 

of the regression produced a chi squared value of <0.01, which indicates that the models were a 
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significant improvement on the null model (with no explanatory variables included). The regressions 

also calculated Hosmer and Lemeshow test values of 0.749 (Version 1) and 0.882 (Version 2), which 

are non-significant values (i.e. >0.05) that indicate an acceptable model fit.   

A further statistic that was calculated is McFadden’s pseudo r-squared, which represents the 

proportionate improvement in fit over the null model (Pituch & Stevens, 2016). The McFadden’s r-

squared values were 0.438 (Version 1) and 0.507 (Version 2), which means that the models’ 

predictive performance improved by 43.8% and 50.7% respectively by the addition of the 

explanatory variables. This is considered to be a strong improvement in fit (Pituch & Stevens, 2016).  

More comparable to the random forest results is the classification table, which indicates the 

percentage of classifications that were correctly predicted in each category and overall. The results 

are set out in Table 11 and Table 12 below. Version 1 demonstrated a similar pattern to the random 

forest model, with a higher predictive accuracy for areas of observed regeneration compared to no 

regeneration. Version 2 shows a more even distribution between the two categories.   

Table 11: Classification table from binary logistic regression (Version 1) 

  Predicted  

  No Regeneration Regeneration Percent correct 

Observed No Regeneration 118 32 78.7% 

Regeneration 17 133 88.7% 

  Overall Percentage 83.7% 

 

Table 12: Classification table from binary logistic regression (Version 2) 

  Predicted  

  No Regeneration Regeneration Percent correct 

Observed No Regeneration 129 21 86.0 

Regeneration 19 131 87.3 

  Overall Percentage 86.7% 

 

In relation to overall accuracy, it is important to note that the above numbers are based on including 

all the sample points within the training data for the model. Unlike random forest, no cross-

validation was carried out to test the ability of the regression model to predict the outcome at 

‘unseen’ locations (i.e. validation sample points excluded from the model). The overall accuracy 

figures are more comparable to the accuracy of 99% accuracy for the training data used in the 

random forest model. The random forest model therefore demonstrated superior ability to 

accurately predict the presence or absence of regeneration compared to binary logistic regression.  
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4.3.2 Key factors influencing natural regeneration 

The factor that was found to have the most significant impact on the occurrence of natural 

regeneration was the proximity to existing woody vegetation, as measured by the percentage of 

woody vegetation with 25m and the distance to the closest woody vegetation. The other key variable 

that had a significant influence on regeneration was the number of years that an area had been free 

from cattle grazing. These results were consistent under both random forest and binary logistic 

regression and are presented in more detail below. 

Random forest 

For the random forest model, the influence of the different explanatory variables is represented by 

the variable importance measure (VIM), with the average VIM for each explanatory variable 

illustrated in Figure 31 below. 

 

Figure 31: Variable importance measures (VIM) for random forest model  

The importance of the variables can be clustered into three broad groups, as indicated by the colours 

in Figure 31. Within the first group (dark green), the two most important variables both related to 

the presence of existing woody vegetation, being the amount of vegetation within a 25m radius 

(13.44% VIM) and the distance to the nearest vegetation (13.66% VIM). The number of years without 

cattle grazing and topographic wetness were also identified as being of relatively high importance. 

The second group (mid green) included four variables of comparatively lower importance, with VIMs 

ranging from 10.02% to 10.78%. Aspect (pale green) had the lowest VIM but was retained in the 

model as its removal reduced the model’s overall predictive accuracy.  
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To better understand the nature of the above relationships, Figure 32 to Figure 34 below are partial 

dependence plots for the three most important variables. For each plot, the grey bars represent the 

distribution of values for each factor, with the blue line illustrating the influence of the factor on the 

occurrence of natural regeneration. If the line is at zero on the y-axis there is no influence, with 

values above or below zero revealing a positive or negative influence respectively.   

Figure 31 reveals a negative relationship between increasing distance to woody vegetation and the 

occurrence of natural regeneration. Locations that are immediately adjacent to existing woody 

vegetation (i.e. within 2m) have the highest probability of experiencing natural regeneration. This 

relationship declines but remains positive up until approximately 10m away from existing woody 

vegetation. If an area is located more than 10m away from existing vegetation, this will start to have 

a negative impact on the probability of natural regeneration, with the areas beyond 20m significantly 

less likely to naturally regenerate.     

 

Figure 32: Partial dependence plot illustrating the influence of distance to woody vegetation  

Figure 32 illustrates an inverse pattern for vegetation within 25m, with the probability of natural 

regeneration increasing as the percentage of vegetation increases. If there is no vegetation within 

25m, this will negatively influence the probability of regeneration. However, even a small amount of 

existing vegetation (e.g. 2%) is enough to change that into a positive relationship, with the 

probability gradually increasing up until approximately 50%, at which point there is little further 

change. It is important to note that the values for this variable are unevenly distributed, with a very 

high proportion of sample points that had 0-2% vegetation within 25m. This reflects the uneven 

distribution of vegetation across Oashore Station and the presence of large open areas where very 

little woody vegetation exists.  
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Figure 33: Partial dependence plot illustrating the influence of woody vegetation within 25m 

Figure 33 illustrates the relationship between years without cattle grazing and natural regeneration. 

Although there is a consistent positive trend, the absence of cattle grazing does not translate into a 

positive impact on the probability of natural regeneration until an area has been free from grazing 

for approximately ten years. This may reflect the time taken for regeneration to occur and that early-

stage vegetation may not have been detectable with the remote sensing techniques used in this 

research, as discussed further in the discussion chapter.  

 

Figure 34:  Partial dependence plot illustrating the influence of years without cattle grazing 

Partial dependence plots for the remaining variables are provided in Appendix B. Based on the 

random forest modelling results, the influence of these variables is not as important or significant as 

the factors described above. However, the relationships are still of some interest. For sheep grazing, 

the probability of natural regeneration generally increased as years without sheep grazing increased. 

However, even areas that had been continually grazed by sheep did not have a significantly negative 

probability of regeneration. In relation to aspect, locations with a north-westerly aspect (value 4) had 

a negative relationship with regeneration (i.e. regeneration less likely to occur), with all other aspects 
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showing a neutral or slightly positive relationship. However, the magnitude of this influence was low 

compared to the variables presented in the figures above. For all other factors (including elevation, 

solar radiation, slope, and topographic wetness) the relationship with natural regeneration was 

highly variable and demonstrated no clear pattern.    

Binary logistic regression 

Table 13 and Table 14 below summarise the influence of the explanatory variables included in the 

binary logistic regression models. Three of the six variables (indicated with a *) were identified as 

significant predictors in the Version 1 model, namely vegetation within 25m, distance to vegetation, 

and years without cattle. All three of these variables were also identified as having high variable 

importance in the random forest model described above. In the Version 2 model (incorporating a log 

transformed variable for ‘distance to vegetation’), vegetation within 25m was no longer significant, 

but was still retained as an important part of the model. For both model versions, the variables of 

elevation, slope, topographic wetness, and aspect were excluded as they were not significant and did 

not improve the overall accuracy of the models. 

Table 13: Significance and odds ratios for explanatory variable in logistic regression (Ver. 1) 

Explanatory Variable Significance Odds Ratio 
(Exp(B)) 

95% confidence interval for Exp(B) 

Upper Lower 

Vegetation within 25m 0.008* 1.036 1.009 1.063 

Distance to vegetation  <0.01* 0.918 0.890 0.947 

Years without cattle  <0.01* 1.143 1.070 1.221 

Years without sheep 0.136 1.052 0.984 1.126 

Solar radiation 0.160 1.000 1.000 1.000 

Table 14: Significance and odds ratios for explanatory variables in logistic regression (Ver. 2) 

Explanatory Variable Significance Odds Ratio 
(Exp(B)) 

95% confidence interval for Exp(B) 

Upper Lower 

Vegetation within 25m 0.097 1.021 0.996 1.047 

Distance to vegetation  
(log transformed) 

<0.01* 0.346 0.262 0.457 

Years without cattle  <0.01* 1.230 1.135 1.333 

 
The nature of the relationship between the explanatory variables and the regeneration outcome is 

reflected in the odds ratio (Exp(B)), with a value above one indicating a positive relationship and 

value below one indicating a negative relationship. The amount by which the odds ratio differs from 

a value of one reflects the general magnitude of that relationship.  

