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There is a recognised need to establisbre permanent indigenous forest throughout the world to
mitigate climate change and enhance declining biodiversity. In Nevazeiahe Climate Change
CommissiorHe Pou a Rangias recommended the establishment of 300,000 hectares of new
indigenous forest by 2035, with a focus areas othill countrywith marginalproductivityfor

agriculture A significant barrier to the achienent of this goal is the cost and logistical difficulties of
restoration plantinganddirect seedingn hill country landscape®eliance on natural regeneration
has the potential to be a more practical and economically viable opgpiarticularly where lage

areas are involvedHowever, theate of natural regeneration ankkey factors enabling within

pastoralhill country landscapeare not well understood.

Based on aerial imagery, objduased image classification was used to detect changesaay
vegetation over a 1§/ear period on Oashore Station540hahill country property on Banks
Peninsula, Canterbury. The focus was on identifying akt®e propertythat hadchanged from
grassland tavoodyshrubland as the first stage #nsuccessioal process of natural regeneration
from pasture to indigenous foresRandom forest machine learniagd logistic regression wethen
usedto evaluatethe influence of different variablesn the observed naturakgeneration including

the impact ofenvironmental factors and grazing regimes.

The results for this study indicate thamly 3.3% of Oashore Station experienced observed natural
regeneration of woody vegetation in pasture between 2003 and 2019. Thia&wy influencing

natural regeneratiorwasthe proximity of existing woody vegetatipwith areas within 2m of

existing voody vegetation being significantly more likely to experience natural regeneration. Cattle
grazing was also found to haaeignificant negative impact on regeneration of woody vegetation,

with regeneration most likely to occur in areas that had been &keattle grazing for at least 10

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

on naturalregeneration.



These findings have implications for hill country farmers considering natural regenerati@stmg
landwith similar conditions and can help to identifcations where regeneration is most likely to
occur. Areas with a higi proportion of existing woody vegetation should be prioritidednatural
regeneration with cattle grazingyenerallyexcludedfrom such areasHowever, @enin favourable
conditions,the establishment of indigenous foregtrough natural regeneration is likely to be a slow
incremental processThisshould be recognised financial incentive schemesich as the Emissions
Trading Schemandhas implications for the achievement of broader gaadeking tancrease the
amount ofpermanentindigenous forest on marginal hill countiy significantly faster rates of

natural regeneration are desired, adidibal strategicinterventions and support may be necessary.

Keywords: natural regeneration, indigenourest, woody vegetationpiodiversity,pastoralhill

country, livestock production, environmental factors, graziimgage classification, random fortes
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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\Ithough 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 NewZealand, a potentially suitable location for new indigenous forest is marginal hill country of
low productive valu¢Wright, 2016) In addition to public benefits, indigenous forest has the

potential to provide economic benefits to landowners andigate local environmentaproblems

such assoil erosiorthat are common on hill country lan@hartres et al., 2020The New Zealand
Climate Change Commission has recommended the establishment of 300,000 hectares of
permanentindigenous forest by 203%1e Pou a Rangi Climate Change Commission, .28@d/gver,
asignificant barrier to the achievement of this goal is the cost and logistical difficulties of restoration

planting at the requiredpatialscale.

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 regener@engin, 2012;
Bergin & Gea, 2005; Carswell et al., 2012; Chazdon, 2017; Davis et al., 2009; ScioRlo2ah@r,
natural regeneration is a sloand complex process that occurs at variable rates and can be affected
by a wide range of factofhazdon & Guariguata, 2016; Wilson, 1994) support the

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

factors that enable or inhibit natural regeneration avell understood.

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

hill countryand the potential rate of changdased on geospatial analysis of Oashore Station on

Banks Peninsula, New Zealand. This includes consideratoranfe ofenvironmental factorand

the impact ofgrazingby cattle and sheep. The reseaiisifocussed on the regeneration of woody
vegetation in open pasture, which is a critical early phase in the succession towards indigenous forest
andcan be particularly challenging due to competition with exotic graf3esyin & Kimberley, 2014,
Dauvis et al., 2009; Ledgard & Davis, 2004; Miller & Wells, 2B@ggneratiomf forest in open

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

Trading Scheme and the potential for shttm ongoing income from continued grazing.



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 providinggreater confidence to embark upon a change of land use. This may help to increase the
overall rate of establishment of indigenous forest marginal hill country, providing local

environmental benefits and contributing to national and glogaalsregardirg the mitigation of

climate change and biodiversity loss.

1.2 Research objective and questions

Based on a geospatial analysis of Oashore Station on Banks Pemiesuldealandihe key

objectives of this researclare:
1 toidentify therate of natural regeneaation of woody vegetation in open pasture; and

1 to evaluate thekeyfactors thatenable or inhibit natural regeneration @efoody vegetatiorin

open pasture
The researclyuestions that will be addressed to achieve this objectae as follows:

1. Where how much and at what rate hasatural regeneration of woody vegetation occurred in

pastureon Oashore Station between 2003 and 20197

2. What are the implications of the amount of observed natural regeneration over timiilfor
country farmersvantingto participate in theEmissionslradingScheme 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 mpenpasture?

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

woody vegetation iropenpasture?

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

occur on Oashore Station in the future?
6.  Whatis the applicability of these findings to other hill country locations?

7. Based on the above, what general principles and strategies applil tmuntry farmers

seeking to maximise natural regeneration of indigenous vegetation?

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

study natural regeneration?



1.3 Thesis structure

This thesis is divided into six chaptersisTinst chapter identifies theesearchproblem and provides
an overview of the research objeatiand questions. Chaptéwo is a literature review that
summarises the current state of knowledge regardimg benefits of indigenous foredtjfferent
methods forestablishingndigenous forestbarriers and challenges for natural regeneratitactors
influencing natural regeneration, amdethodologiesused in the literature to study natural
regeneration. Chapterthree introduces the study site and explaitiee methodology adopted for this
research. Chaptdour presents the results of this study, wi@hapter five answering thieey
research questions poseatbove and identifying areasquiringfurther study.The thesis concludes

with Chaptersix whichsummariseshe key findings of this resear@md its implications.



Chapter 2

Literature Review

Thisliterature 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 countffigr establishingndigenous forestThis 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 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%). The final section (2.6) provigsa brief overvien of the key findings

from the literature reviewand the knowledge gap that this reseaiishintended toaddress.

2.1 The importance of permanent indigenous forest

Climate change and biodiversity loss are two major global environmental challenges, which have
beenreferred toas the twin emergencies facing humaniicCraine et al., 2019The effects of

climate change are alregeing experienced across the globe, including sea level rise and increased
frequency of extreme weather evenflPCC, 2014)These changeare occurring in tandem with a

spiralling decline in biodiversitgubstantiallyreducing the ecosystem services on which society
depends(Attenborough, 2020)In New Zealand, a recent report by the Department of Conservation
(2020)conf i rmed the continuing decline of the cour

biodiversity in New Zealand is in a stafecrisis.

The solutions to these challenges are complex and ffadgted. However, one key strategy that can
simultaneously help to address climate change and biodiversity loss is the establishment of

permanent indigenous foregChartres 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., 2017Yhe 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)n New Zealand, exotic plantation forest species such as
Pinus radiatdhave high rates of carbon sequestration due to ttiagt growth(Kimberley et al.,

2014) Howeversequestration rates foPinus radiatayenerally peak at around 20 years and then

gradually declinéKimberley, 2021)in addition,much of the stored carbon can be losh&n the



forest is harvested, depending on how the wood is processed and(&stdamadinger & Marland,
1999) In contrast, indigenous forest species absorb carbon more slowly, but continue to do so for a
longer period of timewith sequestration rates generally paag in indigenous forests between 60

and 90 years olKimberley, 2021; Kimberley et al., 201Bgrmanent indigenous forests are

therefore recognised by the New Zealand Climate Change Commission as an important long term
carbon sink, with the Commission recently recommending staldishment of an additional 25,000

ha of permanent indigenous forest in New Zealand per year to create 300200Dnew indigenous

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

Climate change targets are key drivers stimulating the need for additiorests. However, an
increase in forests also provides the opportunity to improvagigenousbiodiversity outcomes and
increase ecosystem serviceshumans(Lin et al., 2013)Exotic monocultures with high carbon
sequestration are often preferreby landownerdor climate nitigation as they provide a more rapid
return on investmen{Lin et al., 2013)However, such monoculturgsovide lessupport for
indigenous speciesompared to diverséndigenous forest¢Chartres et al., 2020\ New Zealand
study quantified thebiodiversityco-benefits oftwo lowlandindigenous forestand confirmed that all
aspects of ecological integrity and species richness increasezlirrently with carbon accumulation

during the succession to indigenous forésarswell et al., 2012)

A recentcollaborativeinternational study by scientistsom around the world set out the ten golden

rules for reforestation and highlighted the negative outcomes that can be associated with exotic
monoculture plantations, includintpe displa@mentof indigenous biodiversit{Di Sacco et al.,

2021) Di Saccoetaf2021)pr omot ed a ‘native forest approach’
and indigenous biodiversity recovery, whilst improving human livelihoods through enhanced

ecosystem service3his is consistent with a case study in the Ohiwa catchmentinZéaland,

which estimated the value of different ecosystem servicesxistic forest comparedtb indigenous

forest(Yao & Velarde, 2014 his study found thaalthough exotic forest had a higher value for
provisoning services, indigenous forest had a higher overall value of ecosystem services due to

recreationbenefits species conservation and improved regulation of erosion and flooding.

Despite the recognised benefits of indigenous forest, the rate of estabéat remains low in New
Zealand. Between 2008 and 2020, only 3,68®f native forest were afforested and included in the
New Zealand Emissions Trading Scheme (ETS), which equates to a rate of 30Q0Caatas et al.,
2020) This is nowhere near the 25,000 ha#y targeted by the New Zealand Climate Change
CommissionAt this rate,it would take 1000 yeargrather than the targeted 14 yearto reach the
total 300,000haof indigenous forestecommendeday the Climate Change Commission. There is

therefore an urgent need for increg theestablishment of indigenous forest New Zealand



2.1.2 The role of marginal hill country for establishing indigenous forest

There are approximately 10 million hectares df ¢ountry 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 levdlCameon, 2016) Hi I 1 country is considered to b
extreme limitations on itdong term productie usefor pasture or forestry, due to factors such as

erosion risk soilcharacteristicsand climatic limitationg(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., 2008Manaakiwhenua Landcare Research has estimated that there is

approximately 2.8 million hectares of marginal land (classes 6, 7, 8) thatt &ready in forest and

may becapable of supporting tree speci@Shartres etl., 2020)

The majority of norforested marginal hill country in New Zealand is used for extensive sheep and
beef farming(West et al., 2020)Howevey pastoral farmingn such lanatan be verychallenging

given the inherent constraints of the environment. Due tostiseptopography, hill country is
generally not accessible by tractor aher large farm machinery, which limits its ability to be
cultivated for intensive pasture production, crops, and dairy farnfilfgst et al., 2020)These steep
slopes often require that any external inpusch as fertiserare applied by helicopter, the cost of
which is prohibitive for many farme(Peart & Woodhouse, 2021 urthermore, lirigation systems

are verydifficult andcostly to implement, which increases reliance on rainfall and makes hill country
communties more vulnerable to droughl{Cameron, 2016Pue to these limitations, stocking rates
on marginal hill country are generaihgrylow compared withstocking rate®n flatter land,which
substantiallylimits the economic return frontivestock production systen{®eart & Woodhouse,
2021) This bw productivity makes farmingn marginal hill country particularly vulnerable to the

volatility of the financial marketsuch as recent declinestine price of coarse wodqBurry, 2020)

In addition to economic vulnerability, farming on marginal hill country is subject to several
environmentalchallengesThe steep slopeand inherent instabilityf marginalhill country
frequently result irsoil erosiorand the loss of the more productive topsdobilised gdiment is
thentransported intoadjacentlakes and riversreducingsurfacewater quaity andadversely
affectingboth in-stream and orfarm biodiversity(Mclvor et al., 2011) These environmental
impacts will be further exacerbated by climate change, which is likely to result in marghdrand
more frequent high intensity storm&ameron, 2016)With a growing awareness of the
environmental impacts and increasing regulatitarmers who fail to addrss 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 faficWilliam & Gregorini, 2018)



Given these economienvironmental,and sociathallenges, many hill country farmers are
interested in alternative uses for their larfBergin & iknberley, 2014; Peart & Woodhouse, 2021)
The low productivity ofmarginalland means that there is @ducedopportunity cost assoated with
the cessation of agriculturevhichencourageshe consideration of alternatives comparedntore
productiverural land(New Zealand Productivity Commission, 20EXptic platation forestryisone
potential alternativeto 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 qualit{Bergin & Kimberley2014) This is supported by the Parliamentary
Commissioner for the Environment, who h@aeposedthe widespread reversion of marginal

farmland to indigenous forestue to the environmental benefits provides(Wright, 2016)

2.2 Methods for establishing indigenous forest

There are three main methods of establishing indigenous fopganting seedlings, direct seeding,
and natural regeneratiofBergin, 2012; Porteous, 1993)is section discusses the pros and cons of
these different methods and their suitability festablishing permanent ingenous forest on

marginal hill country.