Based on the above results, there is a positive relationship between the amount of vegetation within 

25m of a point and the occurrence of regeneration at that location. One way to broadly describe and 

quantify this relationship is that for each one percentage increase in vegetation, the odds of 
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regeneration occurring increases by 3.6% (V1) to 2.1% (V2), assuming all other values are constant. A 

positive relationship also exists for years without cattle, with the odds of regeneration increasing by 

14.3% to 23% for each year that cattle are excluded. For distance to vegetation, the relationship is 

clearly negative in both versions of the model (i.e. odds ratio below 1), which means that the odds of 

regeneration decrease as the distance to vegetation increases. For version 1, an odds ratio of 0.918 

indicates the odds of regeneration decrease by 8.2% for each 1m increase in distance from 

vegetation. For version 2, a different interpretation is required as the variable has been log 

transformed. As base 2 was used for the transformation, this indicates that a doubling of the distance 

will decrease the odds of regeneration by 65.4%.  

Care must be taken when interpreting the above results. As is evident from the partial dependence 

plots above, the relationships between these explanatory variables and natural regeneration are not 

linear and do not imply a consistent incremental increase or decrease in the odds of natural 

regeneration as the values of the explanatory variables change. 

One further observation about the results is in relation to the ‘years without sheep’ variable in the 

Version 1 model. This variable did not have a significant relationship with regeneration, which is 

reflected in the confidence intervals for the odds ratios. The values in Table 13 indicate that there is 

95% confidence that the odds ratio for years without sheep is somewhere between 0.984 and 1.125, 

which means there is no clear positive or negative relationship with regeneration. In other words, the 

number of years which an area had been free from sheep grazing did not have a statistically 

significant impact on the amount of natural regeneration that occurred. Similarly, the odds ratio for 

solar radiation is exactly 1.0, which reflects a neutral relationship with the outcome.  

4.4 Predicting future areas of natural regeneration on Oashore Station  

After training the random forest model, the model was then applied to predict likely areas of 

regeneration on Oashore Station in 2035, which is a further 16 years since the most recent 

vegetation cover data (2019). Some of the explanatory variables were updated and two different 

grazing scenarios were modelled, as discussed in the methodology.  

Figure 35 below illustrates the results of this predictive modelling. The areas in dark green are the 

areas that may regenerate based on the current grazing regime (scenario 1), which involves a 

combination of sheep and cattle grazing with some areas excluded from grazing (as shown in Figure 

10). Light green indicates the additional areas that may regenerate if no further grazing occurs 

(scenario 2), with regeneration in these areas likely to be positively influenced by the removal of 

cattle. Areas where there is predicted to be no regeneration in either scenario are shown in pale 

brown, which are generally the areas that are located furthest from existing woody vegetation.  
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In both scenarios, there is a significantly larger area that is predicted to regenerate compared to the 

regeneration that has been observed over the last 16 years (as shown in Figure 20). Although these 

predictions are subject to limitations (discussed in section 5.5), they provide information about the 

areas that are most likely to experience natural regeneration on Oashore Station in the future and 

the potential impact of changes in the grazing regime. 

 

Figure 35: Predicted areas of regeneration on Oashore Station in 2035 in different scenarios   
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Chapter 5 

Discussion  

This chapter considers the results and their potential implications in light of existing literature and 

the objective of this study. The chapter is structured around the key research questions posed in the 

introduction chapter of this thesis, followed by a discussion of opportunities for further research. For 

ease of reference, the key limitations of this research are summarised in section 5.8. All the 

discussion in relation to the other research questions should be read and considered subject to those 

limitations. 

5.1 Where, how much, and at what rate has natural regeneration of woody 
vegetation occurred in pasture on Oashore Station between 2003 and 
2019?  

Natural regeneration of woody vegetation was unevenly distributed across Oashore Station, with 

some areas experiencing more change than others during the study period (Figure 20).   . This 

variable pattern is a consequence of the range of factors that can influence natural regeneration and 

the geospatial variation of those factors. The influence of different factors on natural regeneration at 

Oashore Station is discussed in further detail below. 

In addition to the location of change, the overall amount and rate of change is an important issue. As 

noted in the results, over the 16-year period between 2003 and 2019, only 3.3% of Oashore Station 

experienced observable natural regeneration under these conditions, despite the property being 

managed to support natural regeneration. This equates to a rate of approximately 0.2% per year and 

confirms the overall slow speed at which natural regeneration occurs. Although the rate of 

regeneration may vary in different locations where conditions are more (or less) favourable, natural 

regeneration of indigenous species is a gradual process that is not comparable to the growth rates of 

other alternative rural land uses, such as exotic plantation forestry.  

There are limited other studies that provide a meaningful comparison with the above results 

regarding the overall rate of regeneration of woody vegetation in pasture. As discussed in the 

literature review, most New Zealand studies are based on the density of seedlings from a limited 

number of study plots (Bergin & Kimberley, 2014; Forbes et al., 2021; Mason et al., 2013; Miller & 

Wells, 2003) and do not attempt to quantify the overall amount or rate of regeneration across a 

wider property or area. In international literature, large scale quantification of vegetation change 

through natural regeneration has been studied on several occasions in the tropical regions of Brazil, 

with tree cover increasing by 0.3% per year (Borda-Niño et al., 2021; Crouzeilles et al., 2020) and 
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0.4% per year (de Rezende et al., 2015) over periods of 19 to 36 years. Although there are many 

variables in these studies that differ from the current context, the rate of natural regeneration is in 

the same order of magnitude as this study.  

It is also important to note that rates of regeneration are not linear and are likely to increase with 

time. Mast et al. (1997) considered the invasion of trees into grassland in Colorado, United States of 

America, using aerial photos extending over a period of 51 years. This found that for some of the 

study locations, the increase in tree cover was only 0.2-0.4% per year for the first 34 years but 

increased to 0.7-1.5% over the following 17 years. Similarly, Príncipe et al. (2014) considered 

regeneration of holm oak in pasture and noted that 20-40- years of regeneration were required 

before a significant increase in tree cover was observed.  

All the above studies relate to the regeneration of tree species rather than shrubs and are subject to 

a wide variation of environmental and social factors. However, they do demonstrate the point that in 

many circumstances, the rate of change observed in the early stage of a regeneration project (i.e. the 

first 20 years) may be very slow. This is consistent with the findings of this study, which is based on 

the initial 16 years of a regeneration project. Based on the above literature, there is reason to expect 

that longer term research or observation would show the rate of change increasing over time due to 

the self-perpetuating nature of vegetation. This is broadly consistent with the modelled prediction 

for Oashore Station for the year 2035, which is discussed in more detail in section 5.5 below.  

5.2 What are the implications of the amount of observed natural 
regeneration over time for hill country farmers wanting to participate in 
the Emissions Trading Scheme and for the achievement of national 
objectives for new indigenous forest? 