2.2.1 Planting seedlings

The most common method used in revegetation and restoration projects is planting nursery raised
seedlinggBergin, 2012)The main benefit ahis methodis that it allowsmore control ofthe species
that areestablishedand provides a moreapid transition of the land into a vegetated state

compared to other methodgDavis et al., 2009However, its success relies on strong, healthy
planting stoclof tree species that arsuited to the site conditions and often requires ongoing weed

suppression after planting to ensure seedling surviRalvis et al., 2009)

The biggest cawback of this methods that it is a labouintensive anl expensiveprocess especially
if large areas are being restorg@ergin & Gea, 2005; Scion, 2018)survey of restoration
practitioners foundthe cost of using this method for large areas may not be cost effectsve
establshment costsange from $750 to $50,000 per hectare, compared to annual returns from
carbon credits of only $40 to $325 per hecté@arswell et al., 2012)Furthermore, there are
significant practical difficulties associated with planting and tending seedlings on steep, erosion
prone, and sometimes inaccessibl@ll country, particilarly whenestablisling heaw container

grown stock(Davis et al., 2009)



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 hanavith broadcast machiner{Davis et al., 2009However,

direct seeding has several shortcomings and rigkalting in it beindnfrequently usedy

restoration practitionersKey limitations includéequent unavailability ofindigenousseeds

unreliable germination, and intensive competition from exotic gragbesiglas et al2007)

Successful direct seeding generally requires complete removal of competing vegetation and exposure
of soil(Bergin & Gea, 2005)vhich is generally not practical or desirable on marginal hill coastiy

will exacerbate erosion, causing the loss of productive soils and potential adverse impacts on surface
water quality.Ledgard, Charru and Davé008)demonstrated the effectiveness of herbicide

application and soil disturbance in encouraging the growth of indigenous seedlings using direct
seedingin 0.5m2 test plots Howeverjt was acknowledged by the authors that weed control after
seedling emergence remained a critical factor, vidérgin & Kimberley2014)suggesting that such

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

2.2.3 Natural regeneration

Thethird potential method for establishing indigenous forest is natural regeneratidichis

occurring spontaneously on many sites throughout New ZegBedgin, 2012)Natural regeneration
can be defined aa long termand selforganisingsuccessional procesd forest restorationthat

unfolds in stages based on dispersal of existing species and disturbance (@rartdon, 2017Yhe
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 emdkjassilieff, 2007; Wilson, 199@igure 1)

Material removed due to copyright compliance

Figure 1: Stages of forest succession (modified from Wassilieff, 2007)



One of he major potentialadvantags of natural regeneration compared to other methods is that
suitablelocationsand conditiongdiscussed in sectioh4), it can bea rdatively lowcost option
where nature does most of the wo(Bi Sacco et al., 2021; Wilson et al., 20NAtural regeneration
relies upon the existing environmetu provideand supportpropagulesof ecologically appropriate
specieswith limited (if any) need for thexpensiveand labourintensiveuse 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 al2021) 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 measurehiss supplementary planting, direct

seeding, herbicide spraying, and site preparation to stimulate natural regenei@sris et al.,

2009) These interventions are inevitably more labour intensixad costly than minimum

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

the natural regeneration procegBavis et al., 2009)

In addition to cost effiiencies, atural regeneration has also been shown to result in improved
biodiversity outcomesincluding higher abundance and species richness for plants, birds and
invertebrates,compared to active restoration approach@3rouzeilles et al., 2017)he stochastic

nature of natural regenerationan lead tcheterogerous, biodiverse and resilient forest landscapes

at a scale that would not be practical by relying on other meth@sazdon & Guariguata, 2016pr

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 indigencest,for
particularly on marginal hill countiue to the difficulties dplanting 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 challenBgsts very
nature,rebuilding a forest ecosystethrough natural regeneration is a slow process tbanm take
multiple human generationsThiscan be seen as an inefficient use of land and a highly risky
investment(Chazdon & Guariguata, 201&urthermore, an inherent characteristic of natural
regeneration is its uncertainty, where species often colonise opportunistically and somewhat
unpredictably. Although this process of gradual-sas§embly canmhance diversity and resilience, it

is not always compatible witfinancialincentive schemes that are based on a more orderly and



predictable trajectory of forest restoratiofChazdon & Guariguata, 2018)}ese factorcanposea
significantbarrier to the establishment of new permanent indigenous forest through natural

regeneration, a 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 mdgdaged For hill country

farmers considering alternative land uses, there ararage 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 (dodrneaux et al.,

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

uptake by farmers. Notwithstanding the marginalhility 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 chandesupport the

ongoing workhat 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 Schemé.(BTSETS is part of the Climate Change
Response Act200had was devel oped as a method of meetin
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 Whit (NZ

representing one tonne of carbon dioxi@&inistry for Primary Industries, 2015)hese NZUs

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

emissions, providing @aluableincome source for the owners of forest lafithompson, 2019b)

Carbon credits can be gained from either exotic or indigenous forests under t{MEI3ry for

Primary Industries, 2015However, in practice, the scheme is much more compatiliie thve
predictable and rapid growth of exotic plantation forestry, particularly when compared to the
relatively slow and uncertainatural regeneration of indigenous forests. The key requirements of the

ETS and the challenges they presentamamarisecelow.

! An alternative financial incentivechemeis the One Billion Trees Fund, which is administered by the Ministry
for Primary Industries. However, the Ministry is motrrently accepting any more applications as the number of
applications in progress will exceed the limit of the fund, if approihistry 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 t he
international climate change obligations. Only forests that were established after this date are
considered to be new forest that can be counted towards New Zdalas Ky ot o Pr ot ocol
(Ministry for Primary Industries, 2015)s 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 thismay sound like a relatively simple requirement, it can be difficult to determine in
practice, particularly for indigenous vegetation with no clear date of establish(fiémtmpson,

2019b) The primary method for determining land cover in 1990 is the use of aerial photagvidg
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 tifi@dlompson, 2019bWhere aerial photos
indicate there may have been existing woody vegetation, the curréetpretation of the Ministry

of Primary Industries is that forespeciegnay have been present and therefore the land is ineligible
for carbon credit§ Thompson, 2019b)

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

currently (or has recently been) open pastufdthough much marginal hill country would meet this
requirement, achieving natural regeneration in open pasture poses several practical challenges, as
discussed below. This requirement also precludesl fromqualifying if it is dominated by exotic
woody shrubs such as gorddléx europaeds even though such vegetation has the potential to

support the longterm regeneration of indigenous forefVilson, 1994, 2003; Wilson et alQ17)

Forest must meet qualifying requirements - large and well advanced

Assuminghe landmeets the initial threshold of eligibilitff.e. open pasture), it will not start

generating carbon credits under the ETS until the area of forest is sufficientiyaladgeell

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 litelhave) forest species that are capable of reaching

5m in height at sufficient density forovide a tree crown cover of more than 30% in each hectare
(Ministry for Primary Industries, 2019)hese requirements can be somewlaicertain and

subjective, with he onus on the landowner to provide MPI with satisfactorginfation

demonstrating that these requirements have been met.

The landowner ishen required to monitor the change in carbon stock in the forest over time and file
emission returns with MRKarpas & Kerr, 2011Jhis can be done using forestry lagk tables

(forests under 100ha), or through a specific field measurement approach (forests over 100ha)
(Carver et al., 2017This means thathte rate of growth has a direct bearing on the amount of carbon

credits that are earnedver 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 caloihtedpson, 2019b)

It istherefore 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 hetdt 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 Neamdeaporters

(Thonpson, 2019h) 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 benefités can providéChartres et al., 2020)

This indicates that although the ETS may not be well designed to accommodate natural regeneration
of indigenous forestthere is high demand for carbon credatssociaed with this activitydue to the

benefits it provides

2.3.2 Natural regeneration in open pasture

Asdiscussedibove, natural regeneration will generally need to occur in open pasture to qualify for
carbon credits under the ETIiSowever, establishing indigenous forest in open pasture through
reliance on natural regeneration can be a challenging task. This isrifyichae to the suppressive
effect of exotic grasses, which compete with indigenous seedlings fortignients, and moisture
(Bergin & Kimberley, 2014; Davis et al., 2009; Ledgard & Davis, 2004; Miller & Wellslt 2G(3)
been suggested that this competition can be reduced by herbicide spraysageefing to remove
the surface vegetatiofPorteous, 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 interventioagjnal regeneration in this environment
may require aradditional phase of bracken invasion before seedlings can estabfisély on
marginal encroachment from the edge of existing vegetatishich slades the adjacent grass and
reduces competitiofEsler, 1967; Wilson, 1994)

Figure2below( Mar t i n e z - R a rilostates the eHect of agri@ullulaldand use on natural
regeneration potentialThis highlights that as rural landscapes become more modified by agriculture
(i.e. cattle pasturesxtensive monocultures), the cost and time to achieve forest regeneration
increases. This is due to the reduction in biotic factors ém#tbleregeneration (e.g. seed dispersal)
and the additional barriers to regeneration that exist in a modified agticalllandscape (e.g. weed
species competition)These challenges emphasise the needlearly identify andinderstand the

factors thatsupport and enhance natural regeneration in modified pastoral landscapes.
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Figure 2: Conceptual drawing illustrating the effect of agricultural land use on regeneration
potential (from Martinez-Ramos et al., 2016)

2.3.3 Uncertainty and risk

There aresomesuccessful examples of naturageneration in New Zealand hill countsuch as
Hinewai Reserve on Banks PeningWéison, 1994)In addition,broad calculationindicatethat

carbon farming of indigenous forelkas the potential tdoe economically viable and comparable to
the returns from sheep farming on marginal hill couritrisome circumstancg$cion, 2019;
Thompson, 2019bHoweverthe success and viability of natural regeneratg@m besite specific,
which createsignificant uncertainty for landowners about theneralapplicabilityand practicality

of this approachAs discussed in secti@¥ below, the factors affecting natural regeneration of
indigenous forest are complex and not well understoédy considerations include the likely rate
and success ofaturalregeneration in different locations and the appropriate management actions

to support the transition from pasture to a forested landscape.

Thisuncertainy and lack of information creagzisk, which can function as a barrier to efficient
decisiongFunk & Kerr, 2009)n the face of this risk, many farmers are likely to either continue
farming on marginal land, or pursue the economically attkectiption of exotic plantation forestry,
which provides a more rapid return on investment and is much more compatible with the
requirements of the ET@hompson, 2019b)The potential for a proliferation of exotic forestry on

marginal hill country has been identified argfgcant risk to the ecological and landscape values of

13



New Zeal and’'s hill country and a |l ost opportuni

regeneration of indigenous foregPeart & Woodhouse, 2021)

Toovercomethesebarriers, 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, 2019¥pwever, such regulatory change is outside the scope of
this study, wiich is based on consideration of the legislative framewhbak currently existsin the
absence of regulatory change, natural regeneration as an alternative rural larns aiseincertain
prospect thatseemdikely to remain on the margins of financiadbility. The purpose of this

research is tdelp alleviate some dhis uncertaintyfor hill country farmersy improving our
understanding of the factors that influence natural regeneraimal the rate at which such

regeneration OCCLS:

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, . T98He factors can be
grouped into two broad categories, being environmerigadtorsand managementactors each of

which is discussed below.

2.4.1 Environmental factors

Thereis a variety oenvironmental characteristics that camable or inhibithe occurrence of
natural regeneration on a particular sitSome of the kefactors are listed below, followed by a

discussion of the literature regarding their role and relative importance formaategeneration:

=

temperature(Mason et al.2013)

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

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

1 elevation(Forbes et al., 202])

9 solar radiation(Principe et al., 2014)

1 slope(Bergin & Kimbrley, 2014)

1 local woody vegetatioDi Sacco et al., 2021; Mason et al., 20480

1 potential seed sourcefCrouzeilles et al., 2020; Grinand et al., 2020; Molin et @1.82
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A study by Mason et a2013)investigated the factors and processes governing natural afforestation
over |l arge spati al -ferpsasareey plotsshromggout'NewnZagtaadh/okey non
finding of this study was thahean 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 abo¥@ emperaturewas nota significanfactor in

relationto the occurrence of tree species.

In relation to the influence afainfall on natural regeneration, Mason et §2013)did not identify

this as a significant factor. However, an earlier report by McCra@d@98)stated that rainfall was an
important vaiable in situations where regeneration was occurring under gorse and broom covered
land. McCracke(i1993)considered that annual rainfedbove 1200mm was most desirable, with dry
environments below 700mm the least suitable for regeneratidowever, theguidancen
McCracker{1993)seensto be based orhe personal experience of the authgather thanthe

findings of a specific study.

An alternative measure of moisture availability that may detect more local variability than
precipitation is a topographic wetness ind@W]1), which uses the influence of surrounding
topography to estimate thaoil moisture in a specific locatiorHowever, thee is no consensus in the
literature on therelevance of TWI, with several studies reporting an insignificant or negative impact
of high topographic wetness on natural regeneratifrforests(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 variablthat has been found to have a significant relationship with
regeneration ielevation. In a recent study, Forbes et &021)studied the regeneration of native
species in a cledfelled exotic plantation near the Whirinaki Valley in the North Island of New
Zealand. Based on a study site of &8Bm above sea level, Forbes et(2D21)found that elewation

was strongly and positively correlated with indigenous woody stem density. However, it was noted
that higher elevatioswere also strongly correlated with reduced weed presence and that further
researchwasrequired toconfirm whether the higher sterdensity was due to higher elevation or
reduced competition with weedd§ he potential relevance of competition from weed species

(particularly exotic grass species)iscussefurther below.

Potential solar radiation (PSR) is another environmental chetemistic that has been identifieds

having a significant influence aratural regeneratior{Principe et al., 2014PSR represents the sum

of direct and diffus radiation and can be estimated based on the geographic location, aspect, slope,
and altitude of a specifipbcation Principe et al2014)considered the potetial influence of PSR on

the regeneration of woodlands in a semniid region of Portugal. This study found that PSR had a
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negative relationship witlnolm oak tree coverwith high PSR values limiting water availability and

reducing the probability of seegiermination

Slope is a topographic feature that forms part of the calculations for both TWI and PSR and may have
a significant influence onaturalregeneration in its own right. Bergin & Kimber{@p14) found that
regeneration of totaraPodocarpus totarpin the presene 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 providesa more favourable environment for natural regeneration of native seedlifigis. is
consistent with the findings iRorbes et al(2021) which also noted the correlation between

reduced compgtion and increased presence of indigenous woody species.