The amount and rate of change described above creates some significant challenges for the 

achievement of the overall objectives of increasing permanent indigenous forest, particularly the 

Climate Change Commission’s goal of 300,000 hectares by 2035. Assuming that the amount of 

natural regeneration experienced at Oashore Station is broadly representative of other open 

marginal hill country (subject to the limitations discussed later in this chapter), significantly more 

than 300,000 hectares will need to be set aside to achieve the Commission’s goal, if relying on 

natural regeneration. Even if a sufficient area is dedicated to this purpose, all that may be achievable 

between now and 2035 is the initial transition from grassland to some form of woody vegetation, 

which is only the first successional stage in a long process towards the establishment of indigenous 

forest. This is not to say that the goal is not worthwhile, simply that the nature of the challenge 

should not be underestimated and that additional proactive interventions will likely be required to 

achieve the desired increase in indigenous forest, as discussed further in section 5.7.5 below. 
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Linked to the above is the impact of this slow rate of change on qualifying for carbon credits under 

the ETS. As discussed in the literature review, landowners will generally not be able to start gaining 

income from carbon credits until the regeneration has progressed to a sufficient stage, including a 

minimum area of one hectare with the presence of adequate forest species. As is evident in the 

regeneration patterns presented in the results, natural regeneration does not always occur in a 

manner that satisfies these requirements. This may result in landowners waiting for a significant 

period of time without any form of income, despite the ongoing costs that are associated with 

maintaining a natural regeneration project. This may deter many hill-country landowners from 

setting aside land for natural regeneration, despite its marginal value for continued farming activity.  

As discussed by several other authors (Chartres et al., 2020; Thompson, 2019a, 2019b), regulatory 

changes to the ETS and/or additional financial incentives are required in order to provide landowners 

with the confidence and support needed to achieve the desired indigenous forest objectives. The 

nature of the changes required are outside the scope of this study. However, it would seem 

appropriate that funding should be made available based on binding commitments to use and 

manage an area of land for natural regeneration of indigenous forest, rather than the current 

prescriptive milestones that unduly favour exotic plantation forestry and impose unrealistic 

timeframes for natural regeneration.  Further and ongoing work is required to address this critical 

barrier to natural regeneration projects on private land.     

5.3 What are the key environmental factors that have influenced the 
observed natural regeneration of woody vegetation in pasture?   

5.3.1 Proximity to existing woody vegetation 

A wide range of variables were considered to evaluate their potential influence on natural 

regeneration. A consistent finding with both methods of analysis (random forest and binary logistic 

regression) was that the presence of existing woody vegetation was the most important factor when 

determining whether regeneration was likely to occur. This includes both the abundance of woody 

vegetation within a 25m radius and the distance to the edge of the nearest woody vegetation.  

This research suggests that areas with more existing woody vegetation have a significantly higher 

prospect of experiencing natural regeneration, regardless of other factors. This finding is consistent 

with other published literature discussed in this thesis, which identified the presence of existing 

vegetation as an important factor (Crouzeilles et al., 2020; Di Sacco et al., 2021; Grinand et al., 2020; 

Mason et al., 2013; Molin et al., 2018). There are a range of potential reasons that have been 

identified for the positive association between natural regeneration and existing vegetation, 

including the following: 
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¶ Existing vegetation can provide seed sources that are critical for the establishment of 

seedlings (Crouzeilles et al., 2020; Grinand et al., 2020; Molin et al., 2018).  . 

¶ The presence of local woody vegetation limits abiotic stress such as extreme temperatures, 

creating a more favourable environment for seed germination and seedling establishment 

(Mason et al., 2013). 

¶ Existing vegetation increases shade on adjacent land, which may reduce grass growth and 

alleviate competition from sun-loving exotic grasses, allowing woody vegetation to creep 

from the edge of the existing vegetation boundary (Esler, 1967; Wilson, 1994). 

Considering the above findings in the context of the current study, the partial dependence plots 

(Figure 32, Figure 33) revealed that the strongest positive association with existing vegetation was 

present within less than 2m from the edge. There are two possible explanations for this pattern. The 

first possibility is that the species of woody vegetation present on Oashore Station are generally 

incapable of dispersing more than a few metres from their source. Although there has been no 

detailed botanical survey completed for Oashore Station, common species of woody vegetation 

include matagouri (Discaria toumatou), scrub pōhuehue (Muehlenbeckia complexa), New Zealand 

broom / tarangahape (Carmichaelia australis) and various Coprosma species (Whyte, 2002). These 

species exhibit a variety of dispersal mechanisms, including ballistic projection (Discaria toumatou), 

frugivory by birds and lizards (Muehlenbeckia and Coprosma species), and dispersal of seed pods via 

gravity and wind (Carmichaelia australis) (Thorsen et al., 2009). Further research is required to 

determine whether the dispersal mechanisms of different shrub species may limit their ability to 

regenerate distant from existing vegetation.   

A second possible explanation for the high occurrence of regeneration adjacent to existing 

vegetation is that referred to by Esler (1967) and Wilson (1994), being the gradual encroachment 

from the edge of the vegetation boundary. The underlying rationale is that the existing vegetation 

shades adjacent land, limiting grass growth and reducing competition, which is consistent with 

established literature regarding the suppressive effect of exotic grasses on seedling establishment 

Bergin & Kimberley, 2014; Davis et al., 2009; Ledgard & Davis, 2004; Miller & Wells, 2003). The 

findings of this research support the existence of such a relationship and confirm that the presence 

of existing vegetation is the most important variable for the natural regeneration of woody 

vegetation in grassland. 

5.3.2 Other environmental variables 

Other than existing vegetation, there was no clear or significant relationships between any other 

environmental variable and natural regeneration. This is consistent with comments by Davis et al. 
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(2009) that natural regeneration in New Zealand grassland is unlikely to be limited by soil fertility or 

unfavourable climatic conditions. However, it differs from some studies discussed in the literature 

review (as discussed below), which have found other environmental factors to have a significant 

impact on natural regeneration.  

A potential explanation for this difference is that Oashore Station does not have the same range of 

environmental variables as the sites used in some other studies. For example, Mason et al. (2013) 

found that mean annual temperature was a significant factor, but only where it dropped below 9°C. 

Based on national spatial data from the Land Environments New Zealand (LENZ) classification, the 

mean annual temperature across Oashore Station constantly exceeds 9°C. It is therefore not 

unexpected that temperature (measured using elevation as a proxy) is not a significant variable for 

Oashore Station. Similarly, the findings in Forbes et al. (2021) that elevation was a significant factor 

applied to a site with elevation ranging between 320-658m. The lower elevation of Oashore Station 

(sea level to 469m, with most of the site well below 320m) may explain why elevation was not a 

significant factor in determining the presence of absence of natural regeneration on this site. A 

similar conclusion can be drawn in relation to annual precipitation, with McCracken (1993) 

concluding that natural regeneration would be highest above 1200mm and lowest below 700mm. 

For Oashore Station, the available rain gauge data recorded an average annual rainfall of 721mm 

(Oashore House at 6m) compared to 843mm (Magnet Bay at 210m), which may not provide 

sufficient variation to have a significant impact on the occurrence of natural regeneration. 

Soil moisture (as measured by TWI) had a reasonably high VIM in the random forest model but was 

not significant in the logistic regression. This is broadly consistent with the literature, which revealed 

an inconclusive relationship between TWI and natural regeneration (Sass & Sarcletti, 2017; Simon et 

al., 2019). This may be a variable that would benefit from further study to determine the significance 

and nature of any relationship that exists.  

In relation to solar radiation, Príncipe et al. (2014) found that this was a significant factor for the 

regeneration of Holm Oak seedlings in a semi-arid region of Portugal. The study site had a similar 

climatic range to Banks Peninsula, with average annual temperatures of 16-17.5°C and an annual 

average rainfall of 730mm (Príncipe et al., 2014).  The estimated solar radiation for the site was also 

comparable to that calculated for Oashore Station, albeit with a slightly higher maximum value. The 

difference in findings may therefore be due to the species that were the subject of the study, with 

the survival rates of Holm Oak seedlings known to be positively influenced by the availability of 

moisture and shade (Benayas et al., 2008). This can be compared to the dominant regenerating shrub 

species on Oashore Station (e.g. matagouri (Discaria toumatou), scrub pōhuehue (Muehlenbeckia 

complexa), New Zealand broom/tarangahape (Carmichaelia australis) and various Coprosma 
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species), which are all well adapted to survive in dry conditions (Williams, 2005). Further research is 

required to determine whether solar radiation has a more significant impact on subsequent stages of 

regeneration, which may involve more shade loving species. 

One of the variables related to solar radiation is aspect, which also did not show an important 

relationship with regeneration, having the lowest VIM in the random forest model and an 

insignificant value in the binary logistic regression. Notwithstanding this lack of significance, the 

partial dependence plot for aspect (see Appendix B) revealed that north-west facing slopes were 

negatively correlated with regeneration, compared to a neutral or positive correlation with other 

aspects. This is consistent with observations from the former station manager, who noted that east 

facing slopes on Banks Peninsula generally have more woody vegetation than those that face west 

due to lower exposure to the afternoon sun and warm north-westerly wind (K. Whyte, personal 

communication, 13 January 2022). Further research and/or analysis may be required to determine 

why this correlation did not present as a significant factor in this study. One partial explanation may 

be the known selection bias in random forest modelling when using categorical variables with a small 

number of categories (only four aspect categories were used), compared to the continuous variables 

that were used for all other factors (Boulesteix et al., 2012). However, selection bias is not an issue 

with binary logistic regression, which also detected an insignificant relationship with aspect.  

The final environmental variable that was considered is slope, which did not show any significant 

relationship with regeneration. This differs from the findings in Bergin & Kimberley (2014), which 

studied the regeneration of totara (Podocarpus totara) on a hill country site in Northland that was 

used for an intensive cattle grazing regime with regular fertiliser application. In that study, totara 

regeneration was positively associated with slope due to lower fertility and less competition from 

herbaceous species on steeper slopes. No such pattern was present on Oashore Station. There are 

several potential reasons for this difference, including the general absence of totara as a 

regenerating species on Oashore Station, a different grazing regime (low intensity grazing on 

Oashore with limited cattle) and the influence of fertiliser application on increased herbaceous 

competition in flatter areas on the Bergin & Kimberley (2014) study site. Without further research, 

too many variables exist between the two studies to determine the reason for contrasting 

conclusions regarding the influence of slope on natural regeneration.  

The above comparisons with existing literature indicate that, although some differences can be 

explained, the findings of one study may not always be applicable to other locations due to the 

unique characteristics of each site, including complex interactions between species types, 

environmental variables, and farm management regimes. This is a recognised limitation of a site-

specific case study and is discussed in more detail in section 5.6  below. 
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5.4 What influence has cattle and/or sheep grazing had on the observed 
natural regeneration of woody vegetation in pasture? 

A key finding of this study in relation to grazing was that the presence of cattle grazing had a 

significant negative impact on regeneration, with a higher number of years without cattle grazing 

resulting in a higher likelihood of regeneration in that location. More specifically, regeneration of 

woody vegetation was most likely to occur in areas that had been free from cattle grazing for 10 or 

more years.  

These findings are inconsistent with two known New Zealand examples, where the presence of cattle 

was found to positively influence natural regeneration (Bergin & Kimberley, 2014; Miller & Wells, 

2003). However, both studies specifically relate to the regeneration of totara (Podocarpus totara), 

which is a species that was not observed to be commonly regenerating on Oashore Station. It is not 

possible to conclusively determine why the above studies found the opposite relationship between 

regeneration and cattle grazing compared to the current research.  Potential reasons are that cattle 

were more likely to browse the regenerating shrubs present on Oashore Station (compared to 

totara) or that the Oashore species were more susceptible to trampling by cattle. Further research is 

required regarding these matters. The variable impacts of ungulate herbivory on different species 

was discussed in Augustine & McNaughton (1998), which found that the effect on plant communities 

can depend on the feeding selectivity of herbivores and the ability of different species to recover 

from tissue loss.  

In relation to sheep grazing, the number of years that an area had been free from grazing did not 

have a significant positive or negative impact on observed regeneration. The fact that this 

relationship differs from cattle grazing is not unexpected, as it has been widely recognised that sheep 

and cattle can have different impacts on regeneration of woody vegetation (Adams, 1975; Bergin & 

Kimberley, 2014). The primary impact by sheep is caused by browsing of palatable species, whereas 

cattle can also negatively affect regeneration by trampling of seedlings (Adams, 1975).   

The general intention behind managed sheep grazing to support regeneration is that light grazing will 

help to suppress the grass sward, reducing competition and allowing non-palatable native seedlings 

to establish (Davis et al., 2009; Davis & Meurk, 2001). The results of this research do not 

demonstrate a positive association between sheep grazing and regeneration that reflects this 

intention. However, nor do they suggest that sheep grazing has negatively impacted on the presence 

of regenerating woody species. This indicates that regeneration is still possible and can occur in the 

presence of sheep grazing.  
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Based on site visit observations, some of the most common regenerating shrubs on Oashore Station 

were matagouri (Discaria toumatou), scrub pōhuehue (Muehlenbeckia complexa), and various 

Coprosma species. These are all smaller leaved species, which are recognised as being less palatable 

than larger leafed native species (Wardle et al., 2001). Given the relative unpalatability of these 

species, sheep grazing does not appear to preclude their regeneration. However, site visit 

observations indicated that there were noticeable differences in the understorey of these shrubs in 

different parts of Oashore Station. In areas where sheep grazing was present, the understorey was 

typically more barren with few regenerating palatable species. In contrast, in areas where sheep 

grazing was excluded, the understorey typically included a more diverse range of native species, 

including seedlings of broadleaf species not commonly seen in grazed areas (Figure 36). 

    

Figure 36: Regeneration of native broadleaf species in the understorey of less palatable species, 
observed in regenerating areas where sheep grazing was excluded (D. Pedley, 2021) 

This pattern was based on casual observations during site visits, rather than a systematic analysis of 

understorey vegetation, which is an issue that would benefit from further research. However, it does 

raise an important consideration about the long-term implications of sheep grazing. Although grazing 

by sheep may not prevent the initial transition from grassland to woody vegetation, it may preclude 

the continued succession to indigenous forest if the more palatable seedlings that are required to 

establish a mature forest are browsed by sheep. The inability to detect understorey regeneration is a 

limitation of relying on aerial imagery, as discussed further in section 5.8.1 below. 

The above observations are consistent with the findings in Smale et al. (2008), which considered the 

impact of grazing on regeneration in forest fragments in North Island hill country. That study found 

that grazed fragments were in an advanced stage of degradation, with the understorey containing 

almost no seedlings of existing canopy species. Given this absence of regeneration, the authors 

concluded that the long-term maintenance of forest fragments was not viable without the exclusion 

of stock. This has important implications for the staged management of regeneration projects, as 

discussed in section 5.7 below.  
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5.5 Can these findings be used to predict the natural regeneration of 
indigenous forest that may occur on Oashore Station in the future? 

In addition to understanding the influence of different factors on natural regeneration, the random 

forest model was also used to predict areas of Oashore Station that were most likely to experience 

natural regeneration in the future (see Figure 35 in Chapter 4). This prediction shows significantly 

more regeneration than what has occurred up until this point, which is consistent with the literature 

discussed in section 5.1 regarding the increase in regeneration rates over time. However, the 

magnitude of the increase creates some cause for scepticism, particularly given the model was found 

to overpredict areas of regeneration when validated against observed regeneration to date. This 

prediction should therefore be read as an indication of areas that are more likely to experience 

regeneration, rather than setting a firm expectation of the scale of regeneration that will occur.  