Thepresence ofocal woody vegetation is another factor that can have an important influence on
natural regeneration, with Masoet al.(2013)finding that thetree 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 andmrating the negative effects of temperatur€his is consistent with the

experience in Hinewai Reserve on Banks Peninsula, where shrub dtase(ropaeud)as acted as

an effective nurse species to support the growth of shade loving indigenous setlitson, 1994)

The positive influence of local woody vegetatioay also be due tds role inshading and

suppressing the growth addjacentexotic grassesvhich are known to limit the establishment of
indigenous seedling8ergin & Kimberley, 2014; Davis et al., 2009gked & Davis, 2004; Miller &
Wells, 2003) Several international studies have highlighted the importance of existing vegetation on
natural regeneration, with Di Sacco et @021)identifying existing vegetation as the factor that had

the most immediate effect on regeneration pathways.

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

exotic species, New Zealand indigenous vegetation is dominated by species that have short lived
seed bankgRowarth et al., 2007Wwith very little indigenous seed present in grasslanils

(Partridge, 1989)Most indigenous species rely on seed dispersal by wind or birds from remnant
patches of existing vegetatigiVilson et al., 2017)with the dispersal distance of propagules from
indigenous New Zealand tree species generally limited to a few hundred n{€@etham et al.,

2014; Wotton & Kelly, 2012RQvailability of potential seed sources has therefore been used as a key
variable for predicting locations where natural regeneratafrorests are likely toccur in New
ZealandMason et al., 2013; Trotter et al., 2005his is consistent with several international studies,

which found thathatural 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 sourg@®uzeilles et al., 2020; Grinand et al.,
2020; Molin et al., 2018)

The above studies indicate that there arevide range of environmental factors that may influence
natural regeneration of tree species. However, these findings are not without their limitatiottse

New Zealand context, most predictive studies of natural regeneration are based at very laige spa
scales (hundreds of thousands of square kilometres) using nationally available datdasis et

al., 2013; Shepherd et al., 2008; Trotter et al., 208&hough ths 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 relevancddaamersof marginal hill countryMost of these
studies are B0 based on the occurrence of tree species and do not considénittad transition

from pasture towoody shrubland thatoccuis before the emergence of tree speciasdisan

important part of thelongerterm successional process 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 annaaiperatures and precipitatiofCrouzeilles et

al., 2020; Molin et al., 2018Even within New Zealand there can be considerable variation in climate
between a region such as Northla(@lergin & Kimberley, 2014nd southern regions like Banks
Peninsula. Existing studies also identify some uncertainty about the influence of certain factors (e.g.
elevation(Forbes et al., 202}, )with somewhat inconsistent findings in relation to adles such as
precipitation(Mason et al., 2013; McCracken, 19884 soil moistur€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 regeneratio of indigenous forest in a temperature climatet it is typical of

much of New Zeal and’ sherdisakléar reseatcimdap rggardingmhe par t i c ul
environmental factors that are most influential in the initial transition from pasturavé@dy

shrubland at the scale of individuaill countryproperties.

2.4.2 Management factors

In addition to the environmental characteristics of a particular site, the natural regenereattion
indigenoudorestcan also be influenced by how it is managPdvis et al., 2009There are several
external factors that can impede natural regeneration if not propedgtrolled, includingintroduced

mammals deleteriousexotic plantspeciesand grazing by stogkVilson, 1994)

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

Feral mammals such as goats, rablitses,and possums graze on indigenous vegetation, which can
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adversely affect existing vegetation and significantlyuethe potential for natural regeneration
(Porteous, 1993; Wilson, 2008i mi | arly, certain invasive plant
(Clematis vitalby Japanese Honeysuckleficera japonideand SycamoreAcer pseudoplatanis

(among others) actively outcompete the regeneration of indigenous veget@itilson, 1994)
Notwithstanding the importance dhis issueijt has not been considered in this studgiyen the

inability to accurately measure or control for the influence of pest sgecie

As discussed in secti@i2.3above, here 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 specié®enayas et al., 2008; Garcteak, 2020) This approach has
been shown to increase tree cover and diversity, compared to unaided natural regendidtibet

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

they have not been utilised on the study site.

The key management factor that has besssesseih thisresearchs the grazing divestock

particularly cattle and sheep\s discussedbove 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 product@/NVest 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 considenat for natural regeneration to be successful, all stock grazing should be
precludeddue to the detrimental impact of grazing on indigenous seedl{iigison, 1994; Wilson et

al., 2017)This approaclof excludng all grazindpas 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., 2018male 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 situadiont as clear when

attempting to encourage regeneration in open pasture. As discussed above, it is well established that
athick sward of exotic grass can outcompete indigenous seedlings for light, nutrients and moisture,

creating a significant barrier toatural regeneration(Bergin & Kimberley, 2014; Davis et al., 2009;
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Ledgard & Davis, 2004; Miller & Wells, 2008)this context, shorterm low intensity grazing may

have a role to play as part of a regeneration strategypen pasturgDavis & Meurk, 2001)

The intention ofsuch arapproach is to utilise stock grazing to suppress the grass sward and
encourage the growth of | ess PpKunieadrieoibdsmatagoario dy s |
(Discaria toumatoy andt 0 t Bade@carfus totarp Once these pioneer species are present, grazing
is then removed to allow more palatable indigenous species to estd@ististchurch City Council,
2019; Davis et al., 2@). 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 grasslaciths

cattle grazingo encourage theegeneratonoft 0 t Badacargusotara) in Northland hill country
(Bergin & Kimberley, 2014nhd South Westlandriver terracegMiller & Wells, 2003)Observations

have also been made abotlte impact ofheavy grazing by sheep and cattle on Kapiti Isladch
reduced competition from other plantndpromoted the invasion by light loving pioneer species

s uch a sKuhkzaarencaidggEsler, 1967)

Notwithstanding the above exampla®sost research on natural regeneration is focused on the
impact on environmental characteristics andegmot consider the potential role or impact of
ongoing grazing activity. Furtheesearch 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 pasfiinés is articularly
important given the potential for grazing to provide ongoing incdorearmersin 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 usedtiady natural regeneration, both in New Zealand and
internationally.This section provides a summary of the methodologies used in several stindies
evaluates the pros and cons of different approaches to prothidecontext and rationaléor the
methodology that has beeadoptedin thisstudy. The discussiois divided into the following two

parts, which is consistent with the approach used in this research:
1 Identifyingareas of naturategeneration; and

1 Identifyingfactors 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 methdleisise 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 Zeal@Bdrgin & Kimberley, 2014; Forbes et al., 2021,
Mason et al., 2013; Miller & Wells, 2008)d has been used in numerous overseas stuisar et

al., 2014; Hishe et al., 2021; Kolo et al., 2017; Mo#eemandez et al., 2015; Poirazidis et al., 2012;
Tyagi et al., 2011)

A key benefit of this fieldbased approach is that it ensures an accurate recotti@f/egetation
species, composition, and areaveragein a specific location at a given time. However, in order to
accurately record vegetation chandeng termmonitoringis often requireddue to the slow rate at
which natural regeneration occu(3yagi et al., 2011 he alternative is to make asaptions about
the state of vegetation that existed at some pdste (e.g. following clear fell of a plantation forest
(Forbes et al., 2021 pr focus sampling only on young seedlings as eesgmtation of new
regeneration(Kolo et al., 2017Field 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 measements 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 studie¢Crouzeilles et al., 2020; Grinand et al., 2020; Molin et al., 2Q1a)d cwer

datasets are often produced by governmental authorities to categorise land within a country or
region into different classes based on their dominkmd cover, including vegetad and nor
vegetatedareas In New Zealand, the primary resource is thad.&over Database (LCDB), which
identifies 33 land cover classes across mainland New Zealand and has been updated approximately
every five years since 199Zandcare Research NZ Limited, 208@mparing the class ofspecific

location for diferent dates provides the ability to detect change over time, including the presence of
regeneration where an area has changed from a-megetated to a vegetated state. Howevar,

common limitation of such datasets is that they are generally produceduasespatialscales,

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:
used for national and regional scaleadysis(Landcare Research NZ Limited, 2080} 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. Thieming increasingly popular due to the
availability of higkresolution aerial imagery and has been used in several natural regeneration
studies in other countrie@BordaNifio et al., 2021; Carmel & Kadmon, 1999; de Rezende et al., 2015;
Mast et al., 1997; Principe et al., 201%he key benefit afising 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 changever time)(Kadmon & HarafiKremer, 1999)

Traditionally, information was acquired from aerial photographs through manuadlvisu
interpretation, which can be a subjective and tirmensuming procesdviorgan et al., 2010)To
achieve more objective and consistent results, digital image classificatidmecased to convert a
multi-band image into a number of discrete classes or categ@fasharczyk et al., 2020)he
classification process cdme supervised or unsuperviséice. with or without a training stageind

can be based on either pixels or objects, vétipervisebjectbased classification generally the
preferred method. Rather than treating each pixel individually, oblpected clagfcation 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 pikelsed analyis (Kucharczyk et al., 2020)he typical output

of an image classification process is a thematic classified map, which is effectively a higl¢iores
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. grasd)ao another class (i.e. shrub or forest).

In summary, mst 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 regeneation (Bergin & Kimberley, 2014; Forbes et al., 2021; Mason et al., 2013; Miller &
Wells, 2003)Due to the slow speed at which natural regeneration occurggethee 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 tonitily and assess change in vegetation over time
(BordaNifio et al., 2021; Carmel &a#dmon, 1999; Crouzeilles et al., 2020; de Rezende et al., 2015;
Grinand et al., 2020; Mast et al., 1997; Molin et al., 2018; Principe et al.,. 2dvver, this
approach is not known to have been used in any New Zealand studies of natural regendraiton
provides an opportunity for this research to improve our understanding of natural regeneration

through the applicabn 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. Thewewsde 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 stakistitiniques using

regression analysis, eacdfiwhich is discussed further below.

Machine learning models
Random forest modelling is a form of machine learning using the random forest alggdBtieiman,

2001) Random forests is an ensembl e | atiarroha ng”
large number of decision trees to create a predictive mdBelulesteix et al., 2012ach decision

tree uses random portions of the training data to predict an outcome, which can be categorical or
continuous. Thespredictions 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 givereasure of variable

importance(Boulesteix et al., 2012)

Since its introduction in 2001, random forest modelling has become a popular and widespread tool
for making predictiongCouronné et al., 2018)Key advantages of this method are that it can cope
with highly correlated predictor variables, capture complextiorar relationships, and has high
prediction accuracyBoulesteix et al., 2012; Cutlet al., 2007; Morend-ernandez et al., 2015l is
therefore rot 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 interdiater

et al., 2007; Morend~ernandez et al., 2015Fiven these benefits, random forest modelling and
other similar machine learning techniques (such as boosted regression tree modelling) have been
applied in several natural regendi@n studies in recent yeai&€rouzeilles et al., 2020; Forbes et al.,

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

One potential lintation of random forest is that it is focused on prediction, rather than explanation
(Couronnéetal.,2018) Of t en r ef er r eldssifieq raral@n faestismdt eonslderduio x ”
to bethe optimaltool for statistical inference about the relationships between explanatory and
dependent variablegCutler et al., 2007)Although random forest does provide a measure of variable
importance, this measure is known to be less reliable with highly correlated Gaggorutti et al.,
2017)and may result in selection bias when using a combination of continuous and categorical
predictors(Bouleseix et al., 2012)This limitation reflects the general traadf 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 bpphedin several natural
regeneration studies is binary logistic regresgBavaghar, 2015; Bergin & Kimberley, 2014; Kolo et

al., 2017) Unlike Inear 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 Horear relationship between theudicomes and predictors

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

One of the main benefits of logistic regression is the abilityjtwe directly assess the relationship
between the explanatoryariables and the dependent outconiStoltzfus, 2011)A significance

value and odds ratio are calculated for each explanatory variable, which can provide a clearer
understanding ofhe nature, direction, and magnitude oélationships. Howver, 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 reliaf&toltzfus, 2011)

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

there is spatial autocorrelation between sample points. Spatial autocorrelation is a phenomenon
based on Tobl er ' s f evergthing is eelateddofeveytbing@glseabptingar t h at
things ae more related than distant thing¢Tobler, 197Q)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 mayean that the observations are not independent and overstate

levels of significancBergin & Kimberley, 201&pgendre, 1993)There is ongoing debate about

whether spatial autocorrelation is a bane or benefit for modelling and statistical testsh wiag

depend on the scale of spatial infereng@awley & McArdle, 2018Further discussion on the tests

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

methodology chapter.

As is evidet from the above discussion, random forest modelling and binary logistic regression both
have their own benefits and limitations. As discussed further inChapter 3 both methods have
been usedn this studyto 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., 2020Yhe 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 uncertaynregarding the factors that influence natural regeneration

and the rate at which such regeneration occurs. This 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 thitudy seeks taaddresss the influence of environmentaind
managemenfactorson the transition from open pasture wwoody shrubland, which is an important
earlysuccessional stage for natural regendévat This researclfocusseson a temperate hill country
locationthat is undefrepresented in current New Zealand reseaattd enables evaluation of a
range of environmental factorhe key management variable that is assesséukigffect of sheep
and keef grazingn natural regeneration, which has not been widely studied and is an important
issuefor farmers when considering the practicality and economic viability of natural regeneration
pastoral hill countryAs discussed further in the followingagter, 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 intendelgvtatesomeuncertainty br hill
country farmers considering alternative land usgkis mayhelp tosupportthe targeted

commencement of natural regeneration projecs marginal hill countrand maximise their success
through site specific design of regeneration strategias. 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 regener&n and inform whether grazing has any role to play in the ongoing
management of the siteThis is critically important tencourage greater uptake arassist those that
undertake a change in land use for the wider public benBijttesting new methodshts research
mayalsoprovide the basis for further studiat develops anore comprehensive understanding of

natural regeneration in differergettings

As acknowledged in the discussion chapter, this research cannot and does not provide a complete
answe 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 wherefigigni 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 goaf ancreased 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 Peni.

east coast of the South Island of New Zealanditszast of Christchurchgure3).

Qhristchurch

hristchurch

Banks Peninsula ™

5 25 0 5 10 15 20

(™ ™ = s ™ e [ SRS LINZ, Stats NZ, Esri, HERE, Garmin, USGS, MET/NASA, NGA

Figure 3: Banks Peninsula, Canterbury, New Zealand

Banks Bninsula covers an area of approximately 1,120kmz2 and is characterised by steep, rugged
topography with a large number of bays, valleys and ridBeart & Woodhouse, 2021)he

peninsula was formed by the eruption of two basaltic shield volcanoeshwhéatedan isolated
island that was gradually connected to the mainland of the South Island through glacial gravel
outwash from the Southern Alg8Veaver et al., 1985)'he majority oBanksPeninsula is classified

as hill country (as defined in Cameron, 2016), with slopes above 15 degreesraxthaim

elevation of 920m.The varied topography creates numerous microclimates, gatheral climatic
patterns ofhigh rainfall in winter, dry summerand median annual temperatures between 10 and

13 degrees CelsiyMacara, 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:
1 The presence of arginal hill countryused for sheep and/or beef grazing
1 Capability of the area tnaturally regenerate intaindigenous forest; and
1 Examples of lonterm natural regeneration projects jpastoral 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, thajonity of Banks Peninsula is categorised as
classes 6, 7 and 8 under the New Zealand Land Resource Inventory, which indicateshietand

with moderate to severe limitations on pastoral udéewsome et al2008) Much of these

limitations are caused by the steep topography, which increases susceptibility to erosion and
precludes high intensity farming methadsich as ploughing and theidespreadapplication of

fertiliser and seedPeart & Woodhouse, 202.

Notwithstandingthese limitationsBanks Peninsula haslong history of farming activity. After early
industries of whaling, forestry and cocksfoot seed product@éensive sheep and beef grazing has

been the major industry on Banks Peninsula since the 1@8@gsvie, 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 mainisnaf pasture proving

uneconomic for many farmei@®eart & Woodhouse, 2021Based on the Statistics New Zealand
Agricultural Census data froB902,pastoral agriculture continues to dominatiee landscapavith
approximately 86% of Banks Peninsulaither grassland (61%) or tussock and danthonia (25%)

(Boffa Miskell, 2007)

In 2002, approximatel§8% of the farms on Banks Peninsukre focussed on sheep and beef

grazingo produce wool ananeat (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 w@lrry, 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 hilycountr
(Peart & Woodhouse, 2021Because 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 countiryprder to be a suitable location for this
researchthe area mustave the underlyingapability tonaturallyregenerat into indigenous forest
and support a permanent forest landgue. 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/hardeod forest and tussock shrublaff@ilson, 1994)Following

human arrival, the Banks Peninsula environment experienced significant chargéinga period

of intensive clearance by European settlers for timber and agricu{Reart & Woodhouse, 2021)

By the start of the 20 century, the remaining indigenous forest on Banks Peninsula was estimated at
around 320 hectare@gilvie, 1990)By the year 1920, only approximately 1% of the original forest

cover on Banks Peninsula remair{®dilsan, 2003)

Since that low point, indigenous forest coverage has slowly increased as stocking rates have
decreasedand the land has been allowed to regenerdtgured and Figure5 below provide
comparative estimates ahdigenoudorest cover for 1920 and 2000 respectivalith the forest

cover estimated to have increased 15 fold during this pefiddson, 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 it was considered wheselectinga study area was whether there were any
examples of longerm natural regeneration projects that could form the basis of-sjpecific
researchGiven the slow speed of natural regeneration, this required properties thatbegn
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 onagsecoveredpasture in the soutkeast of the Peninsula in the late 1980s

(Wilson, 1994) Through a process of minimum interference manageiniis area has been

transformed into 1,250 hectares of regenerating native bush, making it the largest pridigenous
forestreserve in New Zealar(@®eart & Woodhouse, 2021As 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 thpotential for naturalforestregeneration orBanks 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. gorsejo support natural regeneration, which is a different context than the open pasture
environment that is the focus of this researchrtaoately, partly due to the success of Hinewali,

there are several other exampleslohgterm natural regeneration projects on Banks Peninsula

with many landownersoluntarily protecting land for conservation purpos&sese initiatives have
beensuppored by organisations such as the Banks Peninsula Conservationligct provides
financial and practical support féandowners through covenants, fencing dadd management
advice(Peart & Woodhouse, 2021pne examplef a private property manageir natural

regenerationis 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 adop Case studies are used in a varietyielidsto help answer how or why questions

in environments over which the researcher has little congith, 2009)In contrast to experimental
method, case studies can enable a more holistic evaluation ofvedtl contexts, which is

particularly important for landscape ecology and the objectives of this silitig.can provide the
opportunity to develop new theorieand 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, adjacentBirdlings Flat and Lake ForsyHigure6). Like most oBanks

Peninsula, Oashore Station has varied topography characterised bysétgeson the sides of the

valleys, withflatter land (<15 degrees) on the ridgmps and valley flooréWhyte, 2002) There are

three bays on the southern coadigingOashore BayTokoroa BayFigure7), and Hikuraki Baall of

which have valley systems that extend up into the higher elevations of the profgémtysite is

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

views into the wider landscapé&igure8).

The elevation of the site ranges from sea level to approximately 450m above sed levelimate is
cool temperate, oceanic and subhun{M/hyte, 2002jnd follows the general altitudinal gradienh o
BanksPeninsula of cooler temperatures and higher rainfall at higher elevafidiiison, 1992)The
valley sbpespredominantlyface northwest or southeastyith northwest slopes typically warmer
and drier due to higher sun exposure and the warmorthwest wind Southeast slopes exhibit the

opposite pattern with less solar radiation aimtreasedexposure to caler southerly winds.
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Figure 6: Location of Oashore Station on the southern coast of Banks Peninsula, Canterbury
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Figure 7: Tokoroa Bay, viewed from Oashore Station looking southwest (D. Pedley, 2021)
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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. Thisreflectsthe marginal utilityof the landfor pastoral farming due to factors such as

landform, soiland erosionNewsome et al., 2008; Shepherd et al., 2008; Trotter et al., 2005)
Notwithstanding these limitation€)ashore Station has a long history of human occupation asd h

been actively farmedor sheep and cattle productiosince the miell800s(Whyte, 2002)This

farming activitypersistson muchof the sitg as discussed in further detail below.

As a consequenaaf human activity, very little of the original vegetation cover remains, with large
areas of the station now dominated by exotic pasture gradsespitethis modification from its

original state, a range of different indigenous vegetation types are ptesethe site, including

tussock grassland, regenerating native scrub and some remnant lowland hardwood forest in stream
gullies(Whyte, 2002) Common shrub specigsesent throughoutOashore statio include

matagouri Discaria toumatoy , s ¢ r u b Myeldemheekih complefaNew Zealand broom /
tarangahape Carmichaelia australjsand variousCoprosmaspecies, 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 buildintgentifying the location of existinggoody

vegetation on thesite was animportant component of his study and is discussed later in this thesis.

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

private ownerin 1999with 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
selfsustaining indigenous ecosystems on Oashore. A key objective to adhiegeal 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 manageméithw

aims to remove obvious impediments to natural regeneration and allow natural regeneration
processes to occyiVilson, 1994)This is thesame 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

establiqyment of browse tolerant native woody speci@hyte, 2002)

In 2008, the adjacent Craignish Farm (approximately 300ha, as shokRiguma9 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 restoratiofigolan.
support the coservation objectives and protect areas of remnant vegetatiao, new covenants

have been establishegnderthe Banks Peninsula Conservation Trust (BRGDmplement a pre
existing Queen Elizabeth Il National Trust (QEII) covgRanire9). There isalsoa 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 hasow been excluded from all the conservation and covenant a(Eagire9) but

continues on the balance of the station under a lease arrangeniégiirel0 below identifies those

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

has changedn the siteover time is provided later in this thesis.
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Figure 10: Current grazing (2021) on Oashore Station



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 Cansgion 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 selexites most
appropriate study site when considered against site selection crit€ablel below provides a

summary of thefive site selection criterighat were used abrief explanation of why they are

relevant for this studyand a summary of how Oashore Station meets those criteriaddition 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 sitenditions, management and changes that
have occurred over timélhis 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 Longterm Necessary to detect change in The site has been managed for
management | vegetation given slow speed of natura the purpose of supporting nature
for natural regeneration regeneration of indigenous
regeneration vegetation for almost 20 years

2 Large Regeneration in open pasture is a foct Although there are some areas ¢
proportion of | of this research due tthe greater existing woody vegetation, the

open pasture potential for carbon credits and the site is clearly dominated lgpen
and grassland challenges associated with regeneratic pasture
in this environment

3 Observed To better understand the factors Interview responses and initial
regeneration = affecting natural regeneration, areas  site observations confirmed that
in pasture where regeneration has occurred mus there had been observed

first be identified regeneration over time

4  Wide rangeof  This is necessary in order to test the  There is a wide environmental
environmental influence of different environmental variation across the site,

conditions factors on natural regeneration including topographical factors
such as elevation, slope, @n
aspect.
5 Variable This is necessary to evaluate the impa Different parts of the site have
grazing of different grazing patterns on natural been subject to varied grazing
regimes regeneration over time regimes over time, including

grazing by botlsheep 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 withat happenswhereby utilising geographic information

to link features and phenomena to their locations. By investigatingagzatterns and relationships,

we can obtain a broader and more in depth understanding of spatial processes. This is directly
relevant to the research objectives, which seekdentify the extent of vegetation change over time
andunderstand how spatiatariation in environmental and management factors influences the

natural regeneratiorof woody vegetation

Under this umbrella of geospatial analysis, the specific methodology adopted was the revised PPDAC
approach developed by De Smith et(@021) which stands for: Problem; Plan; Data; Analysis;

Conclusions. PPDAC is a dynamic, iterating cyclical process representedrigurell below.

Material removed due to copyright compliance

Figure 11: Revised PPDAC approach for geospatial analysis (from De Smith et al., 2021)

Applying the PPDAC approachttdhhi s study, the ‘problem stage I
identify the research questions, as discussed in the preceding secfioneo s t hesi s. The
how to address the research questions was developed through an iterative pasgsdiminary

data were collectedAn important component of this planning stage was to identify a suitable study

site through semstructure interviews, as discussed further below.
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Once Oashore Station was confirmed as the study site, the lwbdtivesfrom that point were

1 To identify the parts of Oashore Station thetd naturally regenerated from grassland to

woody vegetation over time; and

1 To analyse the relationship between those areas of regeneration and a range of
environmental and management fams to better understand how those factors may enable

or inhibit natural regeneration of indigenous forest.

The ‘data’ and ‘analysis’ stages of this study
analysis using aerial image classificatmd 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.Figurel2 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 thet fidhe

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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Figure 12: Summary of key data collection and analysis steps in method
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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&@cfiahove

and were based on a consideration of the research objectives, relevant literature, and the intended
method of geospatial analysiSome of these criteria were able to be assessed through the

evaluation of publicly ailable 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 semistructured interview is a personal interviemhere the interview topics anduestions are

determined prior to the interview to provide a guide for discussion but need not be followed strictly
during the interview itselfRather, he intention is toencourage dialogue and enable the interviewer

to probe and ask follovap questionb ased on t he pa(Kalioetialp2006fPrios r es p
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 questiamsg that

important factualinformationwas obtainedand open questins allowing the participant to express
themselves in their own words based on what they thought was impoffdagnusson & 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 methatth eachrespondentaskedto
comment on other potential participant® identify further intervieweegBabbie, 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.Interviewswere recorded andasted appoximatelyone hour, with six separate interviews

carried out between March and June 202lhe 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

Akey partof 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 decadén the absence of lorgrm 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 imagéPyincipe 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 wdsttheaaurced
from Google Earth Pro for desktop. Elshayal Smart GISsmpene softwar€Elshayal, 20213yas

used to dowtoad high resolutioiRGRiled 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 adogpte@rial other similar

studies(Ayhan & Kwan, 2020; Guirado et al., 2017; Malarvizhi et al., 2016)

The above process was completed to sourigh resolutionmagery from two separate dates, being
January 203 (Figurel3) and January 201%igureld).. It was important to source imagery from a
similar time of year to enablanaccurate comparison of the two images, as vegetation may have a
different appearance in different seasorsiages from miesummer were chosen to help reduce the
presence of shadowis the imageThe aerial imagery had three bands (RGB only) with an
approximate resolution of 0.25m. No further metadata were available for the imagéeiditional

aerial and satellitennagery was available for other dateed from various other sourceslowever,

all such imageryvas of insufficient resolution to utilise in this study and/or did not provide coneplet
unobstructedcoverage of the sitéThe selected images representda best imagery available at the

time of this research

Magi
Re

Oashore
Bay

VERE ™
il Tokoroa
Bay

0 250 500 1,000

, C ==
January 2003 &

O
Eagle Technology, LINZ, StatsNZ, NIWA, Natd3l Earth, © OpenStreetMap contributors, LINZ, Eagle
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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 thesisseveral potential explanatory variables were identified. Spatial data for each variable

were then obtained and/or created from a range of sources.

Table2 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 mod&EM) downloaded from
LINZ data service. Values reflelevation above mean sea level.

Aspect 1m resolution raster of aspect-&60°) derived from DEM, Values reflec
direction of the slope face.
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Slope 1m resolution raster of slope {80°) derived fron DEM. Values reflect
the steepness of the slope

Solar radiation 1m resolution raster of potential solar radiation (WH/m2) derived fromn

DEM. Values reflect amount of solar radiation received during a year.
Topographical 1m resolution raster of topographical wetness, derived from DEMues
wetness based on SAGA wetsg indexas an indication of soil moisture

Distance to vegetatior Distance to closest vegetation (m) calculated based on the 2003 imay
classification results (excluding mature exotic). Values reflect distanc
potential seed sources.

Presence ofdcal Amount of woody vegetation within a 25m radius (%), calculated bast
woody vegetation on the 2003 image classification results. Values reflect local woodine
which can reduce abiotic stress and grass competition.