As with all predictions of the future, there are inherent uncertainties involved, some of which are 

caused by factors that are largely outside human control. One prominent example is wildfire, which is 

a significant risk for natural regeneration projects, particularly with hotter and drier summers caused 

by global climate change (Wilson, 1994). At Oashore Station, in September 2021 only a few weeks 

after site visits were carried out, a significant fire occurred in the Hikuraki covenant area, burning 

through a large area of regenerating native bush (Figure 37, A. Johnson, personal communication, 15 

November 2021). This is a stark reminder of how the slow gains achieved through natural 

regeneration over time can be quickly lost by the influence of external factors.  

  

Figure 37: Burned area of Hikuraki covenant on Oashore Station after fire (A. Johnson, 2021) 

When considering predictions for future natural regeneration on Oashore Station, it is also important 

to keep in mind exactly what this study was attempting to model. As discussed above, this study only 

sought to identify areas that had changed from grassland to woody vegetation. The predictions for 
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Oashore Station focus on this same transition, as it represents an important first stage in a 

successional pathway towards the potential restoration of indigenous forest on Oashore Station. 

Notwithstanding the importance of this initial phase of regeneration, it is only the first step in a much 

longer process. There are a range of factors that were not directly considered in this study that will 

influence how that process transpires over time.  

For example, it is recognised that different pioneer species can result in different successional 

pathways, which can affect the speed of regeneration and the eventual forest composition (Forbes et 

al., 2021; Sullivan et al., 2007; Wilson, 1994). In the absence of reliable information regarding 

vegetation species, some inevitable uncertainty remains regarding the timing and nature of future 

regeneration. Longer term forest regeneration also relies on the sufficient availability of seed sources 

for indigenous canopy tree species. Although proximity to the edge of existing vegetation was 

assessed, this did not include specific consideration of the vegetation species or the availability of 

seed sources from mature native forest. Even if suitable seed sources exist, the long-term succession 

of more palatable broadleaf species will likely be more sensitive to ongoing grazing pressure, as 

discussed above. Decisions about the intensity, duration and location of grazing regimes will 

therefore impact the ongoing speed and success of future natural regeneration stages. Further 

research is required to better understand the influence of these factors on long term natural 

regeneration progress.  

The discussion of these factors should not diminish the value of the findings of this study, which has a 

clear and deliberate focus on the challenging first stage of natural regeneration in open pasture. 

However, it is important to acknowledge that there are range of variables that will influence longer 

term natural regeneration patterns, which this study does not directly address. Future predictions for 

Oashore Station are subject to inherent uncertainties caused by the limitations and assumptions of 

the model and factors outside human control. Nonetheless, such predictions may help guide future 

decision making by identifying focal areas for regeneration efforts, as discussed further below.   

5.6 What is the applicability of these findings to other hill country locations?   

This study was based on observed regeneration on a specific site in one location, albeit with spatial 

variability in environmental characteristics across the site. The findings are clearly relevant to 

Oashore Station itself and allow tentative predictions to be made regarding the natural regeneration 

that may be observed on Oashore Station in the future, subject to the limitations discussed above. 

However, an important consideration is the applicability of these findings to other hill country 

locations in New Zealand and other countries. 
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Random forest is recognised as being a very accurate method for making spatial predictions. 

However, an important limitation of this modelling technique is that its predictive ability is 

constrained by the explanatory variables used to train the model. Random forest is not capable of 

accurately extrapolating to new locations where the explanatory variables sit outside the range of 

the training data (Esri, n.d.; Hengl et al., 2018) . Applying this to the findings of this study, elevation 

was one variable that was not found to have a significant influence on natural regeneration. 

However, this was based on the elevations of Oashore Station, with the elevation of sample points 

ranging from 7.5m.a.s.l. to approximately 457.2m.a.s.l. On a different site where elevation extends 

outside this range, this variable may or may not be significant and the random forest model 

developed in this study may no longer be a reliable predictor of regeneration. 

Based on the above, when considering the applicability of the random forest results to other 

locations, a comparison should be made between the range of the explanatory variables used in this 

study and the characteristics of the new location. This should be relatively straight forward to 

accomplish given the public availability of spatial data for most explanatory variables. For ease of 

reference, the maximum and minimum values of the sample points for each continuous explanatory 

variable on Oashore Station are provided in Table 15 below. 

Table 15: Values of continuous explanatory variables for Oashore Station 

Explanatory Variable Minimum Maximum Unit of Measure 

Elevation 7.5 457.2 Metres above sea level 

Slope 2.4 63.1 Degrees  

Solar radiation  472.1 1266.2 kWH/m2 

Topographical wetness 1.6 5.9 SAGA wetness index 

Distance to vegetation  0.1 124.4 Metres 

Presence of local vegetation 0 91.0 Percentage  

Years without cattle  0 22 Number of years 

Years without sheep 0 22 Number of years  

  

Unlike random forest, regression is generally not subject to the same extrapolation problems as 

random forest, which is another reason why two alternative analysis methods were used in this 

study. As discussed above, the key findings regarding the most influential factors (being existing 

vegetation and cattle grazing) were consistent for both the random forest modelling and the 

regression. In combination with the literature review, this provides greater confidence that these 

findings regarding the influence of existing vegetation and grazing are applicable to sites in other 

locations, not just Oashore Station. 

Notwithstanding the above, it is acknowledged that natural regeneration is a complex ecological 

process affected by a wide range of different factors. Pawley & McArdle (2018) noted that ecologists 
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have historically been cautious about using site specific observational studies to make general 

inferences about other places, with the practice described as being optimistic at best. This caution is 

evident in other literature on natural regeneration. For example, based on a 10 year study 

considering the impact of grazing on indigenous species, Buxton et al. (2001) concluded that the 

complex array of variables made it very difficult to make generalised statements, and that care must 

be taken when extrapolating results to other sites.   

The heterogeneity of ecological systems effectively precludes any single site-specific study from 

providing definitive answers of universal applicability. However, each study contributes to the overall 

body of knowledge about how these processes operate and helps to identify the influential factors in 

different contexts. The results of this study should be considered in this light. In addition to the 

findings themselves, the geospatial methodology used in this study could be applied to other 

locations with a different range of characteristics, particularly given the increasing public availability 

of geospatial data and high-resolution aerial imagery. This point is discussed further below when 

considering general principles and strategies for landowners and opportunities for further research.  

5.7 What general principles and strategies apply to hill country farmers 
seeking to maximise natural regeneration of indigenous vegetation? 

Emerging from the above, there are several general principles and strategies that may be useful for 

hill country farmers seeking to maximise natural regeneration on their land. Six key principles are 

summarised below, several of which are directly related to the key findings of this research. Other 

more general principles are based on reflections regarding the nature of natural regeneration and 

the key themes emerging from the literature review.  

5.7.1 Identify and prioritise existing woody vegetation 

One of the key findings of this study is that the presence of existing woody vegetation is an important 

factor that positively influences the natural regeneration of woody vegetation in open pasture. It is 

therefore essential that landowners have a clear understanding of the location of existing woody 

vegetation on their properties. 

High resolution aerial photos are now commonly available from a range of sources to assist with this 

task, which could be supplemented by site specific footage as required. This study provides one 

potential methodology for identifying existing vegetation through supervised object-based image 

classification of basic RGB images. However, depending on the size of the property and the 

knowledge of the landowner, relying on visual interpretation may be a valid and effective option.  
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The key output of this exercise should be a map identifying the distribution of woody vegetation 

across the property. This one factor alone is not determinative of whether regeneration will occur. 

However, it does provide an effective and simple starting point to help guide decision making. For 

example, parts of the station that have a higher proportion of woody vegetation are generally more 

likely to experience natural regeneration and could therefore be the initial focus of practical efforts 

(e.g. fencing, pest management) to support this outcome.      