Years without grazing Based on information obtained from interviews (discussed below) anc
(cattle andsheep) 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 ilitdrature 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 avaible for those factorsvere 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 temperatwténgreasing precipitation

as elevation increasd¥Vilson, 2003) This is consistent with the available rain gauge data for

Oashore Station, with the average annual rainfall between 2009 and 2017 begiraxapately 17%

higher at Oashore Hous844mm atelevation210m.a.s.l) compared to the rainfall at Magnet Bay

(722mm atelevation6m.a.s.l.).

Another potential factor that was not considered is the soil type and composition on the site. There
are severateasons why this was not included, the first being that it was not identified in the

literature as asignificantfactor for natural regeneratiorSecondly, there were insufficient data

available about soils on Oashore Station to carry out any meaninddjsis. 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 variabl@evas t

amount of existing vegetation within a 25m radius. This variable was used in Maso(Rétl&)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 ofteatial seed sources. Due to its relationship with seed

sources, this variable excludetature exotic vegetatiorvisible in aerial photosuch as shelter belts
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and plantings around the curtilage of buildings. For both variables, the identification ahgxist

vegetation was based on the image classificat@sultsfor the 2003 imagery, as discussed below.

The final row inTable2 above relates to the length of time that differepartsof the station had

been free from grazing pressure, with cattle and sheep considered separately due to their different
impacts. This fiormation wasbased on the records and recollections of therent 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 occurrecckatMay 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. White]Jtinson,personal communication, 21 May 2021).

3.5.3 Field data

Two site visits of Oashore Station were carried out on tHedrid 17" 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 gfGh8imagery.

Prior to the site visit, random points were created across Oashore Station and loaoledwebmap

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 ag inthe-field accuracy of plus or minus 3 metres. At each

point, the following steps were completed:
1 A representative photograph of the location was taken;
I The GPS accuracy (in metres) was recorded;

1 The point entry was modified to record whether theea (within the accuracy distance of the

point) was dominated by vegetation or grassland; and

1 Further observations regarding the vegetation or features were noted in an accompanying

notebook (as required).

Additional random points were collected througltahe site visit to supplement the préetermined
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 dizussed 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 betwe@d3and 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 thatcomparisons can be made between pixels or cells that
represent the same are@armel & Kadmon, 19995 pixels from one image are compared to non
corresponding pixelgdm another image, false changes may be detected and genuine changes may

be overlookedFaiza 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 wasrthgisfially

compared to other data layers with more reliable spatial accuracy, includingntieigital Elevation
Model. This process confirmed that the 2019 image was well aligned with other data layers and was

therefore used as an accurate starting pdmam 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. Amine transformation was applied, which was used asptederred

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 (forwdngerse), 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 dhe &éy reasons for the additional

visual validation step discussed3rY.1below.

3.6.2 Image pre-processing

A convolution filter was applied to sharpen images and imprihe segmentation phase of the

i mage classification. For the 2019 image, a ' s
‘sharpening 3x3' filter. For the 2003 image, tt
basi c ‘ s hamugeeasan aklternativeeBeforevand after thumbnail imagésgarel5

below show the effect of the filtering for each image date. Although the change may not appear

significant, this pre-processingrovided 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 processiammtove its accuracy by removing elements

with a wide range of spectral values that were not the focus of the analysis.

Another preprocessing step that may be carried out when comparing images from different dates is
atmospheric and/or radiometric corations. 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 beldvwa specific pregprocessing was carried out to address
shadows in the imagery, which were limited by the raighmer 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 analysfwior to change detectionas discusseith section3.6.5below.

3.6.3 Image classification

Supervised objedbased image classification was applied to convert the 2003 and 2019 aerial images
into classified land cover maps for use in change detection. Onljatwebcover classes were used,

being ‘grassland’ and ‘vegetation’. A larger nl
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as bare ground, rock, and different types of vegetation. However, adding additional categories

generally reduced the accary 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 oiscur, it
acknowledged that the type of vegetation that initially regenerates may influence thetéony
successional process and species composition. However, for the purpose of this study (and given the
limitations of the image classification process), it \@aasumed 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 obervations that were made during the site \sditr the purpose of ground

truthing the image classification results.

The image classification process kaseralcomponent parts, including the creation of a
classification schema, segmentation of the basage, 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 summariseeignirel6 below.

Create Classification

Schema
INPUT Create Training
Preprocessed Image > Samples

l !

Segmentation Train Classifier

\—> Classify Raster < ’

OUTPUT
Classified Raster

v

Figure 16: Basic steps in object-based image classification

Each step in the process involveeleraldifferent parameter settingsvhichwere adjusted as
required to improve image classification results. The process of detergihe optimum settings for

each step in the pr odeudstc, shifestivebchalemgind, argltimei bed as
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intensive triadland-error process(Kucharczyk et al., 2020jable3 below providesa summaryof the
purpose of each step and the settings that were ultimately found to achieve the moséedmage

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 object Spectral detail: 18; spatial
by grouping pixels together with similar | detail: 13; minimum segment
colour or shape characteristics size: 10

Create schema  To identify the classes that willbe usedir T wo c¢c | as s e and
the image classification process ‘“Vegetation’

Create training To create polygons within the image and 72 training samples created fo
samples specify the class of the pixels / objects  each image (36 for each class
within those areas.

Train classifier/ | To classify the image into classes based Classifier: Random Trees
Classify raster the segmentation results and training Trees: 500; Tree Depth: 30;

samples Samples/clas: 1000

Segment attributes: convergec
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 iediésrchapter. 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 &ge 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
correspording 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 fi el d,claskificdtioncwera s cldse te ateasa s

(

classified as *Vegetation’ (within 1.5m). Giver

(generally plus or minus 3m), those points were considered to be within the margin of error and

were therefore manuallmoved i nto the nearby classified °

After these modifications and removal of any points for which ground truth data were not obtained,

100 ground truth points remained, wi#Q in grassland an81in vegetationbased orground truth
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obsenations The location of the ground truth pointsillustrated inFigurel7 below. Usingthese

points, a new accuracy point layer was created for the 2019 imageiwighlf d s f or cl assi

‘“ground truth’. Each field was given a value of
the results of the 2019 image classification and the ground truth data. The confusion matrix tool in
ArcGIS was then used talculate producer accuracy, user accuracy and kappa coefficient waues

measures of accuradgr the 2019 image classification, as discussed in the results chapter.
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hinology, LINZ, StatsNZ, NIWA, Natural Eatf. ‘€ OpensStreetiviap contributors, Eagle Technology.
Land Information New Zealand

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 alternati
ground truth data was prepared based 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
assessmeniwhich resulted in a altereddistribution between vegetation and grassland due to the

differing vegetation cover at that timélhis 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 foR01# 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 comfetion of image classification andsabsequenticcuracy assessment, a change
detection process was then completed using ta¢egorical change method in tl@&hange Detection
tool in ArcGIS Pro. This tool compares one classified raster to the other tifygarels 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 shadowsgre manually digitised and erased from theaigery to avoid the
irrelevant detection of change in such areas. This approach of manually removing extraneous

anthropogenic features has been adopted in other similar stuf@@smel & Kadmon, 1999)

Forthis study, the changes were grouped into the three groups describ&dbied 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 unchangad
detected regeneratiommf woody vegetation

2 Grassland = Vegetation Areas of grassland that have regenerated into woody
vegetation

3 Vegetation = Any Preexisting areas ofvoodyvegetation— not relevant for
this study

3.7 Analysis (Part 2): Modelling

The key output from Part 1 of the analysis was a raster identifying thade 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 bbse 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 algor{@iiman, 2001)The second
method is a more traditional statistical model based on a binary logistic regregsiatiscussed in

the literature review, ach of these methods have different strengths and weaknearsdsvere used

in combination to provide a more comprehensive evaluaiid the influence of different factors on
natural regenerationPrior 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 noegeneration 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, wvias 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 poin{Bavaghar, 2015as 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 lotatio® 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:

9 Errors in the image classificati process, where either image was clearly incorrectly

classified as vegetation and/or grassland at that point.

1 Errors in the change detection results due to any misalignment in the base imagery and/or

artifacts in the change detection raster (such athatedge 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 whereegeneration had occurred and 150 points where there had been no
regeneration, apresented in the results chapteA 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 observéismsn.d.)

The general rules of thumb for sample sizes in logistic regression are discussed further below.

3.7.2 Explanatory variables - Data preparation

Table5 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), exceppfmgraphiovetness, which
wascalculated usin@AGA 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 dyital elevation model suitable for use. im
Aspect Useal Aspect tool to derive raster from DEMth continuous values for = 1m

aspect RanReclassify tool to separate values into following categorie:
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.

Slope Usel Slope bol to derive raster from DEM im
Area Solar Ran Area Solar Radiation tool using DEM as input im
Radiation

Set time configur at i o n-pdnbofstudyh o |
period).Left allother settingsas default.

Topographical Ran SAGA Wetness Index tool in the Hydrology package of SAGA GI 1m
wetness using DEM as input and keeping all other values as default

Percent Ran Focal Statistics on 2003 image classification réisattidentifies 0.25m
Vegetation vegetation Use settings dfircle, 25m radius, map units, and sum

within 25m Usal Raster Calculator to convert values to percentage

Distanceto  Ran Raster to Polygon tool torovert 2003 image classification result t¢ 0.25m
vegetation polygons of existing vegetation (modified to exclude nnatexotic
vegetation—e.g. shelter belts)

Ran Euclidean Distance totw calculate distance taegetationedge

Years without Creatal new polygon layers of different areas/blocks across station ai 0.25m
grazing added new attributesto each polygomwith a value ofyearswhere there
had been no active grazing (cattle and/or sheep), based on informatit

(sheep and _ _
obtained from station managers

cattle)
Usal Polygon to Raster tool to create one raster for years without she
grazinganda separate rastefor years without cattle

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 modbbised on the
random forest algorithm by Breimg@001)was carried out using the Forest Based Classification and

Regression tool in ArcGIS Pro. This requires the immsaisribed above, being a point layer for the
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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 penfican The

following parameters were used in the final model to achieve optimum accuracy:
1 Number ofdecisiontrees = 2000 (increased from default value of 100)
T Minimum leaf size = default (default for classification is 1)
1 Maximum tree depth = default (da@riven, average value was P2
9 Data available per tree = 100%, taken randomly from two thirds of the data

1 Number of randomly sampled variableslefault (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 app(Bacifesteix et al.,
2012) All explanatory variables wesincluded 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 moreblesia
improved the performance and accuracy of the model, they were excluded from the final mbdsel.
revealed that the combination of variables with the highest overall accuracy was to retain all
variables in the model. The inclusion of all variablesiandom forest model is considered to be the
preferred approach when the primary objective is the identification of relevant factors, rather than

pure predictive performancéDegenhardt 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 tialida in addition to

the “Out of Bag” errors that are automatically
Each run of the model used a random seed and a different combination of training and validation

data, which produced similar butightly 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 ihe 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 plits in the decision tree@oulesteix et al., 2012) Ar ¢ GI' S Pr o thkescr i be
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 isskntm have some

limitations, including the potential for selection bias when using a combination of continuous and
categorical predictor§Boulesteix et al., 2012This is a key reason why random forest was used in
combinationwith 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 forestgCouronné et al., 2018)

Although random forest indicates the importance of different explanatory variables, itruates
reveal the direction of influence (positive or negativ@he tool that can be uskto better
understand the relationships between explanatory variables and the dependant outcapaital
dependence platThese simpl@lots help to visualise how each individual factor influences the
predictedoutcome, whilst averaging for all oth&actors and can reveal whether the relationships
arepositive or negative anlinear or more compleCouronné et al., 2018)-or this study, pdial
dependenceplots were created ithe DaitakuOnline data science platforomsing input datdor the

explanatory and dependent variablesported from ArcGLS

3.7.4 Binary Logistic Regression

A binary logistic regression was carried out using IBM SR88&tics software (version 28.0.01ing
the data imported from ArcGIShere were a number of assumptions that needed to be checked to
ensure that the regression results would be relia@@oltzfus, 2011)Table6 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 Variable values checked and Dependent variable was coded as

is binary confirmed either 1 (regeneration) or 0 (no
regeneration)

Observation After ensuring a minimum Thepval ue from t hi

independence separation distance between points | test was not significant.€. more

the standardised residuals from the than 0.05). This confirmed that thert
binary logistic regression model was no significant spatial

were checked for spatial autocorrelation between the points
autocorrel ati on andthe observation of independenc
Autocorrel ati on hadbeenmet.

tool in ArcGIS Pr{Carl & Kuhn,

2007)
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No Collinearity diagnostics were run in The Tolerance values for all variabl
multicollinearity SPSS hipcluding all variables ina = were above 0.2 and VIF values wer
among explanatory dummy linear regression. If the below 5. No multicollinearyt
variables resulting Tolerance value is less th: between variables was therefore

0.2 or the Variance Inflation Factor detected and this assumption was

(VIF) is more than 5, this can met.

indicate a problem with collinearity

between variablegPituch &

Stevens, 2016)

Linear relationship The Box Tidwell test was carried ot A significant value was identified fo

between in SPSS, which involves calculating Distance to vegetation (<0.001). Thi

continuous the logit of each cotinuous variable variable was thesfore

variables and log = and multiplying it by the variable  logarithmically transformed as

odds of the value. The resulting values are thel suggested by Tabachnick & Fiddel

dependent variable tested for significance in the logistic (2007) When the Box Tidwell test
regression model. If significant was run again on the modified

(<0.05), then the assumption is variable no significant value was

violated(Tabachnick & Fidell, 2007 detected, indicating that the
assumption of linearity of the logit
had been met.

No extreme The Mahalanobis distance was Two potential outliers were
outliers calculated for each point and identified. The model was tested
compaed it to a chisquare with and without these points, with

distribution with the same degree ¢ no significant difference in results.
freedom. Potential outliers were The pointswvere therefore retained
identified as having a probability | in the model.

value of less than 0.0QTabachnick

& Fidell, 2007)
Sufficiently large | There are no strict rules about If allnine explanatory variables were
sample size sample size. However, a general rt used in the model, there should be i

of thumb is that there should be a minimum of90 samples in each
minimum of 10 samples in each category (i.e180total samples). The

category (i.e. regeneration / no sample size of 150 in each category
regeneration) for each explanatory (300 total) meets this general rule o
variable(Stoltzfus, 2011) thumb.

Of the above assumptions, the orye that was potentially problematic was the assumption
regarding |inearity of the |l ogit. As mentioned

vegetation variable enabled this assumption 1t
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 araliunmodified variables and the second using

the | og transformed version of *‘distance to Vvec
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Once the above assumptions had been checked and modifications made as required, the logistic
regression model was run using a backward selection appr(samilar torandomforests), 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 ifreoof 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 hasignificant 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 ocauing for each explanatory variab{8toltzfus, 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 rattow 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 mageds

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 makisgbjectto 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 chapt&iven thatthe original model was based on regeneration over 16
years (2002019), the prediction is based on likely areas of regeneration 16 years on from the most
recent vegetation cover information (2019), being the year 203Bsalsoenabled a comparison

between the two periods to assess whether rates of regeneration werg likethange over time.

For this predictive exercise, many of the explanatory variables remained constant as they were based
on site topography andere unlikely to change (e.g. aspestope, elevation, solar radiation,
topographical wetness). However glinputs 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 scertamnie the currentmixed

graing regime continuedas shown irFigurel0), and an alternative scenario where there was no
grazingof any kindacross the stationThemodel incorporated?000decisian trees, with no data

excluded for validation as the purpose of this exercise was prediction, not assesxietaccuracy.
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Chapter 4

Results

This results chapter is divided inflmur sections. The first section (4.1) presents the results fRamb

1 of the analysis, which sought to idegt#reas within Oashore Station where natural regeneration
wasobserved between 2003 and 20Ikhe second section (4.Bustratesthe spatial datdor the

key factors that may influence natural regeneratiarhile the third section (43) presensthe
evaluation of how those factors influenced the observed natural regeneration on théPaite2 of

the analysis)Thefourth and final section (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

Figurel8andFigurel9 below illustrate the results of the image classification process for the 2003
and 2019 imagery respectively. Grassland is shown as pale yellowoaaly vegetation as green,
with areas in whi¢ being anthropogenic elements (buildinggpticshelter belts, roads) clipped from

the image.

Grassland
Il \/egetation

250 125 0 250 500 750 1,000

™™ | Metres fagle

gy. LINZ, StatsNZ, NIWA. Natural Earth, © OpenStreetMap contributors., LINZ Eagle Technology

Figure 18: Image classification results for 2003 imagery
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™ " 1 Metres Eagle Technology, LINZ, StatsNZ. NIWA, Natural Earth, © OpenStreetMap contributors., LINZ Eagle Technology

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 V e g e tinahe above figures matherefore include exotic and indigenous

specief 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 truttedgathered during site visits (2019)

for 100 points across Oashore Station. The resulting confusion matrices for each accuracy assessment

are presented imable7 and Table8 below.

Table 7: Accuracy assessment for 2003 image classification

‘Ground Truth’ Values
Grassland | Vegetation Total User Accuracy
Classified Grasslqnd 65 5 70 92.86%
Values 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 Grassla_nd 49 8 57 85.96%
Values Vegetation 0 43 43 100%
Total 49 51 100
Producer Accuracy 100% 84.31% Overall 92%

The overall accuracy for each image classification was\ighbh 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 truthingHowever, there weréive (2003) anatight (2019)Type 1 (false

positive) errors for the areas classified as grassland, with the image classifdatiiog to detect

the presence of vegetation in some locations, particularly the Forsyth Face coveeardral 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 lal@asity vegetation that

was not as visually prominent in the aerial imagery. Some species (e.g. native broom, tarangahape,
Carmichaelia australjsalso 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 toumatoy To address these potential accuracy limitations, a furtiseral validatiorstep

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 illustratédgase20, with the category
descriptions and site coverage for each category providdabie9. 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 wigoregetationMost of Oashore&ation (83.9%)wvas

grassland thahad no evidence of natural regeneratidaring this time period

As discussed in the methodology, the above change detection results were then converted into a
series of sample points, wthi 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 majotitesé 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 saglguent analysis are shownhigure21.

55



Table 9: Change detection categories, description, and site coverage

Category Description Total % of
Area | Station
No regeneration| Grassland that remained unchanged ~453ha| 83.9%
.l Regeneration | Grassland that regenerated into woody veggbn ~18ha | 3.3%
Preexisting veg | Pre-existingwoodyvegetationin 2003 ~57ha | 10.6%
Excluded Shelterbelts, building curtilage, roads etc ~12ha| 2.2%

Eagle Technology, LINZ, StatsNZ, NIWA, Natural Earth, © OpenStreetMap contributors., LINZ, Eagle Technology
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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 datae collated and prepared for each of the factors that
wereidentified as having potential influence on natural regeneratiofigure22to Figure30

present the spatial data thatere used and illustrate howach factor varied across Oashore Station.

Thevariabletopography of the site is evident in the first five figures, including slope, topographic
wetness, aspect, solar radiatipaind elevation. Téreisaclear pattern of steep slopes down to
narrow valey floors, with wide flatter areas on the ridgéSgure22). These flatter areas along with
the various channels on the site had the highest topographic wetrkégare23). Aspect showed a
clear demarcation between the nortlvest and soutkeast facing sloped-{gure24), with the former

experiencing much higher solar radiation values due to increased sun expbgyureep5).

Existing vegetation is unevenly distributed across the station, with large, vegetated areas located on
some of the soutkeast slopes. This results in higher values for vegetation within(E&gmre27) and

lower values for distance to vegetatioRigure28) in these lgations.Figure29 and Figure30reveal

the changes in grazing patterns over timéth only the covenanted and conservation areas being
currently ungrazed bijvestock Cattle grazing has become progressively more restricted and only

remains in two areas on the sjtevhich broadly corresponds witireas offlatter land
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Figure 22: Slope on Oashore Station
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Figure 23: Topographic wetness on Oashore Station
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Figure 24: Aspect on Oashore Station
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Figure 25: Solar radiation on Oashore Station
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Figure 26: Elevation on Oashore Station
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Figure 27: Vegetation within 25m on Oashore Station

6C



-
Distance to Vegetation (metres) \

195.066 :
| :

- 7

0 250 500 1,000

e e —— \c oS LINZ, Stats NZ, Eagle Technology, Esi, HERE, Garmin, METI/NASA, USGS

Figure 28: Distance to vegetation on Oashore Station
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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 ressiffrom 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 regeneratioof woody vegetationThe first part of the resulfgresents an

overview of the model accuracyith the second parévaluatingwhich 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 awenalges 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 regressiopeparateresultsare presentedor Version 1 of the

model (unmodified explanatory variables)dan Ver si on 2 (1l og transfor med

v e g et aas disocussed 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 anetlationships. When consideringlue of such models, it is helpful to

keep mind the following aphorism from George Box:

a!tft Y2RSta I NBE gNBPBHADIHdzi a2YS | NB dz
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Random forest

The first measure of model accuracy that was caledavas theMean Squared Error (MSE).

Otherwise known as Out of Bag (OOB) errtirsse 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 thmodel. The overaliverageMSEor the modelwas20.48 which

indicates that79.52% of predictions under the model were correldowever, the MSaslower for

regeneration {6.32 compared to no regeneratior24.67). This indicates that themodel was more

accurate in correctly identifying areas of regenerati68.68% correct) compared to areas where

there was no regeneratioryb.33% correct).

Another measure of model accuracy and performance is calculating tisetigéy 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 tb e

true or correct

calcul ated f

categorisat

or t

i ons

he entire foresH

within the enti

correct categorisations for each category, with separate values calculatedgiemegation and no

regeneration. The results are presentedliable10 below.

Table 10: Confusion matrix of average sensitivity and accuracy for random forest modelling

Sensitivity Accuracy
No Regeneration 76.5%% 0
Regeneration 85% 8040%

The overall accuracy was 80%, with the model demonstrating a higher ability to correctly predict

areas of regeneratiorBg%) compared to areas of megeneration 6.5%). This is consistent with

the MSE/OOB error values described ahavhkich indicates thathe model had a tendency to

predict more regeneration than was actually observed on the ground. This is important when

considering the reliabilitpf future predictions, as discussed in sectibBbelow.

These diagnostics relate to

t he

abi

ity of the

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 thanvledation 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 |l ogistic

regression

has

var.i

datlsversians® S U T e ¢

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 expdéory variables included). The regressions
also calculated Hosmer and Lemeshow test values of 0.749 (Version 1) and 0.882 (Version 2), which

are nonsignificant values (i.e. >0.05) that indicate an acceptable model fit.

A further statistic that was caltuat ed i s Mc F-aqlatesl,riwhich representsthe r
proportionate improvement in fit over the null mod@Pituch & Stevens, 2016) The Mc-Fadden’
sqguared values were 0.438 (Version 1) and O0.50°"
predictive performance improved by 43.8% and 50.7% respectively by the addition of the

explanatory variablesThis is considered to be a strong improvement i(Hituch & Stevens, 2016)

More comparabled 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 inTablel1landTablel2 below.Version 1 demonstrated a similar patteto the random
forestmodel with a higher predictive accuracy for area®bgerved regeneration compared to no

regeneration. Version 2 sh@ma 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 Percentags 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 Percentags 86.7%

In relation to overall accuracy,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 out@me
‘unseen’ |l ocations (i.e. validation sample poir
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 demaosigtd 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
regenerationwasthe proximity to existingvoodyvegetation,asmeasured by theercentage of
woodyvegetation with 25m and the distante the closestwoodyvegetation. The othekeyvariable
that had asignificantinfluence on regeneratiowas thenumber ofyearsthat an area had been free
from cattle grazingThese results were consistent under bo#mdom forest and binary logistic

regression and are presented in more detail below.

Random forest
For the random forest modelhe influence of the different explanatory variables is represented by
the variable importance measure (VIM), with theerage W for each explanatory variable

illustrated inFigure31 below.

Distance to vegetation [ 13.66%
Vegetation within 25m I 13.44%
Years without cattle | IR 12.99%
Topographic wetness I 12.47%

Years without sheep IIIINININGgGNE  10.78%

Solar radiation [ 10.22%

Explanatory variables

Slope I 10.15%
Elevation I 10.02%
Aspect 6.31%

0.00 020 040 060 080 1.00 1.20 140 160 1.80
Importance

Figure 31: Variable importance measures (VIM) for random forest model

The imprtance of the variables can be clustered into three broad groups, as indicated by the colours
in Figure31. Within the first group (dark green), the two most important variables both related to

the presence of existingoodyvegetation, being the amount of vegetation within a 25m radius
(13.44% VIM) and the distance to the nearest vegetation (13.66% VIMjuntiger 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%. A&sp(pale green) had the lowest VIM but was retained in the

mo d e | as its removal reduced the model ' s overal
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To better understand the nature of the above relationshipigure32 to Figure34 below are partial
dependence plots for the three moshportant variablesFor 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
occurrenceof natural regeneration. If the line is at zero on thaxis there is no influence, with

values above or below zero revealing a positive oatigg 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) havehe 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 witbsteve

a negative impact on the probability of natural regeneration, with the areas beyond 20m significantly

less likely to naturally regenerate.

20.7%
1.50

0.500

Partial Dependence
uonnqusia

20.0 40.0 60.0 80.0 100 120

Distance to Vegetation (m)

Figure 32: Partial dependence plot illustrating the influence of distance to woody vegetation

Figure 32 illustratean 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. Howesaan 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 thahe values for this variable are unevenly distributed, with a very
high proportion of sample points that had2 vegetation within 25m. This reflects the uneven
distribution of vegetation across Oashore Station and the presence of large open areas wiere ve

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 regeneratio
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 tivee 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.
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Figure 34: Partial dependence plot illustrating the influence of years without cattle grazing

Partial dependence plots for the remaining variables are providégpendix B. Based on the

random forest modelling resultshe influence of these variablésnot as important or gjnificant as

the factorsdescribed above. However, the relationships are still of some intefestsheep grazing,

the probability of natural regeneration generally increased as years without sheep grazing increased.
However, even areas that had been dowmially grazed by sheep did not have a significantly negative
probability of regenerationln relation to aspectiocations with a northwesterly aspect (value 4) had

a negative relationship with regeneration (i.e. regeneration less likely to occur)ailitther 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 ab&w.all other factors (including elevation,
solar radiation, slopeand topogaphic wetness)he relationship with natural regeneration was

highly variable and demonstrated no clear pattern.

Binary logistic regression

Tablel3 and Tablel4 below summarise the influence of the explanatory variables includéue

binary logistic egression 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 ifledtas having high variable
importance in the random forest model described above. In the Version 2 model (incorporating a log
transformed variable for ‘“distance to vegetatic
but was still retained aan important part of the modeFor 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 accuraof the models

Table 13: Significance and odds ratios for explanatory variable in logistic regression (Ver. 1)

Explanatory Variable Significance Odds Ratio | 95% confidence interval for Exp(B)
(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 0.1% 1.052 0.984 1.1%6
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 | 95% confidence interval for Exp(B)
(Exp(B)) Upper Lower

Vegetation within 25m 0.097 1.021 0.996 1.047

Distance to vegetation <0.01* 0.346 0.262 0.457

(log transformed)

Years without cattle <0.01* 1.230 1.135 1.333

The nature of the relationship betwedhe explanatoryariables and the regeneration outcome is
reflected in the odds ratio (Exp(BWith a value above one indicating a positive relationsiripl
value below one indicating a negative relationship. The amount by which the odds ratio differs from

a value obne reflects thegeneral magnitudef that relationship

Based on the above resultiere is a positive relationship between the amount of vegetation within
25m of a point and the occurrence of regeneration at that locatidne way tdoroadly describe and

quantify this relationship is thator each one percentage increase in vegetatitre vdds of
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regeneration occurring increases 8y68%(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. ®dio below 1), which means that the odds of
regeneration decrease as the distance to vegetation iases. 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 wased for the transformation, this indicates that a doubling of dietance

will decrease the odds of regeneration by 65.4%.