One way in which this knowledge could be applied is through the use of ‘donut’ style covenants, as  

promoted by the Rod Donald Banks Peninsula Trust (Thompson, 2019a). The traditional covenanting 

approach is to construct new fences around remnants of existing indigenous vegetation to protect 

the biodiversity values of those areas. The ‘donut’ approach is to use existing fences to also retire the 

surrounding pastureland, rather than just the existing vegetation. This approach promotes the 

regeneration of the adjacent pastureland, reduces fencing cost, and increases the potential for 

carbon credits as new areas of vegetation are established over time. This research supports this 

approach by confirming the positive influence of existing vegetation on natural regeneration.  

5.7.2 Limit cattle grazing 

It is acknowledged that regeneration of some species (such as totara) can occur on some sites in the 

presence of cattle grazing (Bergin & Kimberley, 2014; Miller & Wells, 2003). However, this study 

indicates that the presence of cattle grazing will generally be detrimental to natural regeneration 

progress, at least on sites that have a similar shrub species composition to Oashore Station. Where 

possible, it is suggested that cattle grazing should be reduced or removed to maximise the 

regeneration of woody vegetation in open pasture, particularly in areas near existing vegetation 

where natural regeneration has the highest prospect of success.  

5.7.3 Have clear objectives for different stages 

The question of whether grazing should be further limited on a property depends on the 

regeneration objectives at that point in time. Where the objective is to support the initial transition 

of open pasture to pioneer species of less palatable woody vegetation, this study suggests that this 

outcome can be achieved in the presence of low intensity sheep grazing, provided such non-

palatable species exist. The continuation of grazing may be important for a landowner to help 

suppress exotic grass growth and maintain an income during the initial phase of regeneration.  

This study is unable to provide specific guidance about the intensity of grazing. However, it has long 

been recognised that the intensity of grazing is a major factor in the succession of woody species 

(Levy, 1970), with higher stock numbers and longer grazing durations increasing the potential for 
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adverse effects on natural regeneration. This is linked to the need for active monitoring and adaptive 

management, as discussed further below.  

Once a site has reached the stage with a reasonable coverage of woody vegetation, it will likely be 

necessary to exclude all grazing to ensure the long-term regeneration towards indigenous forest 

(Davis et al., 2009). If grazing is allowed to continue indefinitely, it is likely that palatable native 

seedlings will continue to be browsed by stock, preventing the latter successional stages and 

resulting in a continuation of a limited range of unpalatable shrubs that do not provide the full 

benefits or resilience of mature indigenous forest.  

5.7.4 Incorporate site specific knowledge  

Notwithstanding the above guidance, it is readily acknowledged that not all sites are the same and a 

hill country farmer will often have a long-term intimate knowledge of a property that cannot be 

easily obtained through the evaluation of spatial data. This may include observations regarding areas 

of the property where unassisted natural regeneration has been most prevalent over time, or specific 

challenges that exist in other areas, which may stall natural regeneration progress. There may also be 

significant practical constraints, such as the cost of fencing certain areas or the value of land for 

other activities to support the overall productive use of the property. The findings of this study are 

intended to supplement, rather than replace, the knowledge and judgment of hill country farmers 

and other stakeholders when considering how best to support natural regeneration on a specific 

property.  

5.7.5 Consider additional interventions 

This study has been focussed on natural regeneration on Oashore Station, which has been based on 

the principles of minimum interference management. This approach relies on natural processes to 

achieve regeneration, with human interventions focussed on removing the most deleterious 

elements that may otherwise preclude regeneration from occurring (Wilson, 1994, 2003).  Although 

this approach has its benefits, including low cost and ecological integrity, there may be some 

circumstances where additional interventions are beneficial or even necessary to support the desired 

natural regeneration outcomes.  

Based on this study findings, one situation where additional interventions may be required is where 

there is an absence of existing woody vegetation. Where such vegetation is not present, this may 

lead to insufficient availability of seed propagules, high competition from pasture, and increased 

abiotic stress that reduces seedling survival. Although some natural regeneration may still occur 

without intervention, it is likely to be a very slow and incremental process.  
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One common intervention that can help to overcome these constraints is applied nucleation, where 

patches of indigenous woody vegetation are planted to stimulate regeneration (Benayas et al., 2008; 

García et al., 2020; Holl et al., 2020). Other interventions include soil preparation and weed 

suppression to support seedling establishment (Chazdon & Guariguata, 2016). This study does not 

attempt to evaluate the effectiveness or practicality of such interventions, which is an important 

issue requiring further research. However, by identifying the factors that influence natural 

regeneration, it may help landowners to identify areas where unaided natural regeneration is least 

likely to succeed and where additional interventions may be required.  

In addition, even in more favourable circumstances, this research suggests that the annual rate of 

regeneration is likely to remain low, limiting the speed with which the environmental and financial 

benefits are realised. If a faster rate of natural regeneration is desired to achieve site-specific or 

national afforestation objectives, additional interventions will likely be required. In practice, this will 

necessitate additional funding to support the implementation of such interventions and the ongoing 

management costs of natural regeneration projects.   

5.7.6 Monitor and stay flexible  

The final principle to emphasise is the need for monitoring and adaptive management over time. As 

discussed in preceding sections of this thesis, natural regeneration is a complex ecological process for 

which it can be difficult to determine consistent patterns in different locations. Uncertainty, non-

linearity, and heterogeneity have been identified as some of the defining characteristics of naturally 

regenerating forests (Chazdon & Guariguata, 2016). 

In the face of such uncertainty, adaptive management is required, which is an iterative process 

where actions and behaviours are adapted over time in response to fluctuating drivers and actual 

changes observed over time (Holling, 1978). As stated by Lee (2001), “adaptive management is 

grounded in the admission that humans do not know enough to manage ecosystems”. In the absence 

of full knowledge, an experimental approach is required where on-the-ground actions are treated as 

hypotheses from which learning is derived and future decisions are made (Stankey et al., 2005). A 

critical component of adaptive management is active monitoring of a site to evaluate progress and 

the effectiveness of past actions. For example, in the context of natural regeneration, monitoring 

may be required to assess whether the exclusion of stock and/or the intensity of grazing in certain 

areas is having the desired impact on natural regeneration. To maximise the speed and success of 

natural regeneration, landowners should be prepared to actively monitor progress and retain the 

flexibility to make changes as required.  
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The need for an adaptive and site-specific approach is consistent with Buxton et al. (2001), which 

recommended several principles for managing the impact of grazing on indigenous vegetation. 

Firstly, each ecological situation should be managed based on its own merits, with grazing decisions 

based on site-specific conservation objectives, rather than a generic approach for all locations. In 

addition, Buxton et al. (2001) recommended that management strategies should remain flexible, 

with regular monitoring so that actions can be adjusted as more information becomes available.  

5.8 What are the key limitations of this research, including the use of 
geospatial methodology to study natural regeneration?  

Natural regeneration is a challenging phenomenon to study given its slow pace and the complex 

interactions that exist between a range of variables. This study has proposed one method to add to 

the existing body of knowledge about the factors that influence natural regeneration. However, it is 

subject to several limitations, as discussed below. 

5.8.1 Use of aerial imagery to detect regeneration  

As discussed in the literature review, the use of aerial or satellite imagery to study vegetation 

dynamics has many benefits, as it provides information with high resolution, a large spatial extent 

and long term coverage (Kadmon & Harari-Kremer, 1999). However, it also poses some challenges, 

many of which were evident in this study. 

Firstly, the accuracy of the analysis is heavily dependent on the quality and nature of the images that 

are available. In this study, images of approximately 0.25m resolution were extracted from Google 

Earth Pro. Although the resolution was sufficient, a limitation of this imagery was that it only had 

three bands within the visible range of the spectrum (RGB), with no infrared bands available. The 

near infrared (NIR) band can be highly beneficial for studying vegetation, as radiation of this 

wavelength is strongly reflected by healthy vegetation, making vegetation easier to detect (Knipling, 

1970). NIR also enables calculation of the Normalised Vegetation Difference Index (NDVI), which is a 

common index used to study vegetation via remote sensing. It is possible to carry out image 

classification using only RGB images, as has been done in this study with an acceptable level of 

accuracy. However, the image classification results could likely have been improved if imagery with 

an NIR band had been available.  