Care must be taken when interpreting the above resultsisfevident from the partial dependence
plots above, the relationshigsetween these explanatory variables and natural regeneragignnot
linear and do not imply a consisteimcrementalincrease or decrease the odds of natural

regeneration as the values of tlexplanatoryariables change.

Onefurtherobser vati on about the results is in relati
Version 1 model. This variable did not have a significant relationship with regeneration, which is

reflected in the confidence intervals for the odds ratidbe vales inTablel3 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 ptige or negative relationship with regeneratiom. 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 occurf&dhilarly, the odds rad 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 wiaen applied to predict likely aread o
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.

Figure35below illustrates the results of this predictive modelling. The areas in dark green are the
areas that may regenerate based on the current grazing regime (scenavitith involves a
combinaion of sheepand cattlegrazingwith someareas excluded from grazing (as showkFigure

10). Light green indicates the additional areas that may regenerate if tiogiugrazingoccurs
(scenario 2)with regeneration in these areas likely to be positively influenced by the removal of
cattle. Areas where there is predicted to be regeneration in either scenar&re shown in pale

brown, which are generally the arealsat 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 shdwigure20). Although these
predictions are subject to limitations (discussed in sechidi), they povide 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.
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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 struci@ound 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, thkeylimitations of this research areummarisedn section5.8. 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 regeneratiorof woody vegetation waanevenly distributed across Oashore Station, with
some areas experiencing more change than others during the study pé&igpad€20). . This
variablepatternis a consequence of the range of factors that can influence natural regeneeatébn
the gecspatial variation of those factor3 he influence afiifferent factors a natural regeneration at

Oashore Station is discussed in further detail below.

In addition to the location of change, the overathount and rateof changes an important issueAs

noted in the results, over the gear period between 2003 and 2019, o6lB% of Oashore Station
experienced observable natural regeneratiamder these conditionsdespite the property being

managed to support natural regeneration. Thuates to a rate of approximately 0.2% per year and
confirms the overall slow speed at igh 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 regeneratiof woody vegetation in pasturéds discussed ihe
literature review, most New Zealand studies are basetherdensity of seedlings from a limited
number of study plot¢Bergin & Kimberley, 2014; Forbes et al., 2021; Mason et al., 2018 &
Wells, 2003and do not attempt to quantify theverallamount or rate of regeneratioacrossa
wider property or arealn international literature, large scale quantification of vegetation change
through natural regeneration has been studied on severabsmns in the tropical regions of Brazil,

with tree cover increasing by 0.3% per yéRordaNifio et al., 2021; Crouzeilles et al., 2020y
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0.4% per yeafde Rezende et al., 2018Yer periods of 19 to 36 yearsAlthough there are many
variables in these studidbat differ from the current contextthe rate of naturdregeneration is in

the same order bmagnitude as this study.

It is also important to note that rates of regeneration are not linear and are likely to increase with
time. Mastet al.(1997)considered the invasion of trees into grassland in Colorado, United States of
Americausing aerial photos extendirayer a periodf 51 years. This found that for some of the

study locations, the increase in tree cover vaardy 0.2-0.4% per year for the first 34 years but
increased to 0.71.5% over the following 17 years. SimilaByincipe et al(2014)considered
regenerationof holm oakin pasture and noted tha20-40- years of regeneration were required

beforeasignificant increase in tree coverasobserved.

All theabovestudies rehte to the regeneration of tree species rather than shrubs and are subject to

a wide variation of environmental and social factdiewever, they do demonstrate the point that in
many circumstances, the rate of change observed in the early stage of aeragen 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 resarch or observation would shotke rate of change increaw over time due to

the selfperpetuating nature of vegetation. This is broadly consistent with the modelled prediction

for Oashore Station for the year 2035, whiskliscussed in more detail in&ion 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 aborgates some significant challenges for the

achievement of the overall objectives of increasing permanent indigenoustfquarticularly the
Climate Change Commi ssion’s goal of 300,000 hec
natural regeneration experienced at Oash@wationis 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 asi de
natural regenertion. Even ifa 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 towardsstablishment of indigenous

forest. This is not to say that the goal is not worthwhile, simply that the nature of the challenge

should not be underestimatednd that additional proactive interventions will likely be required to

achieve the desired increa in indigenous forests discussed further in sectiérv.5below.
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Linked to the above is the impact of this slow rate of change on qualifying for carbon credigts

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 presendeaglequate 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 timewithout any form of income, despite the ongoing costs that are associated with
maintaining a natural regeneration project. This may deter mamgbihtry landowners from

setting aside land for natural regeneration, despite its marginal value for cadifarming activity.

As discussed by several other auth@@#artres et al., 2020; Thompson, 2019a, 2018fulatory

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 abindigenous forest objective$he

nature of the changes required are outside the scope &fdtudy. However, it would seem

appropriate thatfundingshould bemade availabldased on binding commitments use and

managean area ofand fornatural regeneration of indigenous forestather than the current
prescriptivemilestonesthat unduly favour exotic plantation forestand impose unrealistic

timeframes for natural regenerationFurther 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 existimgodyvegetation wa the most important factor when
determining whether regeneration was likely to occur. This includes both the abundamne®df/

vegetation within a 25m radius and the distance to the edge of the nearestly vegetation.

This research suggests that aredth more existingvoodyvegetation 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 presainesisting
vegetation as an important factgCrouzeilles et al., 2020; Di Sacco et al., 2021; Grinand et al., 2020;
Mason et al., 2013; Molin et al., 2018here are a range of potential reasotimat have been

identified for the positive associatiobetween natural regeneration anekisting vegetation,

including the following:
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9 Existing vegetation can provide seed sourites are criticalfor the establishment of

seedlinggCrouzeilles et al., 2020; Grinand et al., 2020; Molin et al., 2018)

1 The presence of local woody vegetation limits abiotic steesh as extreme temperatures,
creating a more favourable environment for seed germination and seedling establishment

(Mason et al., 2013)

9 Existing veget#on increases shaden adjacent landwhich may reduce grass growth and
alleviate competition from swoving exotic grasses, allowing woody vegetation to creep

from the edge of the existing vegetation boundéBsler, 1967; Wilson, 1994)

Considering the above findings in the context of the current study, the partial dependence plots
(Figure32, Figure33) revealed that the strongest positive association with existing vegetation was
present within less tha@m from the edge. There are two possible explanations for this pattern. The
first possibility is that the species of woody vegetation present on Oashore Statigeeeally
incapable oflispersingmore than a few metres from thesource Although there has been no
detailed botanical survey completed for Oashore Station, common species of woody vegetation
include matagourildiscaria toumatoy , s ¢ r u b Myeldemheekih complefaNew Zealand
broom / tarangahape@armichaelia australi@nd variousCoprosmapecieqWhyte, 2002) These
species exhibit a variety of dispersal mechanisms, including ballisjection (Discaria toumatoy
frugivory by birds and lizardMuehlenbeckiaand Coprosmaspecies)and dispersal of seed pods via
gravity and windCarmichaelia australigThorsen et al., 2009)-urther research iequiredto
determinewhether the dispersal mechanisms of different shrub species may limitabdity to

regenerat distant from existing vegetation.

A second possible explanation for the high occurrerfamgeneration adjacent to existing

vegetation is that referred toyEsler(1967)and Wilson(1994) being thegradualencroachment

from the edge othe vegetation boundary. The underlying rationale is that the existing vegetation
shades adjacent lantimiting grass growthand reducing competitiorwhich is consistent with
established literature regarding the suppressive effect of exotic grasses ornggesliablishment

Bergin & Kimberley, 2014; Davis et al., 2009; Ledgard & Davis, 2004; Miller & WellsTB803)
findings of this research support the existence of such a relationship and confirm that the presence
of existing vegetation is the most imparit 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.sTisi consistent with comments by Davis et al.
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(2009)that natural regeneration in New Zealand grassland is unlikebg tonited by soil fertility or
unfavourable climatic conditions. However, iffdrs from some studies discussed in the literature
review (as discussed beloywvhich have found other environmental factors to have a significant

impacton natural regeneration

A potential explanation for this difference is that Oashore Station doésave the same range of
environmental variables as the sites used in some other studies. For example, Masd@@t 3.

found that mean annual temperature was a significant factor, but only where it dropped béow 9
Based on national spatial data from the Land Environments New Zealand (LENZ) classification, the
mean annual temperature across Oashore Station constantgezs 9C. 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 €2@R1)that elevation was a significant factor
applied to a site with elevation ranging between 3&%88m. 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 factotin determining the presence of absence of natural regeneration on this site. A
similar conclusion can be drawn in relation to annual precipitation, with McCrgde93)

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 #38nm (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 irthe logistic regression. This is broadly consistent with the literature, which revealed
an inconclusive relationship between TWI and natural regenerdBaiss & Sarcletti, 2017; Simon et

al., 2019) This may be a variable that would benefit from further stualgiétermine the significance

and nature of any relationship that exists.

In relation to solar radiation, Principe et 2014)found that this was a significafactor for the
regeneration of Holm Oak seedlings in a sani region of Portugal. The study site had a similar
climatic range to Banks Peninsula, with average annual temperaturesiof. & and an annual
average rainfall of 730mrfPrincipe 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 shadéBenayas et al., 2008y his can be compared to the dominant regenerating shrub
species on Oashore Station (e.g. matag@iscaria toumatoy , s ¢ r ubMyeliemheekib u e (

complexa, New Zealand broom/tarangahap&drmichaelia australjsand variousCoprosma
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species), which are all well adapted to survive in dry conditjd/iliams, 2005)Further research is
required to determine whether solar radiatidras a more significanmmpact on subsequent stages of

regeneation, which may involve more shade loving species.

One of the variables related to solar radiation is aspect, which also did not showpartant

relationship withregeneration having the lowest VIM ithe random forest modehnd an

insignificant valuén the binary logistic regressioNotwithstanding this lack of significance, the

partial dependence plot for aspect (see Appendix B) revealed that weet facing slopewere
negativdy correlatedwith regeneration, comparetb a neutral or positiveorrelation with other
aspectsThis 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 afternooms and warm northwesterly wind(K. Whyte, personal
communication, 13 January 202Eurther research and/or analysis may be required to determine
why this correlation did not present as a significant fadtothis study One partial explanation may

be the knownselectionbias in random forest modelling when using categorical variables with a small
number of categoriegonly four aspect categories were usedpmpared to the continuous variables
that were used for all other factor®oulesteix et al., 2012{owever, 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 showgaificait
relationship with regeneration. This differs from the findings in Bergin & Kimbg@4) which
studied the regeneration of totardPdocarpus totargon a hill country site in Northland that was
used for an intensive cattle grazing regime with regular fertilgggplication. 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 reasanfor 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 herbaceo
competition in flatter areas on the Bergin & Kimber{@@14)study site Without further research,

too many variables existetween the two studie$o determinethe reason foicontrasting

conclusiongegarding 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,
environmentalvariablesand farm management regimes. Ths recognised limitation of a sie

specific case study anddscussedn more detailin section5.6 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?

Akey finding of this study in relation toagingwasthat 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 locatiblore specifically, regeneration of
woody vegetation wasnostlikely to occur in areas that had been free from cattle grazing for 10 or

more years.

These findings are inconsistent witlio known New Zealand examp|eghere the presence of cattle
was found topositively influence natural regenation (Bergin & Kimberley, 2014; Miller\&ells,
2003) However, both studies specifically relate to the regeneration of to@pdocarpus totarg
which is a species that was not observed to be commonly regenerating on Oashore &téinnt
possibleto conclusively determinehy the above studies found the opposite relationship between
regeneration and cattle grazing conmed to the current researchPotential 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 datitéher research is
required regarding these matter$he variable impacts of ungulate herbivory on different species
was discussed in Augustine & McNaugh{b®98) 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 sheegrazing the number of years that an area had been fremf grazing did not

have a significant positive or negative impact on observed regener&tinfact that this

relationship differs from cattle grazing is not unexpected, as it has bédaly recognised that sheep
and cattle can have different impacts oggeneration of woody vegetatiofAidams, 1975; Bergin &
Kimberley, 2014)The primary impact by sheep is caused by browsing of palatable species, whereas

cattle can also negatively affect regeneration byming of seedlingéAdams, 1975)

The general intention behind managsHeepgrazingo support regeneration is that light grazing will
helpto suppress the grass sward, reducing competition and allowingpatatable nativeseedlings

to establish(Davis et al., 2009; Davis & Meurk, 2Q00he result®f this researcldo not

demonstrate a positive association between sheep grazing and regeneration that reflects this
intention. However, nor do they suggest that sheep graias 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 shrutesbar® Station

were matagouriDiscaria toumatoy , s ¢ r u b Muyeldemheekia complefaand various
Coprosmaspecies. These are all smaller leaved species, which are recognised as being less palatable
than larger leafed native speci@&/ardle et al., 2001)Given the relative unpalatability of these

species, sheeprgzing does not appear to preclude their regeneration. However, site visit
observationdndicated thatthere were noticeable differences in the understorey of these shrubs in
different parts of Oashore Station. In areas where sheep grazing was presenhdbestorey 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 catnmonly seen in grazed are&3gure36).

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 vegetationwhich is an issue that would benefit fronrther research However, it does

raise an important consideration about the leteym implications of sheep grazing. Although grazing

by sheep may not prevent the initial transition from grassland to woody vegetation, it may preclude
the continued successn 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 se&tidribelow.

The above observations are consistent with the findings in Smale(@08B) which considered the
impact of grazing on regeneration in forest fragments in North Island hill country. Thatfetuty

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 longerm maintenance of forest fragmésnwas not viable without the exclusion

of stock. This has important implications for the staged management of regeneration projects, as

discussed in section.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 ab used to predict areas of Oashore Station that were most likely to experience
natural regeneration in the future (sé&gure35in Chapter 4)This prediction showsgnificantly

more regeneration thawhat has occurred up until this point, which is consistent with the literature
discussed in sectioh.1regarding the increase in regeneration rates over time. However, the
magnitude of the increase creates some causest@pticismparticularly given the model was found
to overpredict areas of regeneration when validated against observed regenerationeoldis
prediction should therefore beecadas an indication of areas that are more likely to experience

regeneration, rather thasetting afirm expectation othe scale of regeneration that will occur.

As with all predictions of the future, there anghierent uncertaintiesnvolved, eme ofwhichare

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 chang&Vilson, 1994)At Oashore Station, in September 2021 only a few weeks

after site visits were carried out, a sigodnt fire occurred in the Hikuraki covenant area, burning
through a large area of regenerating native buBlg(re37, A. Johnson, personal communication, 15
November D21). 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 thiéhad 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 OashonStati
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 ouene.

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 compdgitidres et
al., 2021; Sullian et al., 2007; Wilson, 1994 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 suffiereatability of seed sources
for indigenouscanopytree 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 exisngierm 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 sass of future natural regeneration stag€sirther

research is required to better understand the influence of these factors on long term natural

regenerationprogress

The discussion of these factors should not diminish the value of the findings efutlis 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, lich this study does not directly addressiture 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 wpuice f

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 laaation, 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 Ghore 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 beinganaccurate 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
accuratelyextrapolating to new locations where the explanatory variables sit outside the range of
the training data(Esri, n.d.; Hengl et al., 20183\pplying his 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 elevasari Oashore Station, with the elevation of sample points
ranging from 7.5m.a&.1. 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.

Basedon 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 lagively 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 gpeovided inTablel5below.

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 leve
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 vegetatior 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 tatbernative 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 colination 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 ackwledged that natural regeneration is a complex ecological

process affected by a wide range of different factors. Pawley & Mcg2@tE8)noted that ecologists
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have historically been cautious about using site specific observational stodigske 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 indigesapecies, Buxton et §2001)concluded that the

complex array of variables made it very difficult to make gelieed statements, and that care must

be taken when extrapolating results to other sites.

The heterogeneity of ecological systems effectively precludes any singkpsitdic study from

providing definitive answers of universal applicability. Howegach 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 themseles, 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 higtesolution aerial imagery. This point is@issed 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 farmersseeking to maximise natural regeneration their land Six key principles are
summarised belowseveral 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 tHiterature 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 vegetatiapin 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 availatdenfa 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 oltjased image
classification of basic RGB images. However, depending on the gieepobperty 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 factooaé 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 generaly mo
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 coulvdnardisecasapp!l i e
promoted by the Rod Donald Banks Peninsula Tisdtmpson, 2019aj he traditional covenanting

approach is to construct new fences around remnants of existing indigenous vegetation to protect

the biodiversity val ues oiftouseegiging feacesdmatso retifelthe ‘ d «
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 neareas 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 (suchtasajocan occur on some sites in the
presence of cattle grazir@ergin & Kimberley, 2014; Miller & Wells, 2003pwever, 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 compaosition to Oashore Stdkiere
possible, it is suggested that cattle grazing shouldeoeiced or removed to maximise the
regeneration of woody vegetation in open pastuparticularly 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 végatahis 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 nmtain 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 woathsspe

(Levy, 197Q)with higher stock numbers and longer grazing durations increasing the potential for
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adverse effects on natural regeragion. 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 ltmgterm regeneration towards indigenous forest

(Davis et al., 2009)f grazing is allowed to continue indefinitelyis likely that palatable native
seedlings will continue to be browsed by ato preventing the latter successional stages and
resulting in a continuation dd limited range of unpalatablghrubsthat 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 farmerwill often have a longerm intimate knowledge of a property that cannot be

easily obtained through the evaluation of spatial datasThay 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 knowledgel fudgment otill 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, whibkdn 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 frooturring(Wilson, 1994, 2003)Although

this approach has its benefits, including low cost and ecological integrity, there may be some
circumstances where adibnal 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 vegetatid/here such vegetation is not present, this may

lead to insufficient availability of seed propagulagyh competition from pasturend 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 ofindigenousnvoody vegetation are planted to stimulate regenerati@enayas et al., 2008;
Garcia et al., 2020; Holl et al., 20203her interventions include soil preparati@amd weed

suppressionto support seedling establishme(€hazdon & Guariguata, 201&his study does not
attempt to evaluate the effectiveness or practicality of sumerventions, 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 wheradditional interventions may be required.

In addition, &en n more favourable circumstances, this reseasciggestshat the annual rate of
regeneration is likely to remain low, limiting the speed with which the environmental and financial
benefits are realisedf a faster rate of natural regeneration is desired to achistespecific or

national afforestation objetives,additional interventions will likely be requireth practice, this will
necessitateadditional 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 consistepatterns in different locations. Uncertainty, nen

linearity, and heterogeneity have been identified as some of the defining characteristics of naturally

regenerating forest¢Chazdon & Guariguata, 2016)

In the face of such uncertainty, adaptive management is required, which is an iterative process
where actions and behaviours are adagtover time in response to fluctuating drivers and actual
changes observed over tinfelolling, 1978)As stated by Le@001) adaptive management is
grounded in the admission that humans do not know enough to manage ecosystemd n t he ab
of full knowledge, an experimental approach is required wheré¢h@aground actions & treated as
hypothess from which learning is derived and future decisions are n{&tenkey et al., 2005A

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 regereranonitoring

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 peepared to actively monitor progress and retain the

flexibility to make changes as required.
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The need for an adaptive and specific approach is consistent with Buxton e{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 meritsyawithggdecisions
based on sitespecific conservation objectives, rather than a generic approach for all locations. In
addition, Buxton et ak2001)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 aeriaatellite imagery to study vegetation
dynamics has many benefits, as it provides information with high resolution, a large spatial extent
and long term coverag@Kadmon & HarafiKremer, 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 awilable. 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 (RGBh matinfrared 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 ditepting,

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 oet imag
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 dusing 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 pix&lased change, as even a minor misalignment cantrgstalse positives in

the change detection procegBaiza et al., 2012This 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 anddins&ming process
being folowed to add hundreds of control points to geeference 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 correcthfieldssi

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 Gleszet al.(2020) which detected
change based on prelassified land cover datasets. In that study, an area was not classified as
regenerated unless it was identified as agriculture astpre 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 coer 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 uswgr resolution satellite imagery (e.g. 30m Landsat
imagery)(Crouzeilles et al., 2020; Grinand et al., 2020]iMet al., 2018)Some benefits of this

approach include the wider availability of medpectral satellite imagery at this resolution (incluglin
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
smallerscalechange that is typically associated withtunal 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 deieatin 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 regener#tianmay 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

87



were based on a comprehensive literature review and the avétiabf 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 pestsding

introduced herbivorous mammals such as possums, goats, rabbitss,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. Wh®eA. dhnson personal communication, 21 May 2021).
Exotic plant pests have also been an issue on Oashore Station, particularly Nassella Nessswlla(
trichotoma) which is classified as a progressive control plant pest and actively competes with other
native speciefWhyte, 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 theiclusion 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 grazingithwvsheep 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 location$his pattern was observed banel and Kadmo1999)in the

context of a Mediterranean ecosystem, whiiclund that higher grazing intensity by cattle and goats
over a28-year periodwas negatively corretad with increased tree coveDue to the absence of
complete and reliable information regarding grazing intensity over timé&ashore Statio(K.

Whyte, A. Johnsonpersonal 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,dbeproximity 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 dmetresults 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 appeanderrepresent 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 usaglan input for modelling.

The vegetation input layers that were derived from the image classification process had two basic

categories, being vegetation or grassl and’
above), no information waobtained regarding the type or density of land cover in either category.

For exampl e, in ‘grassland’ areas, t here was nc
grass sward in different locations. This may have had a variable impact oalmrageneration, with

woody vegetation generally less likely to establish in long rank grass due to greater competition and
reduced availability of light and moistu(Bavis et al., 2009%imilarlyjn areas identified as
‘vegetation’ no information was available regar
locations, which may have impacted their ability to disperse and support natural regeneration on
adjacent land. In the absence of déed 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 regenerati@everal issues have been identified in the

above discussion, including:
T Whether the rate of natural regeneratiowill increase ovea longertime period.

1 Whether the dispersal mechanisms of different shrub species limit their ability to regenerate

distant from existing vegetation.

1 Whetherhighsolar radiatiomegatively influencekater stages ohaturalregenerationthat

involve more shade loving species.

1 The influence of factorthat have somewhainconsistent or inconclusive relationships with

natural regeneration, includingppographic wetnessaspect and slope

1 The importance of seed source availability for gaynepecies for long term natural

regeneration of mature forest.

1 The effect of grazing intensity and stocking rates on natural regeneration
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1 The drcumstancegif any)in which lightcattle grazingmay be benetialfor natural

regenerationof woody vegetabn.

1 Whether continued grazing by sheep has a significant negative impact on the regeneration of

palatable indigenous species in the understoregxitingvegetation.

1 The effectiveness of additional interventions, such as applied nucleation, to increase the

success and rate of natural regeneration.

In relation to methodologyised in this studyalternative 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 multiplesdat 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 fatetecting trees and shrubs in grassland when using only RGB images
(Ayhan & Kwan, 2020)

In relation to understanding the influence of factors, given the-sjgecific nature of this study, there
would be value in completing a comparativeadysis for other locations, including sites on Banks
Peninsula and other hill country locations. Other sites may have a different range of environmental
variables and specied woody vegetationwhich 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 amaddgmnal 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 fiekbased studies, there would be significant benefit in carrying out along

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 cloaegéme.

One possible | ocation where such an approach c
on Banks Peninsula that was recently purchased by the Rod Donald Conservation Trust-as a long

term natural regeneration proje¢Rod Donald Banks Peninsula Trust, 20Bbyever, it is

acknowledged that an experimental study of this sort would be a time and lahtensive process,

from which theremay 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 ifitlig@mation is not available to

the decision makergith 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 motechnical and sitespecific 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 potemiiput from such a tool is

the prediction map for Oashore Station, based on the model that was developed in this Bigise
35in results chapter). In the conterf carbon farming, Funk & Keg2009)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 furat 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 wgke amongst landownerEhartres et al., 2020; Thompson, 2019a,
2019h) 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 laogde establishment of indigenous

forest in NewZealand 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
covercanalso help toaddresdocal environmental issues that are common on marginal hill country
and provide potential income for farmers through carbon credits underBhgssions Trading
SchemdChartres et al., 2020%iven the costrad practical constraints of planting new indigenous
forest on marginal hill country, reliance on natural regeneration is a potentially important strategy

for hill countryfarmers seeking to increase indigenous foremteron their land(Bergin, 2012;

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

Thisstudyhas sought to better understand the factors affecting natural regeneraifomoody
vegetationin pastoral hill countnand the rate at which regeneratiarccurs based on a case study
of Oashore Station on Banks PeninsiNawZealand The site was selected ah#dsbeen managed
to support natural regeneration for 20 yeaasd provides a good range of environmental variation
with different grazing regimestilised over time The site also haslarge proportion of opepasture
whichisan important focus of this studyue tothe difficulty of achieving natural regeneration in

competition withexoticgrasses

The methodology used in thigsearch was structured into two main parts, the fiogingthe
identification of areas on Oashore Station that had experienced regenemattimoody vegetation
between 2003 and 201®ased on analysis of aerial imagefe overall rate of natural regeration
was low, with only 3.3% of Oashore Station experiencing observable change duringytber 16
period. Although this rate may increase over timhist slow progresemphasises the challenges
involved with meeting the ambitiousfforestationtargetsset by theNew ZealandClimate Change
Commissior{He Pou a Rangi Climate Change Commission, .2021gohighlights the difficufesfor
landowners who may be seeking to qualify for carbon credits undeEthissions Trading Scheme,
which favours the rapid and consistegriowth of exotic plantation forests compared to the slow and
sporadic nature of natural regeneratigifhompson, 2019b)f higher rates of natural regeneration
are desired, additional strategic interventions may be required, in combination with increased

funding to suppoarthe implementation and ongoing managemeuitnatural regeneration projects

Usingthese identified areas of vegetation changee tsecond part of the researchethod sought to
evaluate which factorgrere most influential in determining the presence absence of natural

regenerationusing modelling and statistical analydise key factor influencing natural regeneration
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was the presence of existingpodyvegetation.Locations that had a higher percentagienvoody
vegetation within a 25m radius and/or a short distance to the edgeaifdyvegetation had a
significantly higher prospect of experiencing natural regeneratigcith most change observed within
2m of existing vegetatianThis is consistent withxesting literature(Crouzeilles et al., 2020; Di Sacco
et al., 2021; Grinand et al., 2020; Mason et al., 2013; Molin et al., 20@Bnay be due to a
combination of factors, including proximity to seed sources, reducedialstiess, andghading of
adjacent grass to reduce competitiofihe 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 grazgforat least 10 yearsA similar pattern was not observed with sheep
grazing, which had no significant positive or negative relationship with regener&tawever, site
observations noted the general absence of palatable species in the vegetation tandgnshere
sheep grazing was presenthich may limit the longeterm succession to indigenous foresto

other environmental factors were found to have a significant impact on natural regeneiition

woody vegetatioron Oashore Station.

These findings armformativeand may helgarmersto develop strategies for their owpastoral hill
country, includng prioritisingnatural regeneration efforts iareas withexistingwoodyvegetation

and agreaterawarenessof the potential impact of grazing at different stages of the natural
regeneration procesg\lthough some barriers may remain, improved understagdian help to
reduce uncertaintyand riskgivinghill country farmergreater 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 countryprovidnglocal envionmental benefitsand alternative incoméor farmers

whilst contributing to national and globalbjectivesfor climate change and biodiversity.

The limitations of this study ameadily acknowledged, which are attributable to the nature of

remote sensig methodology, the environmentahriationof sites in other locations, and the

inherent complexity of ecological processuch as natural regeneratioBuggestions are made for
further research that may expand and refine the findings and methodolodyi®study. Although

some consistent patterns may be observed, it is likely timaterstandinghatural regeneratiorin

different locationswill be an ongoingprocess opatience and observation, with adaptive

management being a valuable strategyinform 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 suppmimcentivise 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 showRigure32to Figure34 in the results chapter
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