Another key limitation of using aerial or satellite imagery to detect change is that it relies on accurate 

alignment between images. This issue is even more critical when using high resolution imagery to 

detect small scale pixel-based change, as even a minor misalignment can result in false positives in 

the change detection process (Faiza et al., 2012). This was a common occurrence in this study, with 

several points (approximately 25% of the total) being incorrectly classified as regeneration or no 
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regeneration due to image misalignment. This was despite an intensive and time-consuming process 

being followed to add hundreds of control points to geo-reference the two images. The visual 

validation step (where each point was manually checked) was a critical component of the 

methodology to ensure that the sample points used for analysis were correctly classified.  

One potential method to address errors with image classification and alignment is to use images 

from consecutive dates and only identify a location as regenerating where the change is 

corroborated by multiple images. This approach was used in Crouzeilles et al. (2020), which detected 

change based on pre-classified land cover datasets. In that study, an area was not classified as 

regenerated unless it was identified as agriculture or pasture for at least five consecutive years and 

subsequently had at least three consecutive years classified as forest. Although this approach can 

provide a higher level of certainty regarding the accuracy of change detection, it requires images or 

land cover datasets from multiple dates, which were not available at sufficient resolution or quality 

for this study.  

Given the challenges associated with high resolution change detection, many natural regeneration 

studies are based at large spatial scales using lower resolution satellite imagery (e.g. 30m Landsat 

imagery) (Crouzeilles et al., 2020; Grinand et al., 2020; Molin et al., 2018). Some benefits of this 

approach include the wider availability of multi-spectral satellite imagery at this resolution (including 

infrared bands) and a lower sensitivity to image misalignment, whilst also providing a wide range of 

environmental variables across broader landscapes. However, such studies are not able to detect 

smaller scale change that is typically associated with natural regeneration, nor consider the influence 

of site-specific actions that can have a significant impact on natural regeneration over time. 

Nonetheless, there is value in studying natural regeneration at multiple scales, despite the limitations 

of different methods.  

A final limitation of using aerial imagery (particularly without NIR) is that, even at high definition, it 

can only provide limited detail about the observed vegetation and land cover. The purpose of the 

image classification and change detection in this study was simply to detect a general change from 

open pasture to woody vegetation. This method of remote sensing was not capable of providing 

accurate information about the type, species, age, density, and/or condition of vegetation on the 

site, including the presence or absence of understorey vegetation. This limitation is relevant to 

evaluating the factors that influence regeneration and predicting future regeneration that may occur. 

5.8.2 Evaluation of factors influencing regeneration 

When studying a complex ecological process such as natural regeneration, an important issue is 

whether all relevant factors have been considered. The factors that were evaluated in this study 
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were based on a comprehensive literature review and the availability of suitable spatial data. 

However, it is acknowledged that there may well be other factors that influence natural regeneration 

that have not been directly considered.  

One factor that is known to influence natural regeneration is the impact of pests, including 

introduced herbivorous mammals such as possums, goats, rabbits, hares, and deer. All these pests 

have been present on Oashore Station during the study period, with trapping and shooting taking 

place to try and reduce their impact (K. Whyte & A. Johnson, personal communication, 21 May 2021). 

Exotic plant pests have also been an issue on Oashore Station, particularly Nassella tussock (Nassella 

trichotoma) which is classified as a progressive control plant pest and actively competes with other 

native species (Whyte, 2002). Notwithstanding the potential impact of these factors on natural 

regeneration, they were not directly considered in this study. The key reason for this was the inability 

to accurately identify the spatial distribution of pest species, which inevitability varies over time. 

Given the geospatial method used in this study, identifying the geographic location of potentially 

influential factors was a critical prerequisite for their inclusion in the study.  

As discussed above, grazing by sheep and cattle was assessed due to their potential impact on 

regeneration. However, the only measure used to assess these factors was the number of years that 

a location had been free from grazing, with sheep and cattle considered separately. During the 

period where grazing was occurring, only limited information was available regarding the intensity of 

that grazing, which may have been influenced by variable stocking rates at different times and the 

movement of stock around the property. If certain areas were grazed at a higher intensity than 

others (i.e. more stock or for a longer duration), this may have influenced the potential natural 

regeneration in those locations. This pattern was observed by Carmel and Kadmon (1999) in the 

context of a Mediterranean ecosystem, which found that higher grazing intensity by cattle and goats 

over a 28-year period was negatively correlated with increased tree cover. Due to the absence of 

complete and reliable information regarding grazing intensity over time on Oashore Station (K. 

Whyte, A. Johnson, personal communication, 21 May 2021), this factor was not considered in this 

study.  

The final limitation regarding the evaluation of influential factors was the quality of the information 

regarding existing land cover on Oashore Station. As discussed above, the proximity of existing 

vegetation (both distance to edge and within a 25m radius) was identified as the most important 

factor that determined whether a location experienced natural regeneration. The location of this 

existing vegetation was based on the results of the 2003 image classification process. It is difficult to 

reliably determine the accuracy of this classification process for historical imagery. However, based 

on a visual interpretation of historical aerial photos, the process did appear to underrepresent the 
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amount of vegetation in some parts of Oashore Station, as discussed in the results chapter. Any 

inaccuracies in the creation of this layer would therefore flow through to inaccuracies in part 2 of the 

analysis, where this layer was used as an input for modelling.  

The vegetation input layers that were derived from the image classification process had two basic 

categories, being ‘vegetation’ or ‘grassland’. Due to the limitations of using aerial imagery (discussed 

above), no information was obtained regarding the type or density of land cover in either category. 

For example, in ‘grassland’ areas, there was no information regarding the thickness or length of the 

grass sward in different locations. This may have had a variable impact on natural regeneration, with 

woody vegetation generally less likely to establish in long rank grass due to greater competition and 

reduced availability of light and moisture (Davis et al., 2009). Similarly, in areas identified as 

‘vegetation’ no information was available regarding the species or age of woody vegetation in those 

locations, which may have impacted their ability to disperse and support natural regeneration on 

adjacent land. In the absence of detailed field measurements, this potential variability in the existing 

land cover was not able to be assessed. 

5.9 Opportunities for further research 

Given the importance of indigenous forest and the complexity of natural regeneration, there is a 

multitude of opportunities for further research that could refine the methodology used in this study 

and improve our understanding of natural regeneration. Several issues have been identified in the 

above discussion, including: 

¶ Whether the rate of natural regeneration will increase over a longer time period. 

¶ Whether the dispersal mechanisms of different shrub species limit their ability to regenerate 

distant from existing vegetation.   

¶ Whether high solar radiation negatively influences later stages of natural regeneration that 

involve more shade loving species. 

¶ The influence of factors that have somewhat inconsistent or inconclusive relationships with 

natural regeneration, including topographic wetness, aspect, and slope. 

¶ The importance of seed source availability for canopy species for long term natural 

regeneration of mature forest. 

¶ The effect of grazing intensity and stocking rates on natural regeneration. 
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¶ The circumstances (if any) in which light cattle grazing may be beneficial for natural 

regeneration of woody vegetation. 

¶ Whether continued grazing by sheep has a significant negative impact on the regeneration of 

palatable indigenous species in the understorey of existing vegetation.  

¶ The effectiveness of additional interventions, such as applied nucleation, to increase the 

success and rate of natural regeneration.  

In relation to methodology used in this study, alternative techniques could be trialled to improve the 

accuracy of the image classification and change detection method for identifying areas of natural 

regeneration. This may involve the use of imagery with a NIR band for improved vegetation detection 

and the classification of images from multiple dates to corroborate change detection results, as 

discussed earlier in this chapter. The use of imagery from multiple dates for shorter time periods may 

also enable additional information to be gained about the rate of change over time. Another 

alternative to object based image classification is the use of deep learning methods, which have been 

found to be more accurate for detecting trees and shrubs in grassland when using only RGB images 

(Ayhan & Kwan, 2020). 

In relation to understanding the influence of factors, given the site-specific nature of this study, there 

would be value in completing a comparative analysis for other locations, including sites on Banks 

Peninsula and other hill country locations. Other sites may have a different range of environmental 

variables and species of woody vegetation, which may have a different influence on natural 

regeneration. Expanding the study method to include a broader range of sites would provide a more 

comprehensive understanding of the factors that influence natural regeneration in different 

locations.  

The use of a geospatial methodology and aerial imagery for an observational study such as this has 

many advantages, as discussed above. However, it is also subject to several limitations, including the 

inability to differentiate between species and detect understorey change. To complement this 

method and existing field-based studies, there would be significant benefit in carrying out a long-

term experimental study with deliberate and controlled variations in management (such as grazing) 

and field measurements to accurately record the type and density of vegetation change over time. 

One possible location where such an approach could be adopted is Te Ahu Pātiki, which is 500ha site 

on Banks Peninsula that was recently purchased by the Rod Donald Conservation Trust as a long-

term natural regeneration project (Rod Donald Banks Peninsula Trust, 2021). However, it is 

acknowledged that an experimental study of this sort would be a time and labour-intensive process, 

from which there may still be questions about the applicability of the results to other locations.  
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In addition to the above, further work would be beneficial to increase the accessibility of information 

to landowners. There is no benefit in improving understanding if this information is not available to 

the decision makers with the ability to influence outcomes. This information could be made available 

in a variety of forms. At its simplest, some easy read practical guidance could be used to assist 

decision making. A more technical and site-specific solution could be translating the findings of this 

and other research into a geospatial tool that could be used to help predict regeneration potential, 

based on publicly available geospatial data. An illustration of the potential output from such a tool is 

the prediction map for Oashore Station, based on the model that was developed in this study (Figure 

35 in results chapter). In the context of carbon farming, Funk & Kerr (2009) discussed the benefits of 

a geospatial decision support tool to provide landowners with site specific information and reduce 

the risk and uncertainty that may otherwise function a barrier to change.     

Finally, as has been discussed on several occasions in this thesis, it is acknowledged that the 

regulatory framework for carbon credits and natural regeneration is likely to require significant 

change to incentivise greater uptake amongst landowners (Chartres et al., 2020; Thompson, 2019a, 

2019b). Although the specific nature of regulatory change is outside the scope of this research, this 

should be an essential focus of further work to increase the large-scale establishment of indigenous 

forest in New Zealand utilising natural regeneration.  
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Chapter 6 

Conclusion 

The establishment of permanent indigenous forest has a valuable contribution to make towards 

mitigating global climate change and halting the continuing loss of biodiversity. Increasing vegetation 

cover can also help to address local environmental issues that are common on marginal hill country 

and provide potential income for farmers through carbon credits under the Emissions Trading 

Scheme (Chartres et al., 2020). Given the cost and practical constraints of planting new indigenous 

forest on marginal hill country, reliance on natural regeneration is a potentially important strategy 

for hill country farmers seeking to increase indigenous forest cover on their land (Bergin, 2012; 

Bergin & Gea, 2005; Carswell et al., 2012; Chazdon, 2017; Davis et al., 2009; Scion, 2019).  

This study has sought to better understand the factors affecting natural regeneration of woody 

vegetation in pastoral hill country and the rate at which regeneration occurs, based on a case study 

of Oashore Station on Banks Peninsula, New Zealand. The site was selected as it has been managed 

to support natural regeneration for 20 years and provides a good range of environmental variation, 

with different grazing regimes utilised over time. The site also has a large proportion of open pasture, 

which is an important focus of this study due to the difficulty of achieving natural regeneration in 

competition with exotic grasses.  

The methodology used in this research was structured into two main parts, the first being the 

identification of areas on Oashore Station that had experienced regeneration of woody vegetation 

between 2003 and 2019, based on analysis of aerial imagery. The overall rate of natural regeneration 

was low, with only 3.3% of Oashore Station experiencing observable change during this 16-year 

period. Although this rate may increase over time, this slow progress emphasises the challenges 

involved with meeting the ambitious afforestation targets set by the New Zealand Climate Change 

Commission (He Pou a Rangi Climate Change Commission, 2021). It also highlights the difficulties for 

landowners who may be seeking to qualify for carbon credits under the Emissions Trading Scheme, 

which favours the rapid and consistent growth of exotic plantation forests compared to the slow and 

sporadic nature of natural regeneration (Thompson, 2019b). If higher rates of natural regeneration 

are desired, additional strategic interventions may be required, in combination with increased 

funding to support the implementation and ongoing management of natural regeneration projects.  

Using these identified areas of vegetation change, the second part of the research method sought to 

evaluate which factors were most influential in determining the presence or absence of natural 

regeneration using modelling and statistical analysis. The key factor influencing natural regeneration 
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was the presence of existing woody vegetation. Locations that had a higher percentage of woody 

vegetation within a 25m radius and/or a short distance to the edge of woody vegetation had a 

significantly higher prospect of experiencing natural regeneration, with most change observed within 

2m of existing vegetation. This is consistent with existing literature (Crouzeilles et al., 2020; Di Sacco 

et al., 2021; Grinand et al., 2020; Mason et al., 2013; Molin et al., 2018) and may be due to a 

combination of factors, including proximity to seed sources, reduced abiotic stress, and shading of 

adjacent grass to reduce competition. The only other factor that had a significant relationship with 

regeneration was the presence of cattle grazing, with regeneration more prevalent in areas that had 

been free from cattle grazing for at least 10 years. A similar pattern was not observed with sheep 

grazing, which had no significant positive or negative relationship with regeneration. However, site 

observations noted the general absence of palatable species in the vegetation understorey where 

sheep grazing was present, which may limit the longer-term succession to indigenous forest. No 

other environmental factors were found to have a significant impact on natural regeneration of 

woody vegetation on Oashore Station.  

These findings are informative and may help farmers to develop strategies for their own pastoral hill 

country, including prioritising natural regeneration efforts in areas with existing woody vegetation 

and a greater awareness of the potential impact of grazing at different stages of the natural 

regeneration process. Although some barriers may remain, improved understanding can help to 

reduce uncertainty and risk, giving hill country farmers greater confidence to embark upon a change 

of land use. This may help to increase the overall rate of establishment of indigenous forest on 

marginal hill country, providing local environmental benefits and alternative income for farmers, 

whilst contributing to national and global objectives for climate change and biodiversity.   

The limitations of this study are readily acknowledged, which are attributable to the nature of 

remote sensing methodology, the environmental variation of sites in other locations, and the 

inherent complexity of ecological processes such as natural regeneration. Suggestions are made for 

further research that may expand and refine the findings and methodology of this study. Although 

some consistent patterns may be observed, it is likely that understanding natural regeneration in 

different locations will be an ongoing process of patience and observation, with adaptive 

management being a valuable strategy to inform decision making. Given the significant public 

benefits of indigenous forest, it is hoped that regulatory changes will be forthcoming to recognise the 

realities of natural regeneration and provide more financial support to incentivise greater uptake.  

 
“Restoring a fine cloak of native forest over our whenua requires us to work together, work 

with nature, and take the time.” (Bergin, 2021)  
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Appendix A 

Detailed results of random forest modelling  
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Appendix B 

Additional partial dependence plots for random forest modelling 
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Note: The above plots are in addition to those shown in Figure 32 to Figure 34 in the results chapter 


